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2022-2024: Association des Sclérodermique de France (ASF), France (PI) 25K€  

Title: Study of the role of type I interferon in systemic sclerosis. 

2019-2021: Fondation Bordeaux Université, France, (PI) 20k€ 

Title: Exploring the role of DNASE1L3 in the development of obesity associated metabolic syndromes.  

2019-2021: Fondation Bristol-Myers Squibb, France, (PI), 50k€ 

Title: Impact of extracellular DNASEs deficiency on the efficacy of immune checkpoint inhibitors. 

2017-2021: Fondation pour la Recherche Médicale (FRM), Labéllisation, (Partner) Collaborative 

project with Pr. Patrick Blanco as PI, 393k€ / 4 years 

Title: Microparticle functions in systemic autoimmune diseases syndromes 

 

15. OUTREACH AND MEDIA COVERAGE 

 

§ 2021-2023: Participation to seminar “Introduction to trades to industry” at the University of 

Bordeaux in order to sensitize Cancer Biology graduate students to professional paths in academia 

and industry. 

§ 2020: “SIRIC BRIO Bright Days” Panelist on the theme of neo-adjuvant therapies and 

immunotherapies for cancer patients, Palais de la Bourse, Bordeaux, France.  

§ 2018: “Round Table” Panelist on theme cancer immunotherapy at the 3rd anniversary of the 

Fondation Bristol-Myers Squibb, at the Maison de la recherche, Paris, France. 

§ 2018: “Soirée grand public” Panelist on the theme “Cancer: is the response within us”, Station 

Ausone Bordeaux, France.  

§ 2017: Scientist the human, podcast on postdoctoral work on DNASE1L3 on lupus pathogenesis 
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16. PUBLICATION LIST 
 

a. Peer reviewed research articles 
1. Elevated levels of circulatory follicular T helper cells in chronic lymphocytic leukemia contribute 

to B cell expansion 

Le Saos--Patrinos C, Loizon S, Zouine A, Turpin D, Dilhuydy M.S, Blanco P, Sisirak V, Forcade 

E, and Duluc D. Journal of Leukocyte Biology. 2023 Mar 1;113(3):305-314 

 

2. Selectins impair regulatory T cell function and contribute to systemic lupus erythematosus 

pathogenesis 

Scherlinger M, Guillotin V, Douchet I, Vacher P, Boizard A, Guegan J.P, Garreau A, Merillon N, 

Vermorel A, Ribeiro E, Machelart I, Lazaro E, Couzi L, Duffau P, Barnetche T, Pellegrin J.L, 

Viallard J.F, Saleh M, Schaeverbeke T, Truchetet M.E, Contin-Bordes C, Legembre P, Sisirak V, 

Richez C* and Blanco P*.  Sci Transl Med. 2021 Jun 30;13(600):eabi4994 (*co-corresponding 

authors) 

 

3. Autoantibody-mediated impairment of DNASE1L3 activity in sporadic systemic lupus 

erythematosus Hartl J, Serpas L, Wang Y, Rashidfarrokhi A, Perez OA, Sally B, Sisirak V, Soni 

C, Khodadadi-Jamayran A, Tsirigos A, Caiello I, Bracaglia C, Volpi S, Ghiggeri GM, Chida AS, 

Sanz I, Kim MY, Belmont HM, Silverman GJ, Clancy RM, Izmirly PM, Buyon JP, Reizis B, J Exp 
Med. 2021 May 3;218(5):e20201138. 

 

4. Elevated Circulatory Levels of Microparticles Are Associated to Lung Fibrosis and Vasculopathy 

During Systemic Sclerosis  

Leleu D, Levionnois E, Laurent P, Lazaro E, Richez C, Duffau P, Blanco P, Sisirak V, Contin-

Bordes C, Truchetet M-E, Front Immunol. 2020 Oct 23;11:532177 

 

5. Plasma DNA Profile Associated with DNASE1L3 Gene Mutations: Clinical Observations, 

Relationships to Nuclease Substrate Preference, and In Vivo Correction 

Chan RWY, Serpas L, Ni M, Volpi S, Hiraki LT, Tam LS, Rashidfarrokhi A, Wong PCH, Tam LHP, 

Wang Y, Jiang P, Cheng ASH, Peng W, Han DSC, Tse PPP, Lau PK, Lee WS, Magnasco A, Buti 

E, Sisirak V, AlMutairi N, Chan KCA, Chiu RWK, Reizis B, Lo YMD, Am J Hum Genet. 2020 

Nov 5;107(5):882-894. 

 

6. Plasmacytoid dendritic cells promote extrafollicular anti-DNA responses in lupus through type I 

interferon 
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Soni C, Perez O.A, Woss W.A, Serpas L, Mehl J, Goike J, Georgiou G, Ippolito G.C, Sisirak V* 
and Reizis B*, Immunity. 2020 May 19:S1074-7613(20)30173-4. (*co-corresponding authors).  

 

7. Dnase1l3 deletion causes aberrations in length and end-motif frequencies in plasma DNA 

Serpas L, Chan RWY, Jiang P, Ni M, Sun K, Rashidfarrokhi A, Soni C, Sisirak V, Lee WS, Cheng 

SH, Peng W, Chan KCA, Chiu RWK, Reizis B, Lo YMD, Proc Natl Acad Sci USA. 2019 Jan 

8;116(2):641-649.  

 

8. Plasmacytoid dendritic cells are largely dispensable for the pathogenesis of experimental 

inflammatory bowel disease 

Sawai CM, Serpas L, Neto AG, Jang G, Rashidfarrokhi A, Kolbeck R, Sanjuan MA, Reizis B* and 

Sisirak V*, Front Immunol. 2018 Oct 25;9:2475. (*co-corresponding authors) 

 

9. Digestion of Chromatin in Apoptotic Cell Microparticles Prevents Autoimmunity 

Sisirak V*, Sally B*, D'Agati V, Martinez-Ortiz W, Özçakar ZB, David J, Rashidfarrokhi A, Yeste 

A, Panea C, Chida AS, Bogunovic M, Ivanov II, Quintana FJ, Sanz I, Elkon KB, Tekin M, 

Yalçınkaya F, Cardozo TJ, Clancy RM, Buyon JP, Reizis B, Cell. 2016 Jun 30;166(1):88-101. 

(*co-first authors) 

Highlights: Onuora, S. DNASE1L3 prevents anti-DNA responses. Nat Rev Rheumatol 12, 437, 2016 

 

10. A novel regulation of PD-1 ligands on mesenchymal stromal cells through MMP-mediated 

proteolytic cleavage  
Dezutter-Dambuyant C, Durand I, Alberti L, Bendriss-Vermare N, Valladeau-Guilemond J, Duc 

A, Magron A, Morel AP, Sisirak V, Rodriguez C, Cox D, Olive D, Caux C, Oncoimmunology. 

2015 Oct 29;5(3):e1091146.  

 

11. Plasmacytoid dendritic cells are dispensable for noninfectious intestinal IgA responses in vivo 

Moro-Sibilot L, This S, Blanc P, Sanlaville A, Sisirak V, Bardel E, Boschetti G, Bendriss-

Vermare N, Defrance T, Dubois B, Kaiserlian D, Eur J Immunol. 2016 Feb;46(2):354-9. 

 

12. Protein Tyrosine Phosphatase PTPRS Is an Inhibitory Receptor on Human and Murine 

Plasmacytoid Dendritic Cells 

Bunin A, Sisirak V, Ghosh HS, Grajkowska LT, Hou ZE, Miron M, Yang C, Ceribelli M, Uetani 

N, Chaperot L, Plumas J, Hendriks W, Tremblay ML, Häcker H, Staudt LM, Green PH, Bhagat 

G, Reizis B, Immunity. 2015 Aug 18;43(2):277-88.  

 
13. Genetic evidence for the role of plasmacytoid dendritic cells in systemic lupus erythematosus 
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Sisirak V*, Ganguly D*, Lewis KL, Couillault C, Tanaka L, Bolland S, D'Agati V, Elkon KB, Reizis 

B. J Exp Med. 2014 Sep 22;211(10):1969-76. (*co-first author)  

Highlights: Onuora, S. Depleting plasmacytoid dendritic cells: a new therapeutic approach in SLE? Nat 

Rev Rheumatol 10, 573, 2014 

 

14. Transcription factor Runx2 controls the development and migration of plasmacytoid dendritic 

cells 

Sawai CM, Sisirak V, Ghosh HS, Hou EZ, Ceribelli M, Staudt LM, Reizis B, J Exp Med. 2013 

Oct 21;210(11):2151-9.  

 

15. Tumor promotion by intratumoral plasmacytoid dendritic cells is reversed by TLR7L treatment 

Le Mercier I, Poujol D, Sanlaville A, Sisirak V, Gobert M, Durand I, Dubois B, Treilleux I, Marvel 

J, Vlach J, Blay JY, Bendriss Vermare N, Caux C, Puisieux I, Goutagny N, Cancer Res. 2013 

Aug 1;73(15):4629-40.  

 

16. Breast cancer-derived transforming growth factor-β and tumor necrosis factor-α compromise 

interferon-α production by tumor-associated plasmacytoid dendritic cells 

Sisirak V, Vey N, Goutagny N, Renaudineau S, Malfroy M, Thys S, Treilleux I, Labidi-Galy SI, 

Bachelot T, Dezutter-Dambuyant C, Ménétrier-Caux C, Blay JY, Caux C, Bendriss-Vermare N, 

Int J Cancer. 2013 Aug 1;133(3):771-8.  

 

17. Impaired IFN-α production by plasmacytoid dendritic cells favors regulatory T-cell expansion 

that may contribute to breast cancer progression 

Sisirak V*, Faget J*, Gobert M, Goutagny N, Vey N, Treilleux I, Renaudineau S, Poyet G, Labidi-

Galy SI, Goddard-Leon S, Durand I, Le Mercier I, Bajard A, Bachelot T, Puisieux A, Puisieux I, 

Blay JY, Ménétrier-Caux C, Caux C, Bendriss-Vermare N, Cancer Res. 2012 Oct 

15;72(20):5188-97. (*co-first authors) 

 

18. Gene expression profiling identifies sST2 as an effector of ErbB2-driven breast carcinoma cell 

motility, associated with metastasis 

Gillibert-Duplantier J, Duthey B, Sisirak V, Salaün D, Gargi T, Trédan O, Finetti P, Bertucci F, 

Birnbaum D, Bendriss-Vermare N, Badache A, Oncogene. 2012 Jul 26;31(30):3516-24.  

 

19. CCR6/CCR10-mediated plasmacytoid dendritic cell recruitment to inflamed epithelia after 

instruction in lymphoid tissues 

Sisirak V, Vey N, Vanbervliet B, Duhen T, Puisieux I, Homey B, Bowman EP, Trinchieri G, 

Dubois B, Kaiserlian D, Lira SA, Puisieux A, Blay JY, Caux C, Bendriss-Vermare N, Blood. 

2011 Nov 10;118(19):5130-40.  
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20. Quantitative and functional alterations of plasmacytoid dendritic cells contribute to immune 

tolerance in ovarian cancer 

Labidi-Galy SI, Sisirak V, Meeus P, Gobert M, Treilleux I, Bajard A, Combes JD, Faget J, 

Mithieux F, Cassignol A, Tredan O, Durand I, Ménétrier-Caux C, Caux C, Blay JY, Ray-Coquard 

I, Bendriss-Vermare N, Cancer Res. 2011 Aug 15;71(16):5423-34.  

 

21. Human Langerhans cells express a specific TLR profile and differentially respond to viruses and 

Gram-positive bacteria 

Flacher V, Bouschbacher M, Verronèse E, Massacrier C, Sisirak V, Berthier-Vergnes O, de 

Saint-Vis B, Caux C, Dezutter-Dambuyant C, Lebecque S, Valladeau J, J Immunol. 2006 Dec 

1;177(11):7959-67.  

 

b. Peer reviewed review articles 
 

1. The role of nucleases and nucleic acid editing enzymes in the regulation of self-nucleic acid 

sensing Santa P, Garreau A, Serpas L, Ferriere A, Blanco P, Soni C* and Sisirak V*, Front 
Immunol. 2021 Fev 26, 12:629922. (*co-corresponding authors) 

 

2. Self-nucleic acid sensing: a novel crucial pathway involved in obesity-mediated metaflammation 

and metabolic syndrome 

Ferriere A, Santa P, Garreau A, Bandopadhyay P, Blanco P, Ganguly D and Sisirak V, Front 
Immunol. 2021 Jan 26;11:624256. 

 

3. HIV protease inhibitors and autoimmunity: an odd, but promising idea.  

Galli G, Poissonnier A, Guégan J.P, Charrier M, Sisirak V, Lazaro E, Truchetet M.E, Richez C, 

Legembre P, Blanco P. Autoimmun Rev. 2019 Oct;18(10):102370.  

 

4. Innate Immunity in Systemic Sclerosis Fibrosis: Recent Advances 

Laurent P*, Sisirak V*, Lazaro E, Richez C, Duffau P, Blanco P, Truchetet ME, Contin-Bordes 

C,  Front Immunol. 2018 Jul 23;9:1702. (*co-first authors) 

 

5. Systemic lupus erythematosus and systemic sclerosis: All roads lead to platelets 

Scherlinger M, Guillotin V, Truchetet ME, Contin-Bordes C, Sisirak V, Duffau P, Lazaro E, 

Richez C, Blanco P, Autoimmun Rev. 2018 Jun;17(6):625-635.  

 

6. New Insights on Platelets and Platelet-Derived Microparticles in Systemic Lupus Erythematosus 
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Scherlinger M, Sisirak V, Richez C, Lazaro E, Duffau P, Blanco P, Curr Rheumatol Rep. 2017 

Aug;19(8):48. 

 

7. The role of dendritic cells in autoimmunity 

Ganguly D, Haak S, Sisirak V, Reizis B, Nat Rev Immunol. 2013 Aug;13(8):566-77.  

 

8. Plasmacytoid dendritic cells: recent progress and open questions 

Reizis B, Bunin A, Ghosh HS, Lewis KL, Sisirak V, Annu Rev Immunol. 2011;29:163-83. 

Review.  

 
c. Invited comments 

 

1. ICOS is associated with poor prognosis in breast cancer as it promotes the amplification of 

immunosuppressive CD4+ T cells by plasmacytoid dendritic cells 

Faget J, Sisirak V, Blay JY, Caux C, Bendriss-Vermare N, Ménétrier-Caux C, 

Oncoimmunology. 2013 Mar 1;2(3):e23185 

 

2. Plasmacytoid dendritic cells deficient in IFN-alpha production promote the amplification of 

FOXP3+ regulatory T cells and are associated with poor prognosis in breast cancer patients 

Sisirak V, Faget J, Vey N, Blay JY, Ménétrier-Caux C, Caux C, Bendriss-Vermare N, 

Oncoimmunology. 2013 Jan 1;2(1):e22338.  

 

d. Book chapters  
 

1. Origin, phenotype and function of mouse dendritic cell subsets 

Duluc
 
D* and Sisirak V*, Methods in Molecular Biology, Dendritic Cell Methods and Protocols, 

2023;2618:3-16, (*co-corresponding authors) 

 

2. Enrichment of large numbers of splenic mouse dendritic cells after injection of Flt3L-producing 

tumor cells  

Santa P, Garreau A, Ferriere A, Roubertie A, Loizon S, Duluc D* and Sisirak V*, Methods in 
Molecular Biology, Dendritic Cell Methods and Protocols, 2023;2618:173-186 (*co-

corresponding authors) 

17. RESEARCH SUMMARY 
 

As a PhD student, I joined Dr. Caux’s and Dr. Bendriss-Vermare’s laboratory at the Cancer Research 

Center of Lyon, France in 2006 to work on cancer immunology. I was awarded competitive funding 

from the French government and a cancer research foundation (ARC). I identified a novel deleterious 
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function of plasmacytoid dendritic cells (pDCs) in breast cancer patients leading to tumor tolerance, 

particularly through the ability to promote regulatory T cell functions. This work resulted in 3 first 

author publications (Cancer Research, Blood and International Journal of Cancer) and provided me 

with a strong foundation in cancer immunology.  

 

After my PhD, which was focused on human immunology, I wanted to master mouse genetic models 

to explore dendritic cell (DC) functions in vivo. Therefore, in 2010 I joined the laboratory of Dr. Reizis 

(Columbia University, USA), who is a world leader in the establishment of innovative murine models 

to study the biology of DCs. I led and contributed to multiple projects characterizing the development 

of DCs and their role in autoimmune and inflammatory diseases (Sisirak et al. Journal of 

Experimental Medicine, 2014; Sawai, Sisirak et al, Journal of Experimental Medicine; 2013, Bunin, 

Sisirak et al. Immunity, 2016). In addition, I developed a novel and independent research project, for 

which I obtained a prestigious fellowship from the Cancer Research Institute (CRI) that led to the 

characterization of DNASE1L3 as a key enzyme that enforces tolerance to endogenous DNA 

released by apoptotic cells and consequently prevents the development of autoimmunity (Sisirak et 

al, Cell, 2016). Thus, during my postdoc, I gained a unique expertise in DNASE biology. I also 

supervised numerous graduate students who contributed to the publication and overall success of 

my work. 

 

Awarded the Junior Chair position from the selective IdEx program of Bordeaux University meant to 

“recruit high-level young researchers”, I started my group in 2017 in the Immunoconcept research 

department (UMR CNRS 5164). In 2018 I was tenured by the CNRS and secured competitive 

funding, which has enabled me to initiate my independent projects and build my research team. As 

an independent scientist, I established and analyzed multiple novel mouse models that were critical 

in the identification of the cellular and molecular mechanisms involved in the autoimmunity driven by 

Dnase1l3 deficiency (Soni et al, Immunity, 2020, co-corresponding author). I also supervised a 

project developed in a partnership with industry (MedImmune) in order to evaluate the therapeutic 

potential of pDC targeting in experimental models of inflammatory bowel disease (Sawai et al, 

Frontiers in Immunology, 2019, co-corresponding author). In addition, I collaborated with Pr. Blanco 

(University of Bordeaux) by providing the “proof-of-concept” that P-selectin blockade ameliorates 

lupus pathogenesis in Dnase1l3-deficient mice (Scherlinger et al, Science Translational Medicine, 

2021). These early career achievements attest to my capacity to lead and supervise independent 

projects. 

 

My group is currently exploring the function of DNASE1L3 beyond its role in autoimmunity. Two PhD 

students (A. Ferriere and A. Roubertie) who I directly supervise, have identified a key role for 

DNASE1L3 in limiting obesity-induced metabolic tissue inflammation. Collaboration with Dr. Ganguly 
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(India) and Dr. Capuron (France) has enabled us to address the relevance of our findings in obese 

individuals, and this work is currently being finalized for publication. Building on my dual expertise in 

cancer immunology and DNASE biology, I also initiated with a postdoctoral fellow (Dr. A. Garreau) 

and another PhD student (P. Santa) a project to study the function of DNASE1L3 in the regulation 

of anti-tumor immunity. Our results indicate that DNASE1L3 is required for the therapeutic efficacy 

of cytotoxic treatments inducing an immunogenic tumor cell death. These counterintuitive results 

suggest that DNASE1L3 likely promotes the immunogenic potential of tumor DNA to activate anti-

tumor immunity. The main hypothesis is that DNASEs do not simply mediate the “waste 

management” of apoptotic DNA, but rather are crucial enzymes that regulate tolerance versus 

reactivity to endogenous DNA depending on the modality of cell death, which is likely different at the 

steady state and in pathological contexts such as cancer. 
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II. FOREWORD 
 
 

My interest in science lies in the study of the immune system. One important function of the immune 

system is to protect organisms against microbial threats such as bacteria and viruses. It also plays 

an essential role in controlling and preventing the development of cancers. The function of the 

immune system is mediated by white blood cells. My main focus was centered on dendritic cells 

(DCs), which are subset of white blood cells bridging innate and adaptive immune responses. DCs 

are considered as immune sentinels through their ability to sense pathogens and nascent tumor 

cells and consequently instruct adaptive immune responses against such threats. They are 

classically subdivided in two main subsets, including conventional DCs (cDCs) and plasmacytoid 

DCs (pDCs). cDCs capture and present microbial and tumor antigens to both CD4 and CD8 T cells 

to activate specific adaptive immune responses, whereas pDCs are specialized in the production of 

type I Interferons (IFN-I), cytokines that are essential for the activation of anti-viral immune 

responses, upon virus encounter. The function of the immune system must be tightly regulated. In 

healthy individuals, DCs are also crucial in maintaining the balance of immune function, both 

promoting immune responses during pathogen infection or cancer development and preventing the 

immune system from turning against our body’s own (self) molecules. Any deregulation in this 

balance initiates the development of pathology. Indeed, an aberrant activation of the immune system 

causes autoimmune syndromes while poor immune function favors tumor development and 

susceptibility to microbial infection. During my career, I worked on both aspects of such unbalanced 

systems to understand the immunological mechanisms that contribute to the development of cancer 

and autoimmune syndromes. This dual expertise paved the way for my current research projects 

which aim at studying the mechanisms that are involved in the activation of aberrant immune 

responses and autoimmunity in the contexts of cancer immunosurveillance and aberrant 

inflammation induced by obesity.  

 

III. PREVIOUS SCIENTIFIC ACHIEVEMENTS 
 
 
1. DOCTORAL WORK (2006-2010) 

  
I joined Dr. Caux’s laboratory (UMR INSERM 1052 CNRS 5286) at the Cancer Research Center in 

Lyon (CRCL) in 2006 as a graduate student, and I worked under the supervision of Dr. Bendriss-

Vermare. For the completion of my PhD I was awarded two competitive grants, one from the Région 

Rhône Alpes (Allocation Doctorale de Recherche) and one from the Association pour la Recherche 

sur le Cancer (ARC). During the 3.5 years of my graduate studies I was interested in understanding 

the function of pDCs in the immunosurveillance of human tumors and their migratory properties in 
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inflammatory settings. pDCs are DC subset specialized in the sensing of viruses through the 

recognition of their nucleic acids by pathogen recognition receptors (PRR) such as Toll like receptors 

(TLR)-7 and 9 (Reizis, 2019). In response to such stimuli, interferon regulatory factor (IRF)-7, a 

master regulator of IFN-I genes, is activated, subsequently translocated to the nucleus where it 

induces the expression and ultimately the production of massive amounts of IFN-I by pDCs (Reizis, 

2019). IFN-I is an essential cytokine for the induction of anti-viral immunity and was also shown to 

be required for the initiation of antitumor immune responses (Zitvogel et al., 2015). Indeed, IFN-I can 

activate the expression of numerous genes involved in antiviral defenses (interferon stimulated 

genes (ISG)) and a variety of immune cells such as cytotoxic T lymphocytes (CTLs) which can 

subsequently acquire the capacity to kill infected and/or transformed cells (Zitvogel et al., 2015). 

  

a. pDC migration into inflamed epithelia is controlled by CCR6 and CCR10 
 

CCR6/CCR10-mediated plasmacytoid dendritic cells recruitment to inflamed epithelia after 
instruction in lymphoid tissues  
Sisirak V, Vey N, Vanbervliet B, Duhen T, Puisieux I, Homey B, Bowman EP, Trinchieri G, Dubois 

B, Kaiserlian D, Lira SA, Puisieux A, Blay JY, Caux C, Bendriss-Vermare N, Blood, 2011 Nov 

10;118(19):5130-40. 

 

The development of pDCs takes place in the bone morrow (BM). Unlike cDCs which exit the BM at 

a precursor state and terminate their specification in tissues, pDCs fully differentiate from 

hematopoietic stem cells in the BM (Reizis, 2019). The developmental path and origin of pDCs is 

still unclear and remains actively debated. Indeed, pDCs were described to share common ancestry 

with cDCs and thus to develop from common DC progenitors, which themselves derive from common 

myeloid progenitors (CMP) (Feng et al., 2022; Reizis, 2019). However, this common developmental 

path between cDCs and pDCs was recently challenged by observations indicating that pDCs 

originate from common lymphoid progenitors (CLP) which do not give rise to cDCs (Dress et al., 

2019; Rodrigues et al., 2018). As these findings indicate a distinct developmental path of pDCs from 

cDC, the authors suggested to consider pDCs as innate lymphoid cells specialized in IFN-I 

production (Dress et al., 2019). Therefore, the development of pDCs requires further studies to 

delineate their lymphoid versus myeloid origins and to assess whether heterogeneity may exist 

within this DC subset. Upon their development in the BM, mature pDCs are redistributed through the 

circulation into secondary lymphoid organs (SLO) where they typically comprise 0.1% to 0.5% of 

total nucleated cells (Reizis, 2019). Unlike cDCs they have a round morphology closely resembling 

secretory plasmocytes, express low-level of major histocompatibility complex (MHC)-II molecules 

and are poorly represented in peripheral epithelial tissues at steady state. As a consequence of viral 

infections or sterile inflammation (e.g. psoriasis) pDCs accumulate in the affected epithelial tissues 

where they seem to contribute to local inflammation through their production of IFN-I (Kohrgruber et 

al., 2004; Nestle et al., 2005). However, the regulation of pDCs migration into inflamed epithelial 



 17 

tissues remained uncharacterized. 
 
We were particularly interested in C-C motif chemokine receptors (CCR)-6 and CCR10 whose 

ligands were previously shown to be highly expressed in inflamed epithelia and described to 

contribute to the recruitment of cDCs (Vanbervliet et al., 2002) and T cells (Homey et al., 2002), 

respectively. We first analyzed by flow cytometry the expression of these chemokine receptors on 

pDCs and observed that contrary to blood pDCs, a subset of inflamed tonsil pDCs expressed CCR6 

and CCR10. Accordingly, tonsil pDCs migrated in response to CCR6 ligand chemokine (C-C motif) 

ligand (CCL)-20 (Mip-3a) and CCR10 ligand CCL27 (CTACK) in trans-well experiments in vitro, 

while blood pDCs did not. By immunohistochemistry we observed that pDCs co-localized with CCR6 

ligand (CCL20) and CCR10 ligand (CCL28 or MEC) in psoriatic skin and virally induced verrucae 

vulgaris skin lesions. This was specific to inflamed skin, since CCL20 and CCL28 were only 

marginally expressed in normal skin, where pDCs were not detected. To further evaluate the role of 

CCR6-CCL20 axis in pDC migration in vivo we used Ccr6 deficient mice that we obtained through a 

collaboration with Dr. Dominique Kaiserlian (International Center for Infectiology Research (CIRI), 

Lyon) and Dr. Bertrand Dubois (UMR INSERM 1052 CNRS 5286, Cancer Research Center of Lyon). 

After induction of inflammation in skin tumors by topical treatment with synthetic TLR7 agonist 

(Imiquimod) (van der Fits et al., 2009), we observed a significant reduction of pDC recruitment in 

Ccr6-deficient animals. In addition, adoptively transferred Ccr6-deficient pDCs poorly migrated into 

inflamed tumors compared to control pDCs, further strengthening a cell-intrinsic role for CCR6 in the 

migration of pDCs 

into inflamed tissues 

in vivo. Of note, we 

did not have access 

at that time to Ccr10-

deficient mice and 

could not study the 

contribution of this 

chemokine receptor 

to pDCs migration 

into inflamed tissues 

in vivo. We next 

observed that CCR6 

and CCR10 

expression can be 

induced on human 

blood pDCs after 
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their exposure to interleukin (IL)-3. Induction of CCR6 and CCR10 on blood pDCs allowed their 

migration in response to their respective ligands in vitro. CCR6- and CCR10-expressing pDCs were 

functional after their migration as reflected by their ability to produce IFN-I after TLR7 or 9 stimulation. 

Given that blood pDCs constitutively express CCR7, known to control their homing into SLO 

expressing its ligand CCL19 (Mip-3β) (Seth et al., 2011), we suggested the model depicted in Fig. 
1 to explain pDCs migration into inflamed tissues. After their constitutive recruitment to SLO in a 

CCR7-dependent manner, pDCs are instructed by IL-3, which is locally produced by T cells to 

express CCR6 and CCR10. CCR6
+
 and CCR10

+
 pDCs consequently migrate into inflamed epithelia 

producing high levels of their respective ligands CCL20 and CCL27/28. Once in inflamed sites pDCs 

produce IFN-I to clear viral infections or participate to chronic inflammation in pathologies such as 

psoriasis (Sisirak et al., 2011). I had the opportunity to present this work at the French Dendritic Cell 

Society (CFCD) international annual meeting in Paris (2007) where I was awarded a prize for the 

best oral communication.  

 

b. Functionally impaired pDCs in breast tumors contribute to tumor-immune escape 
 

Impaired IFN-a production by plasmacytoid dendritic cells favors regulatory T-cell expansion 
that may contribute to breast cancer progression 
Sisirak V*, Faget J*, Gobert M, Goutagny N, Vey N, Treilleux I, Renaudineau S, Poyet G, Labidi-

Galy S.I, Goddard-Leon S, Durand I, Le Mercier I, Bajard A, Bachelot T, Puisieux A, Puisieux I, Blay 

J.Y, Ménétrier-Caux C, Caux C, and Bendriss-Vermare N, Cancer Research, 2012 Oct 

15;72(20):5188-97. (*equal contribution) (See Annex 1) 

Breast cancer-derived TGF-ß and TNF-a compromise IFN-a production by tumor-associated 
plasmacytoid dendritic cells  
Sisirak V, Vey N, Goutagny N, Renaudineau S, Malfroy M, Thys S, Treilleux I, Labidi-Galy S.I, 

Bachelot T, Ménétrier-Caux C, Blay J.Y, Caux C, and Bendriss-Vermare N, International Journal 
of Cancer, 2013 Aug 1;133(3):771-8.  

Quantitative and functional alterations of plasmacytoid dendritic cells contribute to immune 
tolerance in ovarian cancer  
Labidi-Galy SI, Sisirak V, Meeus P, Gobert M, Treilleux I, Bajard A, Combes JD, Faget J, Mithieux 

F, Cassignol A, Tredan O, Durand I, Ménétrier-Caux C, Caux C, Blay JY, Ray-Coquard I, Bendriss-

Vermare N, Cancer Research, 2011 Aug 15;71(16):5423-34  

 

Numerous human tumors were shown to be infiltrated by pDCs (Vermi et al., 2011). However, the 

role of such tumor-associated pDCs (TApDCs) in cancer immunosurveillance remained controversial 

and poorly characterized. A retroprospective analysis of a cohort of 152 metastatic breast cancer 

patients from our laboratory in Lyon (CRCL) has demonstrated that pDC infiltration in breast tumors 

was associated with a poor clinical outcome for patients (Treilleux et al., 2004). Indeed, breast cancer 

patients with high numbers of infiltrating pDCs (identified as CD123
+
 (IL3Ra)) were more prone to 

relapse and exhibited a decreased survival (Treilleux et al., 2004). These results suggested that 
pDCs might contribute to tumor growth and/or immune escape, but the mechanisms involved 
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in this process remained unknown.  
 

To understand the function of pDCs within breast tumors we initiated a prospective study on a new 

cohort of 60 breast cancer patients. We observed that pDCs are significantly more represented in 

breast tumors with an aggressive phenotype, including tumors with a high mitotic index and the so-

called triple negative tumors (human epidermal growth factor receptor 2 (Her2)
-
, estrogen receptor 

(ER)
-
 and progesterone receptor (PR)

-
). These observations were in accordance with the previous 

results indicating that pDCs infiltration in breast tumors was associated with an adverse clinical 

outcome (Treilleux et al., 2004). We further characterized their phenotype by flow cytometry and 

observed that TApDCs, compared to healthy donor blood and tonsil pDCs, exhibited a partially 

activated phenotype, expressing high levels of co-stimulatory molecules CD80 and CD86. After their 

isolation, TApDCs induced similar levels of proliferation of allogeneic naïve CD4 T cells as compared 

to healthy donor pDCs, while their ability to produce IFN-I after TLR7 and TLR9 stimulation was 

strongly inhibited. These results indicated that TApDCs capacity to activate T cell proliferation 

remained intact while their ability to produce IFN-I was impaired in tumors. This inhibition was 

specific to IFN-I and to the tumor site, since TApDCs produced normal level of other inflammatory 

cytokines such as C-X-C motif chemokine ligand (CXCL)-10 (IP-10) and breast tumor patients’ blood 

pDCs produced similar levels of IFN-I as healthy blood pDCs in response to TLR7 and TLR9 

stimulation. We observed on breast tumor tissue sections that TApDCs were located in close contact 

with suppressive regulatory CD4 T cells (Tregs) expressing the transcription factor forkhead box P3 

(FoxP3). The infiltration of pDCs within breast tumors significantly correlated with the presence of 

Tregs, particularly in triple negative 

aggressive breast tumors. 

Importantly, isolated TApDCs were 

able to induce the proliferation of 

Tregs in vitro while healthy donor 

pDCs failed to do so. This 

immunosuppressive property of 

TApDCs was inhibited in the 

presence of IFN-I. These results 

suggested that the selective 

inhibition of TApDC production of 

IFN-I enables them to promote 

tumor immune escape through the 

induction of the proliferation of 

suppressive Tregs (Fig. 2) (Sisirak 

et al., 2012). This process was 



 20 

subsequently shown by our laboratory to depend on the interaction between the inducible T cell co-

stimulator ligand (ICOS-L) on pDCs and ICOS on Tregs (Faget et al., 2012), and observed in patients 

with ovarian carcinoma as well (Conrad et al., 2012), further strengthening our observations. 

 

To decipher the mechanisms involved in the inhibition of IFN-I production by TApDC, we established 

an in vitro model of pDC interaction with the breast tumor environment. To model the soluble tumor 

microenvironment, we generated breast tumor-derived supernatants. These supernatants, obtained 

after a 48h culture of primary breast tumors-derived single cell suspensions, were next cultured in 

the presence of healthy donor pDCs during 16h prior to their activation with TLR7 and TLR9 ligands. 

We observed that 25 out of 33 independent primary breast tumor supernatants specifically inhibited 

pDC production of IFN-I without affecting their ability to produce CXCL10, reproducing our results 

observed ex vivo with TApDCs. We then identified factors produced by the tumor environment that 

block pDCs production of IFN-I. These factors included the transforming growth factor (TGF)-b and 

the tumor necrosis factor (TNF)-a. Indeed, blocking antibodies directed against TGF-b and TNF-a 

restored pDCs’ ability to produce IFN-I after TLR7 and TLR9 stimulations in the presence of breast 

tumor-derived supernatants (Fig. 2). TGF-β and TNF-α were found to work synergistically by 

reducing both the expression of IRF7 and its nuclear translocation upon pDC stimulation thus 

preventing its ability to activate IFN-I expression upon TLR7 and 9 stimulation. We also observed by 

fluorescent microscopy on breast tumor sections that TApDCs show elevated levels of 

phosphorylated Smad2 protein in their nuclei, which is indicative of TGF-b activity within human 

breast tumors in vivo (Sisirak et al., 2013). I assisted an MD-PhD student (Intidhar Labidi-Galy) who 

studied in parallel the function of pDCs in human ovarian carcinomas. We observed that similar 

phenomena occur in ovarian cancer, where pDCs are impaired in their capacity to produce IFN-I 

and promote immunosuppressive responses (Labidi-Galy et al., 2011). I had the opportunity to 

present these contributions to the understanding of pDC functions in cancer at several national 

(French Dendritic Cell Society (CFCD), Société Française d’ Immunologie) and international 

(European Association for Cancer Research, Keystone Symposia on DCs) meetings, where I 

received multiple scholarships and prizes for best communication as outlined in my CV. In addition 

to the primary research articles, these studies led to the publication of two following comments in 

Oncoimmunology. 

 

Plasmacytoid dendritic cells deficient in IFN-a production in breast cancer promotes 
amplification of FoxP3+ regulatory T cells and are associated with poor prognosis  
Sisirak V, Faget J, Vey N, Blay J.Y, Ménétrier-Caux C, Caux C, and Bendriss-Vermare N, 

Oncoimmunology, 2013 Jan 1;2(1):e22338. 

ICOS is associated with poor prognosis in breast cancer as it promotes the amplification of 
immunosuppressive CD4+ T cells by plasmacytoid dendritic cells  
Faget J, Sisirak V, Blay J.Y, Caux C, Bendriss-Vermare N and Ménétrier-Caux C, 

Oncoimmunology, 2013 Mar 1;2(3):e23185. 
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c. Collaborative studies: pDCs and beyond 
 

Tumor promotion by intratumoral plasmacytoid dendritic cells is reversed by TLR7 ligand 
treatment. 
Le Mercier I, Poujol D, Sanlaville A, Sisirak V, Gobert M, Durand I, Dubois B, Treilleux I, Marvel J, 

Vlach J, Blay JY, Bendriss-Vermare N, Caux C, Puisieux I, Goutagny N. Cancer Research. 2013 

Aug 1;73(15):4629-40.  

Human Langerhans cells express a specific TLR profile and differentially respond to viruses 
and Gram-positive bacteria. 
Flacher V, Bouschbacher M, Verronèse E, Massacrier C, Sisirak V, Berthier-Vergnes O, de Saint-

Vis B, Caux C, Dezutter-Dambuyant C, Lebecque S, Valladeau J. Journal of Immunology. 2006 

Dec 1;177(11):7959-67. 

Gene expression profiling identifies sST2 as an effector of ErbB2-driven breast carcinoma 
cell motility, associated with metastasis. 
Gillibert-Duplantier J, Duthey B, Sisirak V, Salaün D, Gargi T, Trédan O, Finetti P, Bertucci F, 

Birnbaum D, Bendriss-Vermare N, Badache A. Oncogene. 2012 Jul 26;31(30):3516-24.  

A novel regulation of PD-1 ligands on mesenchymal stromal cells through MMP-mediated 
proteolytic cleavage. 
Dezutter-Dambuyant C, Durand I, Alberti L, Bendriss-Vermare N, Valladeau-Guilemond J, Duc A, 

Magron A, Morel AP, Sisirak V, Rodriguez C, Cox D, Olive D, Caux C. Oncoimmunology. 2015 Oct 

29;5(3):e1091146 

 

In collaboration with the group of Dr. Isabelle Puisieux (UMR INSERM 1052 CNRS 5286, CRCL) we 

addressed the relevance of pDC function in breast tumor immunosurveillance in vivo and whether 

TApDC targeting may be an effective therapeutic strategy to restore breast tumor immunity. Using 

an orthotopic murine mammary tumor model that mimics the human pathology we observed that 

TApDCs were inhibited in their ability to produce IFN-I in response to TLR9 stimulation while their 

ability to respond to TLR7 ligands was not affected. These results were in accordance with our 

observation obtained in breast tumor patients with the exception that IFN-I production by human 

TApDCs was also inhibited in response to TLR7 stimulation, although less severely than in response 

to TLR9 stimulation. Depletion of pDCs in this murine model reduced the tumor growth and increased 

the overall survival of animals, indicating that as in human TApDCs seem to promote tumor growth 

and/or immune escape. Targeting TApDCs with a synthetic TLR7 agonist induced their production 

of IFN-I in vivo, which resulted in the inhibition of the tumor growth (Le Mercier et al., 2013). These 

results indicated that therapeutic targeting of TApDCs may restore their production of IFN-I and 

ultimately lead to anti-tumor immunity and tumor regression. I was also involved in multiple 

collaborations beyond the function of pDCs. I participated in the (i) characterization of the TLR 

expression profile and responsiveness of a subset of skin DCs, called Langerhans cells (Flacher et 

al., 2006), in the (ii) identification of the soluble ST2 molecule as important factor associated with 

breast cancer metastasis (Gillibert-Duplantier et al., 2012) as well as in the (iii) discovery of a novel 

enzymatic regulation of the expression of programed death ligand (PDL)-1 on cancer associated 

fibroblast, shown to contribute to cancer immune escape (Dezutter-Dambuyant et al., 2016).  
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d. Conclusions and significance  
 

During my doctoral work we have identified a novel migratory pathway involving CCR6-CLL20 and 

CCR10-CCL27/28 axes in the control of pDCs recruitment into inflamed tissues. Once in epithelial 

sites pDCs contribute to local inflammation by producing elevated levels of IFN-I. While during viral 

infection IFN-I-derived from pDCs is beneficial to the host and participate to viral clearance, in sterile 

conditions it may exacerbate local inflammation and contribute to inflammatory syndromes such as 

psoriasis. Therefore, preventing pDCs recruitment into inflamed epithelial sites by blocking CCR6 

and/or CCR10 may be an attractive therapeutic approach to limit their capacity to further fuel 

inflammation. The recruitment of pDCs was further observed in epithelial areas of the tonsil upon 

bacterial infection (Michea et al., 2013). In addition, inflammation found in allergic asthma (Bratke et 

al., 2013) and ankylosing spondylitis (Liu et al., 2020) was shown to upregulate CCR6 and CCR10 

expression by pDCs, which in turn contributed to pDCs recruitment in inflamed sites. Nevertheless, 

a recent study has reported a population of cells co-expressing markers of pDCs (CD123
+
, blood 

dendritic cell antigen (BDCA)-2
+
) and cDC (CD1a

+
) in inflamed human skin. When transcriptionally 

analyzed, these cells did not correspond to bona-fide pDCs but rather to activated cDCs (Chen et 

al., 2019). These observations warrant further investigations to specifically delineate pDC 

recruitment and function during skin inflammation.  

We have also identified the mechanisms leading to pDCs’ deleterious impact on breast cancers 

patients’ clinical outcomes. pDCs that infiltrate breast tumors were shown to be impaired in their 

production of IFN-I and instead induce a “tolerogenic” environment by promoting Tregs’ proliferation, 

and consequently, the tumor immune escape. This functional alteration of pDCs that we have 

observed in breast tumors was generalized to lung cancer, head and neck squamous cell carcinoma, 

liver cancer, ovarian carcinoma and myeloid leukemia (Ganguly, 2022). However, in colorectal 

cancer pDC infiltration was associated with a favorable prognosis for patients (Kießler et al., 2021). 

In colorectal carcinoma TApDC production of IFN-I by the tumor environment appeared unaffected, 

indicating that pDCs assume the role of a favorable immune cell for anti-cancer immunity when their 

IFN-I production is maintained. This understanding of pDCs function in cancer paved the way for the 

development of therapeutic strategies, that restore pDCs IFN-I production and have shown efficacy 

in murine breast tumor models (Le Mercier et al., 2013). There are multiple questions that remained 

unanswered, particularly what may trigger IFN-I production by pDCs in breast tumors? Several lines 

of evidence indicate that tumors release immunostimulatory molecules called damage associated 

molecular pattern (DAMPs) that can activate various PRR (Galluzzi et al., 2017). Tumor-derived 

DNA represents an important DAMP that was shown to activate DNA sensing PRR, including TLR9 

(Kang et al., 2019). IFN-I production resulting from such activation was shown to contribute to anti-

tumor immune response and to boost the efficacy of current immunotherapies (Woo et al., 2015). 

Therefore, DNA derived from breast tumors may trigger IFN-I production by TApDCs, so to avoid 
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the attacks from the immune system initiated by IFN-I, multiple tumors may have adopted strategies 

to block its production. 

 

2. POSTDOCTORAL WORK (2010-2017) 
 

The role of dendritic cells in autoimmunity. 
Ganguly D, Haak S, Sisirak V, Reizis B. Nature Reviews Immunology. 2013 Aug;13(8):566-77.  

Plasmacytoid dendritic cells: recent progress and open questions. 
Reizis B, Bunin A, Ghosh HS, Lewis KL, Sisirak V. Annual Review of Immunology. 2011;29:163-

83. 

 
After completing my PhD, I joined the laboratory of Dr. Reizis at Columbia University in New York as 

a postdoctoral fellow in 2010. After 4 years the team moved to New York University Langone Medical 

Center where I was promoted to an associate research scientist. During my postdoctoral experience, 

I was awarded a fellowship from the Fondation Pour la Recherche Médicale (FRM) providing one 

year of funding as well as a grant from the Cancer Research Institute (CRI) that funded my salary 

for 3 years. My main motivation in joining Dr. Reizis’s laboratory was to master mouse genetic 

models developed by his team that allow a deeper understanding of pDC function during steady 

state and pathological conditions in vivo. My initial achievement was to take part in the writing of an 

overview about pDC functions (Reizis et al., 2011) and DC roles in autoimmunity (Ganguly et al., 

2013) for the Annual Review of Immunology and Nature Reviews Immunology, respectively. During 

the literature review process, we were particularly intrigued by multiple works suggesting that pDC-

derived IFN-I contributes to autoimmune syndromes such as systemic lupus erythematosus (SLE). 

SLE is an autoimmune disorder characterized by an aberrant production of autoantibodies against 

self-nucleic acids (Tsokos et al., 2016). Such autoantibodies together with self-nucleic acids form 

immune complexes that are deposited in various tissues such as the kidney where they cause 

inflammation (nephritis) and ultimately the destruction of the tissue. Immune complexes as well as 

self-nucleic acids were shown to activate pDC production of IFN-I via TLR7 and TLR9, which was 

further suggested to participate in the pathogenic loop of SLE (Garcia-Romo et al., 2011; Lande et 

al., 2011; Means et al., 2005). However, these observations were obtained primarily from in 
vitro or ex vivo studied and there was no clear evidence for pDCs contribution to SLE 
pathogenesis in vivo.  

 

a. pDCs exacerbate SLE pathogenesis in vivo 
 

Genetic evidence for the role of plasmacytoid dendritic cells in systemic lupus 
erythematosus. 
Sisirak V*, Ganguly D*, Lewis KL, Couillault C, Tanaka L, Bolland S, D'Agati V, Elkon KB, Reizis B. 

Journal of Experimental Medicine. 2014 Sep 22;211(10):1969-76. (* equal contribution) (See 
Annex 2) 
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To establish genetic evidence for pDC involvement in SLE we used mice haplodeficient for the 

transcription factor E2-2 (encoded by Tcf4 the gene), which is the master regulator of pDC fate 

(Cisse et al., 2008; Ghosh et al., 2010). Mice that are haplodeficient for Tcf4 display reduced pDC 

numbers and are unable to produce IFN-I after TLR9 stimulation in vivo, indicating an overall 

impairment of their function (Cisse et al., 2008). These mice were crossed with Tlr7 transgenic 

(Tlr7.1Tg) ones, which contain multiples copies of the Tlr7 gene on the Y chromosome, and are thus 

prone to develop SLE (Deane et al., 2007). Tfc4 haplodeficiency increased the survival of Tlr7.1Tg 

mice and reduced the systemic immune activation that occurs with time in these mice. Tcf4 

expression is also found at a minimal level in B cells. Therefore, to avoid any confounding impact of 

Tcf4 haplodeficiency on B cells we generated mice with a specific haplodeficiency of Tcf4 in pDCs 

using a CD11c (Igax) Cre deleter strain and one “floxed” allele of Tcf4. This pDC-specific 

haplodeficiency of Tcf4 in Tlr7.1Tg mice also ameliorated SLE by reducing the production of anti-

RNA autoantibodies and the kidney inflammation as evaluated by immunoglobulin (Ig) deposition 

and the overall kidney pathological score, further confirming the deleterious impact of pDCs on SLE 

pathogenesis. Tlr7.1Tg mice do not fully recapitulate all features of human SLE, including the 

multigenic nature of the disease, the female bias, and the production of anti-DNA antibodies. We 

thus crossed Tcf4 haplodeficient mice with B6;NZM Sle1.Sle3 animals that carry quantitative traits 

loci (Sle1 and Sle3 derived from the NZM2410 strain) that confers susceptibility to SLE development 

in a manner that closely mimics the human disease (Morel et al., 2000). Tcf4 haplodeficiency in 

B6;NZM Sle1.Sle3 animals prevented the production of anti-nuclear antibodies, anti-DNA antibodies 

and the development of glomerulonephritis (Fig. 3A-C), underlining the role of pDCs in SLE 

pathogenesis in yet another model of the disease. Finally, to investigate the molecular mechanisms 

involved in the deleterious impact of pDCs in SLE development, we performed a transcriptomic 

analysis (microarray) of splenocytes from B6;NZM Sle1.Sle3 animals and compared to those that 

were haplodeficient for Tcf4. We did not observe any IFN-I signature (ISG expression) in either group 

and could not connect the deleterious impact of pDCs on SLE to their IFN-I production. However, 

we observed a reduction in the expression of genes involved in the germinal center (GC) reaction. 

The GC reaction is at the basis of T cell-dependent B cell immunity against foreign pathogens and 

plays an important role in the proliferation of autoreactive B cells and their production of 

autoantibodies (Victora and Nussenzweig, 2022). During the GC reaction B cells undergo class-

switching, somatic hypermutation and differentiate into long-lived plasma cells that produce high 

affinity antibodies (Victora and Nussenzweig, 2022). We further observed that SLE-prone animals 

develop a spontaneous GC reaction in vivo, a process that was prevented in Tcf4-haplodeficient 

SLE-prone mice (Fig. 3D). Thus, our results indicated that pDCs play an essential role in 

experimental SLE, most likely through their ability to promote the GC reaction (Sisirak et al., 2014). 

The results from our study were highlighted in Nature Reviews in Rheumatology (Onuora, 2014), 
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and I was awarded a scholarship and presented this work at the 2015 Keystone Symposium on 

autoimmunity.  

 

 

b. DNASE1L3: a novel endonuclease preventing SLE development 
 
Digestion of Chromatin in Apoptotic Cell Microparticles Prevents Autoimmunity. 
Sisirak V*, Sally B*, D'Agati V, Martinez-Ortiz W, Özçakar ZB, David J, Rashidfarrokhi A, Yeste A, 

Panea C, Chida AS, Bogunovic M, Ivanov II, Quintana FJ, Sanz I, Elkon KB, Tekin M, Yalçınkaya F, 

Cardozo TJ, Clancy RM, Buyon JP, Reizis B. Cell. 2016 Jun 30;166(1):88-101 (*equal contribution) 

(See Annex 3) 

 
As we have previously discussed, the immune system is capable of detecting microbial nucleic acids 

via PRR in order to mount anti-microbial immune responses. PRR ability to detect microbial genetic 

material confers an advantage to the host by enabling the activation of the immune system against 

a broad range of microbes (Barbalat et al., 2011; Crowl et al., 2017). However, this specificity of 

PRRs comes with an eminent risk, as PRRs sensing DNA do not robustly discriminate between self 

and foreign DNA and can thus be activated by DNA that arises from the natural turnover of cells, or 

the release of genomic DNA (gDNA) and mitochondrial DNA (mtDNA) into the cytosol (Barbalat et 

al., 2011; Crowl et al., 2017). Self-DNA immune recognition can consequently lead to the aberrant 

activation of immune responses and ultimately to the development autoimmune diseases such as 
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SLE. Therefore, endogenous or self-DNA availability and immunostimulatory potential must be 

tightly regulated. Multiple safeguard mechanisms have evolved to limit self-DNA ability to stimulate 

abnormal immune responses. These include sequestration of DNA in cellular compartments as well 

as specific chemical and structural properties that prevent its recognition by PRRs (Bartok and 

Hartmann, 2020). In addition, a system of intracellular and extracellular deoxyribonucleases 

(DNASEs) is critical for disposing of endogenous DNA and limiting its immunostimulatory potential. 

Cell-intrinsic DNASEs such as DNASE2A (Kawane et al., 2006; Rodero et al., 2017; Yoshida et al., 

2005) and three prime repair exonuclease (TREX)-1 (Crow et al., 2006; Stetson et al., 2008) were 

extensively studied and shown to dispose of intracellular DNA to prevent fatal autoinflammatory 

diseases. Indeed, both in mice and humans, deficiency of individual cell-intrinsic DNASEs leads to 

the activation of the intracellular DNA sensor cyclic GMP-AMP synthase (cGAS) which induces the 

production of IFN-I through the activation of the stimulator of interferon genes (STING) adaptor 

protein, ultimately causing disease (Ablasser et al., 2014; Ahn et al., 2012). Conversely, extracellular 

DNASEs functions remains poorly characterized. Extracellular DNASEs comprise DNASE1 and 

three homologous enzymes (DNASE1-like (L) 1, DNASE1L2 and DNASE1L3). While DNASE1L1 

and DNASE1L2 are specifically expressed in muscular tissue and skin epidermis respectively, 

DNASE1 and DNASE1L3 are responsible for most of the DNASE activity detected in the circulation 

(serum) (Keyel, 2017). 

DNASE1 specifically digests 

“naked” DNA and has been 

proposed to prevent the 

development of SLE (Napirei et 

al., 2005, 2000). These results 

were challenged since 

Dnase1-deficiency in mice on 

pure genetic background did 

not cause SLE and DNASE1 

mutations were not found in 

large cohorts of SLE patients 

(Santa et al., 2021). DNASE1 

function may therefore be 

compensated by other 

extracellular DNASEs. We 

were particularly interested in 

the function of DNASE1L3. 

Null mutations in DNASE1L3 

were described to lead to the 
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development of a severe familial form of SLE with Mendelian inheritance (Al-Mayouf et al., 2011). In 

addition, polymorphisms in the DNASE1L3 locus were associated with sporadic forms of SLE (Coke 

et al., 2021). DNASE1L3 was previously described to exhibit unique functions compared to DNASE1 

such as digesting lipid-encapsulated (Wilber et al., 2002) and nucleosomal DNA (Napirei et al., 2005) 

without any helper proteases. However, the mechanisms of action of DNASE1L3 in SLE 
pathogenesis remained unknown.  

 

To further understand its function, we acquired Dnase1l3 deficient mice. We observed that, as they 

age these mice develop all the cardinal features of SLE, including anti-nuclear antibodies, anti-DNA 

antibodies, anti-nucleosome antibodies, overall immune activation and a mild glomerulonephritis 

(Fig. 4A-C). The phenotype induced by Dnase1l3 deficiency in mice was milder than in humans and 

did not result in lethality. This difference is likely due to the housing of Dnase1l3 KO mice in specific 

pathogen free facilities, since treatment with exogenous IFN-I significantly accelerated/exacerbated 

SLE pathogenesis and induced lethality in these mice. SLE development also occurred when wild 

type (WT) recipient mice were transplanted with Dnase1l3-deficient BM cells but not with WT BM 

cells, indicating that the main source of DNASE1L3 resides within the hematopoietic system. We 

consequently identified that DCs and macrophages express the highest levels of Dnase1l3. 

Furthermore, specific depletion of DCs and macrophages reduced circulatory DNASE1L3 activity by 

~70% and ~30% respectively, indicating that myeloid cells are the main source of DNASE1L3 in 

mice. Available expression data in human, showed that DNASE1L3 is mostly expressed in DCs and 

macrophages as well but also in liver endothelial 

cells. From a mechanistic standpoint, we observed 

that Dnase1l3 deficient mice and humans 

accumulate DNA, particularly in circulatory 

microparticles (MPs) derived from apoptotic cells 

(Fig. 4D), suggesting that the in vivo function of 

DNASE1L3 is to dispose of DNA present in MPs 

originating from dying cells. In addition, we 

observed that humans and mice deficient for 

DNASE1L3 display high levels of serum 

autoantibodies that target MPs derived from 

apoptotic cells further emphasizing their role as a 

major antigenic source. The binding of 

autoantibodies to MPs could be prevented by their 

treatment with DNASE1L3. Finally, to address how 

the DNA within MPs leads to SLE development, we 

crossed Dnase1l3 deficient mice to animals 
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deficient for STING (encoded by the gene Tmem173) and myeloid differentiation primary response 

88 (Myd88). STING and MyD88 are adaptor molecules that are required for the signaling of the 

intracellular DNA sensor cGAS and most of the TLRs except TLR3, respectively. While Tmem173 

deficiency did not have a major impact on the disease in Dnase1l3-deficient mice, Myd88 deficiency 

prevented SLE development, suggesting that TLR-mediated recognition of DNA associated to MPs 

drives SLE pathogenesis in Dnase1l3-deficient animals (Fig. 4E). Thus, our study uncovered a novel 

cell-extrinsic mechanism of tolerance to self-DNA that involves DNASE1L3 selectively produced by 

DCs and macrophages (Sisirak et al., 2016). DNASE1L3 regulates the availability of immunogenic 

DNA on MPs derived from apoptotic cells and thus limits its capacity to aberrantly activate 

autoreactive B cells (Fig. 5). These results were highlighted in Nature Reviews in Rheumatology 

(Onuora, 2016) and presented at the annual meeting of the French Society of Immunology (SFI, 

2018) and during multiple invited seminars as described in my curriculum vitae.  

 

c. Collaborative studies: regulation of pDC development and function 
 
Protein Tyrosine Phosphatase PTPRS Is an Inhibitory Receptor on Human and Murine 
Plasmacytoid Dendritic Cells. 

Bunin A, Sisirak V, Ghosh HS, Grajkowska LT, Hou ZE, Miron M, Yang C, Ceribelli M, Uetani N, 

Chaperot L, Plumas J, Hendriks W, Tremblay ML, Häcker H, Staudt LM, Green PH, Bhagat G, Reizis 

B. Immunity. 2015 Aug 18;43(2):277-88. 

Transcription factor Runx2 controls the development and migration of plasmacytoid 
dendritic cells. 
Sawai CM, Sisirak V, Ghosh HS, Hou EZ, Ceribelli M, Staudt LM, Reizis B. Journal of Experimental 
Medicine. 2013 Oct 21;210(11):2151-9. 

Plasmacytoid dendritic cells are dispensable for noninfectious intestinal IgA responses in 
vivo. 
Moro-Sibilot L, This S, Blanc P, Sanlaville A, Sisirak V, Bardel E, Boschetti G, Bendriss-Vermare N, 

Defrance T, Dubois B, Kaiserlian D. European Journal of Immunology. 2016 Feb;46(2):354-9.  

 

During my postdoctoral experience, we initiated collaborations with clinical teams, notably with Dr. 

Jill Buyon and Dr. Robert Clancy (Department of Rheumatology, New Your University Langone 

Medical Center) to understand DNASE1L3 function in sporadic SLE patients. We have observed in 

a small cohort of ~60 SLE patients, that 60% of them show autoreactivity to in vitro generated MPs. 

Among patients showing autoreactivity to MPs, in half of them this autoreactivity could be prevented 

upon pretreatment of MPs with exogenous DNASE1L3, indicating that DNASE1L3 activity is likely 

negatively regulated in sporadic SLE patients as well. These results were included in the previously 

described publication. Furthermore, I collaborated with postdoctoral fellows within Dr. Reizis’s 

laboratory, to study the regulation of pDC function and development. With Dr. Anna Bunin, we 

identified a novel inhibitory receptor called protein tyrosine phosphatase S receptor (PTPRS) that is 

specifically expressed on pDCs and restrains their ability to produce IFN-I and thus prevents the 

development of colitis (Bunin et al., 2015). In collaboration with Dr. Catherine Sawai, we found that 

the runt-related transcription factor 2 (Runx2) regulates pDC egress from the BM to the SLO by 
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controlling the expression of chemokine receptors CCR2 and CCR5 (Sawai et al., 2013). Finally, in 

a collaborative work with Dr. Bertrand Dubois (CRCL, Lyon, France), we have shown, using Tcf4 

haplodeficient mice, that pDCs are not involved in the production of intestinal IgA, contrary to what 

was previously suggested (Moro-Sibilot et al., 2016). 

 

d. Conclusions and significance  
 

Our results have shown that pDCs play a pathogenic role in SLE. While we could not associate this 

pathogenic pDC function in SLE to their production of IFN-I, we observed that pDCs exacerbate SLE 

by promoting the GC reaction and ultimately the activation of B cells’ production of anti-DNA 

antibodies. These results were further confirmed by two independent teams using different 

approaches to deplete pDCs in two additional experimental SLE models (Davison and Jørgensen, 

2015; Rowland et al., 2014). These studies have led to the development of therapeutic approaches 

to deplete and block pDC function for SLE patients (Pellerin et al., 2015). Recently, pDCs depletion 

via the targeting of pDC-specific marker immunoglobulin-like transcript 7 (ILT-7) (Karnell et al., 2021) 

and pDC-specific inhibition of IFN-I production via the targeting of BDCA-2  (Furie et al., 2019; Werth 

et al., 2022) have shown therapeutic efficacy in clinical trials in patient with cutaneous SLE.   

In addition, we have functionally characterized DNASE1L3 as a novel enzyme enforcing tolerance 

to self-DNA by preventing the systemic accumulation of endogenous DNA originating from apoptotic 

cells. In the absence of DNASE1L3, extracellular DNA accumulates, particularly in MPs, and 

stimulates DNA-specific autoreactive responses in a MyD88-dependent manner (Fig. 5). The results 

suggested that endogenous nucleic acid recognition by TLRs likely contribute to SLE pathogenesis 

in DNASE1L3 null patients and thus provided further rationale for the use of hydroxychloroquine for 

their treatment through its ability to impair endosomal TLR function. SLE development was also 

recently reported in an additional strain of Dnase1l3-deficient mice (Weisenburger et al., 2018), and 

since our study, multiple DNASE1L3 null patients developing early onset SLE and SLE-associated 

diseases were described (Carbonella et al., 2017; Kisla Ekinci et al., 2021; Ozçakar et al., 2013; Paç 

Kisaarslan et al., 2020; Tusseau et al., 2022), emphasizing the human relevance of our findings. In 

addition, DNASE1L3 together with DNASE1, was shown to degrade DNA present in neutrophil 

extracellular traps (NETs) and thus to prevent the occurrence of vascular occlusion during sterile 

neutrophilia or septicemia, underlining yet-another essential function of DNASE1L3 in the clearance 

of pathogenic forms of DNA (Jiménez-Alcázar et al., 2017).  

 

3. INDEPENDENT CAREER (2018-2023) 
 

Systemic lupus erythematosus and systemic sclerosis: All roads lead to platelets 
Scherlinger M, Guillotin V, Truchetet ME, Contin-Bordes C, Sisirak V, Duffau P, Lazaro E, Richez C, 

Blanco P, Autoimmun Rev. 2018 Jun;17(6):625-635.  
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New Insights on Platelets and Platelet-Derived Microparticles in Systemic Lupus 
Erythematosus 
Scherlinger M, Sisirak V, Richez C, Lazaro E, Duffau P, Blanco P, Curr Rheumatol Rep. 2017 

Aug;19(8):48. 

 

After being awarded a Junior Chair by the IdEx program of the University of Bordeaux, I joined the 

Immunoconcept (UMR CNRS 5164) research department in 2017 as an independent scientist. In 

2018 I was tenured by the Centre National de la Recherche Scientifique (CNRS) and secured 

competitive funding from the Cancer Research Institute (CLIP investigator) and the Bristol-Myers 

Squibb Foundation, which has enabled me to initiate my independent projects and build my research 

team. My initial achievement was to take part in the writing of reviews on innate immune mechanisms 

involved in SLE pathogenesis and particularly the role of platelets in this process (Scherlinger et al., 

2018, 2017). I also continued my work on the study of pDCs function in disease and on the 

characterization of the cellular and molecular mechanisms involved in SLE induced by Dnase1l3 

deficiency. Furthermore, I also developed a novel project in order to study DNASE1L3 function in 

other pathological contexts beyond SLE. 
 

a. pDCs are dispensable in inflammatory bowel disease pathogenesis 
 

Plasmacytoid dendritic cells are dispensable for inflammatory bowel disease pathogenesis. 
Sawai CM, Serpas L, Neto AG, Jang G, Rashidfarrokhi A, Kolbeck R, Sanjuan MA, Reizis B

#
, Sisirak 

V
#
, Frontiers in Immunology. 2018 Oct 25;9:2475 (

#
co-corresponding authors) (See Annex 4) 

 

Initially we pursued our work on the contribution of pDCs to inflammatory and autoimmune diseases. 

In addition to SLE, pDCs were also shown to be involved in the pathogenesis of inflammatory bowel 

diseases (IBD). IBD, including ulcerative colitis and Crohn's disease, is a chronic and recurrent 

inflammatory disease that mainly relates to the intestinal tract (Abraham and Cho, 2009). pDCs were 

detected in the inflamed epithelial colonic mucosa (Baumgart et al., 2005), and conflicting roles for 

their IFN-I producing properties were described in IBD, either preventing (Yang et al., 2016) or 

exacerbating the disease (Prete et al., 2013). Nevertheless, there was no clear evidence for pDC 
function in IBD pathogenesis.  

 
To study the function of pDCs in IBD pathogenesis we adopted a similar approach to the one 

conducted to understand their function in SLE. We established as previously described a Tcf4 

haplodeficiency in Wiskott-Aldrich syndrome protein (Was) deficient mice and a conditional deletion 

(CKO) of Tcf4 specifically in pDCs in IL-10 (Il10) deficient mice. WAS KO humans and mice show 

major immune dysregulation, including systemic autoimmunity and IBD (Prete et al., 2013). Both in 

human and mice, pDC overproduction of IFN-I was suggested to exacerbate autoimmunity and IBD 

pathogenesis mediated by WAS deficiency (Prete et al., 2013). Genetic studies associated IL10 to 

human IBD and mice deficient for Il10 develop a severe colitis (Kühn et al., 1993). IL-10 is an anti-
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inflammatory and regulatory cytokine preventing aberrant immune responses, and its production, in 

particular by macrophages in the gut, plays a crucial role in suppressing the overt immune activation 

induced by the microbiota and consequently the development of IBD (Ip et al., 2017; Zigmond et al., 

2014). We observed that Tcf4 haplodeficiency or CKO reduced pDC numbers and abrogated their 

function in both disease models. However, the overall autoimmunity in Was KO mice and the 

development of colitis in both Was and Il10 deficient mice was not impacted by Tcf4 haplodeficiency 

or pDC-specific CKO, respectively. Indeed, mice lacking or not pDCs exhibited a colon shortening 

and a profound colonic inflammation as reflected by a massive infiltration of immune cells in the 

colonic mucosa. These results indicated that pDCs are dispensable for the IBD pathogenesis (Sawai 

et al., 2018) and were in contradiction with a study claiming that pDCs exacerbate colitis (Arimura et 

al., 2017). These conflicting results likely rely on the use of Siglec H-DTR mice in the latter study 

which not only deplete pDCs after diphtheria toxin treatment but also a population of intestinal 

macrophages  that may be important in IBD pathogenesis (Swiecki et al., 2014). In addition, the use 

of a colitis induced by dextran sodium sulfate (DSS) treatment differ greatly from the genetic models 

of colitis used in our study. DSS-induced colitis mostly depends on the disruption of the intestinal 

barrier while in Was and Il10 KO mice colitis is due do dysregulations of immune cells functions 

(Kiesler et al., 2015). Nevertheless, our study indicates that contrary to SLE, IBD patients may not 

benefit from therapies targeting specifically pDCs. This project was funded by the company 

MedImmune, developed in collaboration with Dr. Reizis and performed by 3 graduate students 

(Serpas Lee, Jang Guenhyo and Rashidfarrokhi Ali) that I directly supervised.  

 

b. Cellular and molecular mechanisms of SLE caused by Dnase1l3 deficiency 
 

Plasmacytoid dendritic cells promote extrafollicular anti-DNA responses in lupus through 
type I interferon 
Soni C, Perez O.A, Woss W.A, Serpas L, Mehl J, Goike J, Georgiou G, Ippolito G.C, Sisirak V* and 

Reizis B*, Immunity. 2020 May 19:S1074-7613(20)30173-4. (*co-corresponding authors). (See 
Annex 5) 

 

As discussed previously, we have shown that Dnase1l3 deficiency causes SLE as manifested by 

that production of anti-DNA and anti-nucleosome antibodies and ultimately a glomerulonephritis 

(Fig. 4A-C). The development of SLE in these mice was dependent of MyD88 signaling and 

independent of intracellular DNA sensors cGAS and absent in melanoma (AIM)-2 (Sisirak et al., 

2016). These observations suggested that SLE development in Dnase1l3-deficient mice relied on 

TLRs that are involved in nucleic acid sensing. We therefore crossed Dnase1l3 KO mice with those 

that are deficient for Tlr9, which is a endolysosomal PRR specialized in the recognition of DNA 

(Bauer et al., 2001; Hemmi et al., 2000). Dnase1l3-Tlr9 double KO (DKO) mice developed 

autoreactivity directed against DNA and nucleosomes and also displayed mild glomerulonephritis, 

indicating that TLR9 did not play a major role in SLE pathogenesis induced by Dnase1l3 deficiency. 
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TLR7 is another endolysosomal nucleic acid sensor that in addition to single stranded RNA (Diebold 

et al., 2004) was recently reported to recognize nucleic acid degradation products (including 

deoxyguanosines) (Shibata et al., 2016). We therefore established KO mice for both Dnase1l3 and 

Tlr7, and observed that these mice developed as well all the cardinal features of SLE. To address 

whether TLR7 and TLR9 share redundant functions we established tripe KO (TKO) animals for 

Dnase1l3 and both Tlr7 and Tlr9. These TKO mice were protected from SLE development and were 

a phenocopy of Dnase1l3-Myd88 DKO mice, indicating that both TLR7 and TLR9 play a crucial role 

in SLE pathogenesis induced by Dnase1l3 deficiency. We next wanted to assess B cell-specific 

endosomal TLR contribution to SLE pathogenesis in vivo. For that purpose, we developed Dnase1l3 

deficiency on recombination activating gene 1 (Rag1) KO background. RAG1 is an essential enzyme 

that is responsible for T cell receptor (TCR) and B cell receptor (BCR) recombination, and thus its 

deficiency abolishes the development of the adaptive branch of the immune system including T cells 

and B cells (Mombaerts et al., 1992). We transferred WT and Dnase1l3 KO lymphocytes in 

Dnase1l3-Rag1 DKO mice as well as in Rag1 single KO mice and observed that regardless of the 

origin of lymphocytes, only Dnase1l3-Rag1 DKO recipient mice developed auto antibodies directed 

against self-DNA and nucleosomes (Fig. 6A-B). These results proved that DNASE1L3 is produced 

by non-lymphoid cells and acts in a cell-extrinsic manner to enforce tolerance to DNA and 

established a system to test the role of individual genes specifically in lymphocytes in this model. By 

using splenocytes from Myd88 KO, we observed that the anti-DNA response was abrogated upon 

their transfer into Dnase1l3-Rag1 DKO recipients (Fig. 6B). Similar results were obtained when 

lymphocytes from Unc-93 homolog B1 (Unc93b1) KO mice were transferred in Dnase1l3-Rag1 DKO 

(Fig. 6B). Consistent with the essential role of UNC93B1 in the endosomal TLR trafficking and 
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signaling (Majer et al., 2019), these collective results have established B cell intrinsic roles for TLR7 

and TLR9 in SLE pathogenesis mediated by DNASE1L3 deficiency. 

The TLR7/9-MyD88 pathway also induces the production of multiple inflammatory cytokines 

including IFN-I (Crowl et al., 2017) mostly in a B cell-extrinsic manner. The vast majority of SLE 

patients display an IFN-I signature and this IFN-I signature is associated with disease severity 

(Banchereau et al., 2017; Bennett et al., 2003). In addition, deletion of IFN-I receptor (Ifnar) in 

multiple experimental models of SLE ameliorated the disease (Buechler et al., 2013; Santiago-Raber 

et al., 2003). To test IFN-I function in SLE induced by Dnase1l3 deficiency, we established Dnase1l3-

Ifnar DKO mice. These mice developed early autoreactivity to DNA and nucleosomes, but this 

autoreactivity was not amplified over time and did not cause kidney pathology at endpoint. These 

observations indicated that IFN-I is not required for the initiation of autoimmunity in Dnase1l3 KO 

mice but rather to exacerbate the disease. We obtained similar results when we crossed Dnase1l3 

KO mice with Tcf4 haplodeficient mice which lack the transcription factor E2-2 that is essential for 

the development of pDCs, suggesting that pDCs are likely the main source of IFN-I contributing to 

SLE in Dnase1l3 KO mice. Accordingly, anti-Siglec H antibody mediated inhibition of pDCs 

production of IFN-I in vivo reduced the production of anti-DNA antibodies in Dnase1l3 KO mice. 

TLR7 was previously shown to be essential for the generation of the GC reaction and thus for the 

activation of T cell 

dependent B cell responses 

(Soni et al., 2014). We have 

observed that while 

Dnase1l3-Tlr7 DKO animals 

did not display GC in their 

spleens they still developed 

autoreactivity towards DNA. 

Therefore, autoreactive B 

cells in Dnase1l3 KO mice 

were likely activated outside 

of the GC to produce 

autoantibodies. This was in 

line with our observation that 

plasmablasts (CD138
+
 

CXCR3
+
, MHC-II

+
 B cells) 

that accumulate in Dnase1l3 

KO mice were located in the 

extrafollicular space and did 

not display any somatic 
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hypermutation, a hallmark of the GC reaction. Given the extrafollicular nature of autoreactive B cell 

responses in Dnase1l3 KO mice we wondered whether they required T cell help. Therefore, we 

deleted Cd40lg, which is a molecule expressed by T cells that plays an essential role in B cell help 

(Lesley et al., 2006 ), in Dnase1l3 KO mice. Dnase1l3-Cd40lg DKO mice did not show autoreactivity 

to DNA, reflecting the crucial nature of CD4 T cell help in this SLE model. In parallel, we observed 

an expansion of extrafollicular T cell (CD4
+
, CD62L

-
, PSGL1

-
, CD40L

+++
, ICOS

+++
) which were 

located in close vicinity to extrafollicular plasmablasts in Dnase1l3 mice. Finally, we showed that 

through their production of IFN-I, pDC play and important role in the extrafollicular development of 

autoreactive B cells. Indeed, pDC depletion and Ifnar deficiency in Dnase1l3 KO mice significantly 

reduced the number of extrafollicular plasmablasts and T cells. In addition, pDCs were able to 

promote B cell differentiation into CD138
+
 plasmablasts in an IFN-I dependent manner upon their in 

vitro activation. This work therefore deciphered the cellular and molecular mechanisms involved in 

SLE induced by Dnase1l3 deficiency (Soni et al., 2020). In particular, DNA that accumulates in MPs 

in Dnase1l3 KO mice stimulate autoreactive B cells via both TLR7 and TLR9. This activation of 

autoreactive B cells occurs in the extrafollicular space, requires CD4 T cell help and IFN-I produced 

by pDCs, and ultimately leads to their differentiation into short-lived plasma cells producing anti-DNA 

antibodies (Fig. 7). This work was conducted together with Dr. Reizis and presented on multiple 

occasions at conferences as well as at national and international institutes. 

 

c. Dnase1l3 deficiency does not affect SSc pathogenesis in vivo 
 

Innate Immunity in Systemic Sclerosis Fibrosis: Recent Advances 
Laurent P*, Sisirak V*, Lazaro E, Richez C, Duffau P, Blanco P, Truchetet ME, Contin-Bordes C,  

Frontiers in Immunology. 2018 Jul 23;9:1702. (*co-first authors) 

Elevated Circulatory Levels of Microparticles Are Associated to Lung Fibrosis and 
Vasculopathy During Systemic Sclerosis.   
Leleu D, Levionnois E, Laurent P, Lazaro E, Richez C, Duffau P, Blanco P, Sisirak V, Contin-Bordes 

C, Truchetet M-E, Frontiers in Immunology. 2020 Oct 23;11:532177 

DNASE1L3 does not affect Systemic Sclerosis pathogenesis in two inducible models of the 
disease. 
Garreau A, Dubois M, Santa P, Brisou D, Laurent P, Duluc D, Loizon S, Blanco P, Contin-Bordes C, 

Truchetet M-E and Sisirak V Manuscript in Preparation 

 

After joining Immunoconcept I also interacted with Dr. Contin-Bordes and Pr. Truchetet, members 

of the team of Pr. Blanco who are expert in the physiopathology of systemic sclerosis (SSc). SSc is 

a heterogeneous autoimmune disease characterized by three interconnected hallmarks (i) 

vasculopathy, (ii) aberrant immune activation (autoantibody production), and (iii) fibroblast 

dysfunction leading to extracellular matrix deposition and fibrosis, primarily in the skin and the lung 

(Gabrielli et al., 2009). Such tissue fibrosis ultimately causes lethal organ failure making SSc one of 

the deadliest autoimmune disease (Gabrielli et al., 2009). Interestingly, as we recently reviewed, 

innate immune cells play a major role in SSc pathogenesis including pDCs through their production 
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of IFN-I (Laurent et al., 2018). The induction of IFN-I by pDCs in SSc was suggested to be mediated 

by self-DNA (Ah Kioon et al., 2018; Lande et al., 2019). In addition, genetic studies have reported 

that a polymorphism in DNASE1L3, which causes the R206C mutation in the protein, was associated 

with SSc development (Mayes et al., 2014; Zochling et al., 2014). The R206C mutation reduces 

DNASE1L3 function and secretion (Coke et al., 2021), and SSc patients with such mutations were 

recently shown to display reduced circulatory DNASE1L3 activity and, consequently, impaired 

circulatory DNA fragmentation (Skaug et al., 2023). Hence, we studied whether Dnase1l3 
deficiency affects SSc pathogenesis in vivo and if so through which mechanisms. 
 
To explore the role of DNASE1L3 in SSc development we used two inducible model of SSc in 

Dnase1l3 KO mice. The first model consists of daily subcutaneous injection of bleomycin, which is 

an antibiotic produced by Streptomyces verticillus and commonly used in the clinic for the treatment 

of cancer patients. Bleomycin causes tissues fibrosis at the site of the injection and, according to the 

dose that is administered, tissue fibrosis can also affect the lung (Artlett, 2014). The second model 

is based on daily subcutaneous injections of hypochlorous acid (HOCl), which induces the 

generation of hydroxyl radicals leading to increased synthesis of collagen in the skin and lung, 

ultimately causing fibrosis (Artlett, 2014). These two inducible models mostly instigate tissue fibrosis 

without triggering the development of autoantibodies and vascular defects that commonly affect SSc 

patients. Nevertheless, SSc induced in both models was reported to mediate innate immune 

activation that further fuels tissues fibrosis (Laurent et al., 2018; Meng et al., 2019). We observed 

that bleomycin treatment induced skin thickening and lung fibrosis whereas HOCl treatment only 

induced skin thickening (Fig. 8-9). Tissue fibrosis was unaffected by Dnase1l3 deficiency as 
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reflected by the quantification of skin thickening and of lung collagen levels (Picro Sirius staining) 

(Fig. 8A-9A). The expression of profibrotic genes (Col1a1, Col2a1 and Tgfb1) was increased by 

bleomycin treatment in the lung while HOCl only induced their expression in the skin. Nevertheless, 

the level of profibrotic gene expression was similar between WT and Dnase1l3 KO mice (not shown). 

Induction of tissue fibrosis in both murine models of SSc was accompanied by immune changes in 

the affected tissues. In particular, in the skin we observed an increase in inflammatory monocytes 

(CD11b
+
 Ly6C

+
) (Fig. 8B) as well as granulocytes (CD11b

+
 Ly6G

+
), while in the lungs of bleomycin-

treated animals, we observed an activation of T cells reflected by their increased expression of PD1 

(Fig. 9B) and the accumulation of regulatory T cells (CD4
+
 FoxP3

+
). However, this tissue 

inflammation and immune activation that accompany skin and lung fibrosis was similar between 

control and Dnase1l3 deficient mice (Fig.8B-9B).  

Finally, we measured the level of total IgG, and we did not see any differences between control and 

Dnase1l3 KO mice whether or not they were induced to develop SSc-like disease, indicating that 

these models do not recapitulate the autoreactive aspect of the disease (not shown). Given that 

Dnase1l3 KO animals spontaneously develop anti-DNA autoreactivity we also assessed their levels 

upon bleomycin and HOCl treatment. While Dnase1l3 KO mice displayed anti-DNA antibodies in 

their circulation, this amount was not affected by bleomycin nor HOCl treatment over the course of 

the experiment (not shown). Therefore, our results indicate that the deletion of Dnase1l3 does not 

affect the development of SSc pathogenesis in two inducible models of the disease. Given that the 

models used in our study are mostly representative of tissue fibrosis, which is one of the three 

hallmarks of SSc in humans, we believe that it would be relevant to address the impact of Dnase1l3 
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deficiency in genetic models of SSc, for example Fra2 transgenic mice. This model closely 

recapitulates the human pathology, in particular the autoimmune component of the disease (Maurer 

et al., 2013). This work was done by a post-doctoral fellow Dr. Anne Garreau and a Master 2 student 

Maxime Dubois in Bordeaux who I directly supervised and in close collaboration with Dr. Contin-

Bordes and Dr. Truchetet. The manuscript of these results is currently under preparation and will be 

submitted shortly.  

 

With the group of Pr. Truchetet and Dr. Contin-Bordes, we also analyzed circulatory MPs of SSc 

patients. Multiple studies have reported that MPs accumulate in both SSc mouse models and 

patients and have a pathogenic role (Kavian et al., 2015; Maugeri et al., 2018, 2012). Similarly, we 

observed that SSc patients display increased levels of circulatory MPs compared to heathy donors. 

These MPs originated from endothelial cells and platelets, and their total level was associated with 

disease severity, particularly interstitial lung disease and lung fibrosis. Contrary to those of control 

individuals, MPs from SSc patients stimulated the production of extracellular matrix by fibroblasts in 

vitro. These results that we recently published (Leleu et al., 2020) indicate that SSc patients 

accumulate MPs in their circulation and that these MPs have pathogenic functions through their 

ability to induce tissue fibrosis. There are ongoing studies to identify the molecules and the pathways 

that are involved in this profibrotic function of SSc patients’ circulatory MPs. 

 

d. Collaborative studies: Dnase1l3 function in sporadic SLE and in the regulation of 
circulatory DNA content and quality 

 
Autoantibody-mediated impairment of DNASE1L3 activity in sporadic systemic lupus 
erythematosus  
Hartl J, Serpas L, Wang Y, Rashidfarrokhi A, Perez OA, Sally B, Sisirak V, Soni C, Khodadadi-

Jamayran A, Tsirigos A, Caiello I, Bracaglia C, Volpi S, Ghiggeri GM, Chida AS, Sanz I, Kim MY, 

Belmont HM, Silverman GJ, Clancy RM, Izmirly PM, Buyon JP, Reizis B, Journal of Experimental 
Medicine. 2021 May 3;218(5):e20201138. 

Plasma DNA Profile Associated with DNASE1L3 Gene Mutations: Clinical Observations, 
Relationships to Nuclease Substrate Preference, and In Vivo Correction 
Chan RWY, Serpas L, Ni M, Volpi S, Hiraki LT, Tam LS, Rashidfarrokhi A, Wong PCH, Tam LHP, 

Wang Y, Jiang P, Cheng ASH, Peng W, Han DSC, Tse PPP, Lau PK, Lee WS, Magnasco A, Buti 

E, Sisirak V, AlMutairi N, Chan KCA, Chiu RWK, Reizis B, Lo YMD, American Journal of Human 
Genetics. 2020 Nov 5;107(5):882-894. 

Dnase1l3 deletion causes aberrations in length and end-motif frequencies in plasma DNA 
Serpas L, Chan RWY, Jiang P, Ni M, Sun K, Rashidfarrokhi A, Soni C, Sisirak V, Lee WS, Cheng 

SH, Peng W, Chan KCA, Chiu RWK, Reizis B, Lo YMD, Proc Natl Acad Sci USA. 2019 Jan 

8;116(2):641-649.  

Selectins impair regulatory T cell function and contribute to systemic lupus erythematosus 
pathogenesis 
Scherlinger M, Guillotin V, Douchet I, Vacher P, Boizard A, Guegan J.P, Garreau A, Merillon N, 

Vermorel A, Ribeiro E, Machelart I, Lazaro E, Couzi L, Duffau P, Barnetche T, Pellegrin J.L, Viallard 

J.F, Saleh M, Schaeverbeke T, Truchetet M.E, Contin-Bordes C, Legembre P, Sisirak V, Richez C* 

and Blanco P*. Science Translational Medicine. 2021 Jun 30;13(600):eabi4994 (*co-

corresponding authors) 
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We collaborated with Dr. Lo in Hong Kong who is an expert in the field of circulatory cell free DNA 

(cfDNA) to address the role of DNASE1L3 in the regulation of the quantity and the quality of 

circulatory cfDNA. We observed in both mice and humans that DNASE1L3 deficiency impacts the 

length and abundance of DNA in the circulation. The dominant cfDNA species of control individuals 

has a size of 166bp and corresponds to a single nucleosome. In DNASE1L3-deficient individuals 

this DNA species remains the dominant one, but there is a significant increase in larger DNA of 

polynucleosomal origin, indicating that DNASE1L3 plays an important role in cfDNA fragmentation. 

Accordingly, the cfDNA fragmentation index was 100 times inferior in DNASE1L3-deficient 

individuals compared to healthy donors. Furthermore, upon sequencing of cfDNA from DNASE1L3-

deficient mice and humans, we observed a depletion of DNA fragments starting with CC nucleotides. 

We identified 8 end motifs of DNA starting with CC that were significantly reduced upon DNASE1L3 

deficiency, indicating that DNASE1L3 fragments DNA at specific sites. Distribution of end motifs of 

cfDNA can be used as a readout of DNASE1L3 activity. Indeed, supplementation of Dnase1l3 KO 

mice with an adenovirus encoding a human DNASE1L3 reconstituted cfDNA fragmentation profile 

and the distribution of end-motifs of cfDNA. Overall these results showed that DNASE1L3 controls 

the length and end-motifs of circulatory cfDNA (Chan et al., 2020; Serpas et al., 2019).  

 

We also continued our collaboration with Dr. Jill Buyon and Dr. Robert Clancy (Department of 

Rheumatology, New Your University Langone Medical Center) to understand the relevance of 

DNASE1L3 function in sporadic SLE patients. We reported that >50% of sporadic SLE patients with 

nephritis manifested reduced circulatory DNASE1L3 activity, which was associated with neutralizing 

autoantibodies to DNASE1L3. These patients had normal total plasma cfDNA levels but elevated 

levels of cfDNA in circulatory MPs. In addition, SLE patients displayed specific autoantibodies 

directed against MPs originating from dying cells. Pretreatment of MPs with DNASE1L3 prevented 

the binding of autoantibodies from a fraction of SLE patients. Interestingly, autoantibodies to 

DNASE1L3-sensitive antigens on MPs were prevalent in SLE patients who had nephritis and 

correlated with cfDNA levels in MPs and with disease severity. Therefore, our results revealed 

autoantibody-mediated impairment of DNASE1L3 activity as a common nongenetic mechanism 

facilitating anti-dsDNA autoreactivity in patients with severe sporadic SLE (Hartl et al., 2021). 

 

Finally, we collaborated with the group of Dr. Blanco at Immunoconcept, which observed that 

activated platelets from SLE patients express and release high levels of P-selectin. Circulatory levels 

of soluble or MP-associated P-selectin accumulated in SLE patients and correlated with SLE disease 

severity. P-selectin was shown in vitro to interact with its PSGL1 receptor on Treg cells and to inhibit 

their suppressive function. Consequently, this inhibition of the suppressive function of Tregs was 

proposed to exacerbate SLE pathogenesis. To test whether this novel pathogenic loop may play a 
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role in SLE in vivo we evaluated the therapeutic potential of targeting P-selectin in Dnase1l3 KO 

mice. We observed that Dnase1l3 KO mice show elevated levels of circulatory P-selectin particularly 

associated to MPs compared to control mice. We next treated Dnase1l3 KO mice every 3 days 

during 10 weeks with an anti-P-selectin antibody or a control IgG. Anti-P-selectin treatment reduced 

the levels of anti-DNA autoantibodies and the extent of glomerulonephritis while control IgG did not 

affect SLE pathogenesis in Dnase1l3 KO mice. Therefore, blocking P-selectin appears to be an 

attractive target to treat SLE patients and ameliorate their clinical outcomes (Scherlinger et al., 2021).  

 

e. Conclusions and significance  
 

Overall, we have provided in-depth characterization of the molecular and cellular mechanisms of 

actions that regulate the development of SLE caused by the deficiency of DNASE1L3. In particular 

we have shown that sensing of endogenous nucleic acids via TLR7 and TLR9 by B cells and pDCs 

leads to the break of tolerance to DNA and subsequent initiation and maintenance of anti-DNA 

autoreactivity in Dnase1l3 KO mice (Fig. 7). Furthermore, this autoreactive B cell response in 

Dnase1l3 KO mice was shown to take place extrafollicularly and was dependent on CD4 T cell help. 

These observations are in accordance with data obtained in SLE patients showing that pathogenic 

B cell responses occur extrafollicularly (Jenks et al., 2019, 2018) and provide further rationale for 

therapies aimed at blocking endosomal TLR7-9 signaling as well as pDC function in SLE patients 

with DNASE1L3 null mutations. Intriguingly, our results demonstrated a functional redundancy 

between TLR7 and TLR9 in the development of SLE in Dnase1l3 KO mice. Previous studies have 

shown that TLR9 has a tolerogenic function in an animal model of SLE based on the 

hyperproliferation of autoreactive B cells (MRL.FAS
lpr

 mice), while TLR7 was reported to promote 

SLE (Christensen et al., 2006; Leibler et al., 2022). In Dnase1l3 KO mice both endosomal TLRs 

appear to be pathogenic, which is likely due to functional competition between the two receptors, 

whereby TLR9 deletion creates a hyperactive TLR7 (Fukui et al., 2009) and/or the ability of TLR7 to 

recognize both RNA and DNA degradation products such as guanosine and deoxyguanosine, 

respectively (Shibata et al., 2016). Nevertheless, further studies are required to understand the 

overlapping functions of TLR7 and TLR9 in SLE development. In addition to the characterization of 

monogenic SLE induced by the deficiency of DNASE1L3, we have observed that more than 50% of 

sporadic SLE patients exhibit anti-DNASE1L3 antibodies preventing its function and consequently 

exacerbating the disease, particularly the development of nephritis. These results that were recently 

corroborated by the laboratory of Felipe Andrade (Gomez-Bañuelos et al., 2023) generalize the 

crucial role of DNASE1L3 in preventing DNA autoreactivity to sporadic SLE patients. While 

polymorphisms in DNASE1L3 were also associated to other autoimmune diseases including SSc, 

we were unable to establish the contribution of DNASE1L3 dysfunction to SSc pathogenesis in vivo. 

The SSc models that we used in this study are not fully representative of the human pathology, and 
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it will be important to study the impact of Dnase1l3 deficiency in genetic models of SSc closely 

recapitulating the human disease. Finally, we also invalidated pDC function in IBD pathogenesis in 

vivo, indicating that contrary to SLE patients, IBD patients may not benefit from therapeutic strategies 

targeting pDCs.  

 

IV. ONGOING & FUTURE RESEARCH PROJECTS 
 
 

Thus far we have established that DNASE1L3 controls endogenous levels and likely the quality of 

extracellular DNA originating from dying cells. This DNASE1L3 function is key in preventing the 

development of systemic autoimmunity. Multiple studies have also reported that the control of 

intracellular levels of endogenous DNA by cell-intrinsic DNASEs also protect from the development 

of fatal auto-inflammatory disorders (Santa et al., 2021). It thus appears that organisms have evolved 

crucial mechanisms that regulate the abundance and the immunostimulatory potential of 

endogenous DNA to avoid aberrant immune activation. The recognition of endogenous DNA by the 

immune system has recently been described to play an important role in pathological contexts 

beyond autoimmune and inflammatory disorders. Indeed, DNA originating from tumor cells was 

shown to activate anti-tumor immune responses as well as to boost the therapeutic efficacy of 

conventional cancer therapies (chemotherapy and radiotherapy) and immunotherapies (Woo et al., 

2015). In addition, endogenous DNA originating from adipocytes and hepatocytes of obese mice 

and humans was reported to stimulate chronic low grade inflammation that is responsible for the 

development of obesity-induced complications, including metabolic syndrome and type 2 diabetes 

(T2D) (Ferriere et al., 2020). While the function of endogenous DNA in cancer immunity and 
obesity-induced inflammation is clearly established, the function of DNASEs and how they 
regulate the immunostimulatory potential of endogenous DNA in these pathological contexts 
remain unknown. Therefore, we developed two projects to characterize the involvement of 

DNASE1L3 and more generally of extracellular DNASEs in cancer and obesity and to further 

delineate their mechanisms of actions in these pathological contexts. 

 

1.  WHAT IS THE ROLE OF DNASE1L3 IN OBESITY-MEDIATED INFLAMMATION? 
 

Self-nucleic acid sensing: a novel crucial pathway involved in obesity-mediated 
metaflammation and metabolic syndrome 
Ferriere A, Santa P, Garreau A, Bandopadhyay P, Blanco P, Ganguly D and Sisirak V, Frontiers in 
Immunology. 2021 Jan 26;11:624256. 

DNASE1L3 deficiency exacerbates obesity-mediated inflammation and metabolic syndrome 
Ferriere A*, Roubertie A*, Bandopadhyay P, Santa P, Garreau A, Loizon S, Duluc D, Brisou D, 

Monchaux C, Rousseau B, Mora Charrot L, Gatta-Cherifi D, Cota D, Capuron L, Castanon N, Blanco 

P, Ganguly D and Sisirak V. (*co-fist authors )To be submitted (See Annex 6) 
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a. Rationale and driving hypothesis 
 

Obesity is a major global health issue, and its prevalence is constantly growing. It is estimated that 

more than 40% of the adult world population is overweight and 13% is obese. Obesity is associated 

with the development of metabolic syndrome, which constitute a main risk factor for the development 

of T2D, non-alcoholic fatty liver disease (NAFLD), atherosclerosis, and ischemic cardiovascular 

disease (Saltiel and Olefsky, 2017). These obesity-induced health complications have far-reaching 

consequences for life expectancy, quality of life and healthcare costs. The main tissue affected by 

obesity is the white adipose tissue (WAT), which becomes hypertrophied and heavily infiltrated by 

immune cells (Saltiel and Olefsky, 2017). A critical role for both the immune cell infiltration into the 

WAT and the ensuing WAT chronic low-grade inflammation called “metaflammation” was 

established in the development of obesity-associated metabolic syndrome (McNelis and Olefsky, 

2014). Specifically, anti-inflammatory M2-like macrophages (expressing CD301b) present in the lean 

WAT are polarized toward a proinflammatory M1-like phenotype (expressing CD11c
+
) in the WAT of 

obese individuals and contribute to the development of insulin resistance (IR) through their 

production of inflammatory cytokines (McNelis and Olefsky, 2014). However, the molecular 

mechanisms that contribute to WAT inflammation are not fully understood. 

 

Aberrant accumulation of self-DNA and its recognition by innate immune cells was recently linked to 

obesity-induced WAT metaflammation as we have recently reviewed (Ferriere et al., 2020). Indeed, 

obese individuals and mice exposed to a high-fat diet (HFD) show increased levels of circulatory 

cfDNA (Garcia-Martinez et al., 2016; Nishimoto et al., 2016). The source and form of such cfDNA 

are multiple. Hepatocytes affected by NAFLD release MPs containing mtDNA (Garcia-Martinez et 

al., 2016), while neutrophils release extracellular DNA traps (NETs) during obesity (Revelo et al., 

2016). Aberrant adipogenesis caused by obesity promotes adipocyte cell death, leading to the 

release of gDNA as well as mtDNA (Nishimoto et al., 2016; Strissel et al., 2007). Notably, circulatory 

levels of cfDNA positively correlated with the severity of metabolic syndrome caused by obesity 

(Garcia-Martinez et al., 2016; Nishimoto et al., 2016). The sensing of cfDNA via TLR-9 by 

macrophages (Garcia-Martinez et al., 2016) and pDCs (Ghosh et al., 2016) was shown to play an 

important role in WAT inflammation. Specifically, IFN-I produced by pDCs upon cfDNA detection 

promoted the switch from M2 to M1-like macrophages as well as the depletion of Tregs in the WAT 

of obese individuals (Ghosh et al., 2016; Li et al., 2021). These observations are consistent with 

genetic studies showing that Tlr9 deficiency ameliorated T2D and NAFLD development induced by 

obesity (Garcia-Martinez et al., 2016; Nishimoto et al., 2016; Revelo et al., 2016). Moreover, pDC 

ablation and deficiencies in IFN-I responsiveness (Ifnar) and production (Irf7) were shown to 

ameliorate complications due to obesity (Hannibal et al., 2017; Wang et al., 2013). Finally, mtDNA 

accumulation during obesity was suggested to promote WAT inflammation through activation of the 

cytosolic DNA sensors cGAS. Accordingly, loss of STING, which is essential for the transduction of 
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cGAS signaling, prevents metabolic syndrome induced by HFD (Luo et al., 2018; Yu et al., 2019). 

Circulatory mtDNA isolated from obese patients was also reported to promote IL-1b production via 

AIM2 activation in macrophages (Bae et al., 2019); however, the in vivo role of AIM2 in obesity 

remains controversial (Gong et al., 2019). Thus, self-cfDNA clearly participates in obesity-induced 

inflammation, but how its abundance is regulated during obesity remains unknown. 

 

While obesity represents a risk factor for multiple autoimmune diseases (Matarese, 2023), including 

SLE (Hanna Kazazian et al., 2019; Tedeschi et al., 2017), the function of DNASEs and their 

regulation during obesity remain poorly understood. Reports have shown that DNASE2 expression 

(Saito et al., 2019) and the overall circulatory DNASE activity (Revelo et al., 2016) may be reduced 

in mice upon HFD. However, DNASE1L3 function in obesity was never explored. Moreover, 

treatment of obese mice with recombinant DNASE1 did not affect the development of metabolic 

syndrome (Revelo et al., 2016), likely due to the limited activity of DNASE1 in digesting “naked” 

DNA, which is not the main form of endogenous DNA accumulating during obesity. Therefore, we 
proposed to dissect the role of DNASE1L3 in the development of metaflammation and the 
ensuing metabolic syndrome induced by obesity.  

 

To develop this project we initiated a collaboration with Dr. Ganguly at CSIR-Indian Institute of 

Chemical Biology in Kolkata, India, who has shown that DNA from the WAT of obese patients 

contribute to pDC production of IFN-I, which in turn favors the switch of macrophages toward a 

proinflammatory M1-like phenotype (Ghosh et al., 2016). As coordinators we obtained the support 

of the Indo-French Centre for the Promotion of Advanced Research to conduct this project. I was 

also awarded a grant by Agence Nationale de la Recherche (ANR) young researcher program for 

this project. Amandine Ferriere, an MD-PhD student who graduated in December 2022, initiated this 

project, and another PhD student Anaïs Roubertie is currently pursuing this work under my 

supervision. 

 

b.  Currents results 
 

Dnase1l3 deficiency increases weight gain in mice fed with HFD: In order to establish the impact 

of Dnase1l3 deficiency on obesity-associated metaflammation and metabolic syndrome, we placed 

WT and Dnase1l3 KO male mice on HFD containing 45% of fat or on normal diet (ND) as a control. 

All mice exposed to HFD gained more weight than mice on ND. However, Dnase1l3 KO mice gained 

significantly more weight than their WT counterpart after being fed with a HFD (Fig. 10A-B). 

Conversely, Dnase1l3 KO and WT mice fed with a ND showed no difference in body weight over 

time. After 12 weeks of HFD, the epididymal (visceral) AT mass was significantly increased in 

Dnase1l3 KO mice compared to WT mice (Fig. 10C). Elevation in AT mass in Dnase1l3 KO mice on 
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HFD was accompanied by an increase in the size of epididymal adipocytes (not shown). In addition, 

body composition, as evaluated by magnetic resonance imaging (MRI), also showed an increase in 

the total fat mass in Dnase1l3 KO mice fed with a HFD when compared to WT mice on the same 

diet (Fig. 10D). In collaboration with Dr. Cota at the Neurocentre Magendie at the University of 

Bordeaux, we measured the food consumption, energy expenditure as well as feeding behavior of 

mice, by placing them in metabolic cages. The individual daily food intake and energy expenditure 

between WT and Dnase1l3 KO mice was not significantly different (not shown). Yet, Dnase1l3 KO 

mice showed an impaired feeding behavior, as manifested by their increased number of meals and 

increased food intake during diurnal phases, when mice are typically resting (not shown). The 

aforementioned results were validated with HFD containing 60% of fat as well as in female mice (not 

shown) and thus clearly indicate that Dnase1l3 deficiency exacerbates weight gain and adiposity 

upon induction of obesity by HFD. 

 

Dnase1l3 deficiency exacerbates the metabolic syndrome and NAFLD induced by HFD: We 

next assessed the impact of Dnase1l3 deficiency on the development of metabolic complications 

associated with obesity. WT and Dnase1l3 KO mice exposed to HFD containing 45% fat for 12 

weeks showed an increased glucose intolerance and fasting glucose levels (Fig. 11A-B). In addition, 

fasting insulin levels were elevated in Dnase1l3 KO mice that were fed with a HFD, and such 

elevated insulin levels contributed to the establishment of IR in Dnase1l3 KO as measured by the 

HOMA-IR score (not shown). Similar results were obtained when mice were fed with a HFD 

containing 60% fat, with increased fasting glucose and insulin levels at 6 weeks post-initiation of the 

diet, indicating that Dnase1l3 deficiency accelerates the occurrence of a metabolic syndrome in mice 

exposed to HFD (not shown). We next assessed the impact of Dnase1l3 deficiency on the liver 

damage induced by obesity. We quantified alanine aminotransferase (ALAT) circulatory levels as a 
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marker of ongoing liver injury. After only 6 weeks of HFD  there was an increase in circulatory ALAT 

levels specifically in Dnase1l3 KO mice (not shown). The liver mass was not impacted at 12 weeks 

of HFD; however, hepatic steatosis was only increased in Dnase1l3 KO mice (Fig. 11C-D), indicating 

that Dnase1l3 deficiency also accelerate the onset of obesity-associated hepatic disorders. 

 

Dnase1l3 deficiency increases VAT immune infiltration and inflammation in obese mice: To 

evaluate the impact of Dnase1l3 

deficiency on metaflammation induced 

by obesity, we used flow cytometry to 

analyze the immune compartment 

(CD45
+
 cells) in the stromal vascular 

fraction (SVF) obtained from VAT of 

WT and Dnase1l3 KO mice subjected 

or not to HFD. As expected, mice fed 

with a HFD containing 45% of fat 

during 12 weeks showed elevated 

absolute counts of total leucocytes 

and CD11b
+
 and CD64

+
 F4/80

+
 

macrophages. Importantly, CD11c
+
 

proinflammatory M1-like macrophage 

frequency, absolute counts and the 

ratio of M1 to M2 macrophages were 

significantly increased in the SVF of the VAT of Dnase1l3 KO mice that were subjected to HFD 

compared to their WT counterparts (Fig. 12). In addition to macrophages, T cells, DCs, monocytes 
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and granulocytes in the SVF of the VAT were increased only in Dnase1l3 KO mice upon HFD (not 

shown). Therefore, Dnase1l3 deficiency increases the metaflammation in the VAT in response to 

HFD, which likely contributes to the earlier onset of metabolic complications observed in these mice. 

 

Obese individual display elevated levels of cfDNA and reduced DNASE activity: In order to 

address the human relevance of our observations we initiated a collaboration with Dr. Gatta-Cherifi 

from the nutrition department of the Bordeaux Hospital and Dr. Capuron and Dr. Castanon from the 

NeutriNeuro research department at the University of Bordeaux. With their assistance we were able 

to obtain fresh blood samples of obese patients as well as frozen plasma from a large cohort of 

obese patients before and after they underwent therapeutic bariatric surgery. We first quantified the 

circulatory cfDNA in these individuals and observed that obese patients had significantly more cfDNA 

than age and sex-matched healthy controls (Fig. 13A). We observed that most of the cfDNA that 

accumulates in obese individuals originates from the soluble fraction of the plasma and not from the 

MP-enriched fraction (Fig. 13B-C). Contrary to what was previously reported, we have observed that 

obese individuals display significantly less MPs in their circulation (Fig. 13D). Therefore, we 

normalized the DNA quantity detected in the MP-enriched fraction to the number of MPs and 

observed that obese individual’s MPs contained more DNA than healthy controls (Fig. 13E). The 

total levels of cfDNA were significantly correlated to pathological features of obese individuals 

including their body mass index (BMI), circulatory insulin levels and the IR score (not shown and 

Fig. 13F). In addition, in patients who underwent bariatric surgery, circulatory cfDNA levels returned 

to levels observed in healthy controls (Fig. 13G). 
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The accumulation of cfDNA in obese individuals may be mediated by an impaired expression and/or 

activity of circulatory DNASEs. Therefore, we measured DNASE1L3 expression level in peripheral 

blood mononuclear cells (PBMC) of obese individuals and healthy controls. We adopted a flow 

cytometry-based fluorescence in situ hybridization (Flow-FISH) strategy, which allows the detection 

of DNASE1L3 mRNA simultaneously in all blood immune cells. This approached was selected as 

currently there are no specific antibodies for DNASE1L3 commercially available. The expression of 

DNASE1L3 in PBMCs was detected only in pDCs. However, there were no significant differences in 

DNASE1L3 expression in pDCs between heathy 

donors and obese patients (not shown). We next 

evaluated total circulatory DNASE activity by 

addressing the ability of the plasma to digest DNA 

in vitro. We observed that obese patients showed 

a significantly reduced DNASE activity compared 

to healthy controls (Fig. 14A). Such reduced 

DNASE activity was inversely correlated with the 

levels of circulatory cfDNA (Fig. 14B). These 

results suggest that obesity somehow impairs 

circulatory DNASE activity, which likely contributes 

to the accumulation of endogenous cfDNA that 

may ultimately fuel metaflammation.  

 

These results showing that DNASE1L3 regulates HFD-induced metaflammation and the ensuing 

metabolic syndrome were recently compiled in a paper that is presented in the annex 6 and will be 

submitted shortly. Nevertheless, the mechanism of DNASE1L3 action in metaflammation and 

metabolic complications induced by obesity remains to be fully elucidated. 

 

c.  Future directions 
 

Does DNASE1L3 regulate metaflammation induced by obesity? As we have shown previously 

the deficiency in DNASE1L3 induces the phenotypic switch of VAT macrophages toward a 

proinflammatory M1-like phenotype. This constitutes the main sign of AT inflammation and requires 

further investigation to ascertain the role of DNASE1L3 in the regulation of metabolic tissue 

inflammation. To do so we quantified the expression of genes encoding inflammatory cytokines 

involved in metaflammation (Tnfa, Il-6, Il-1b and Ifna) in the liver and the VAT. We did not observe 

any differences in their expression between WT and Dnase1l3 KO mice that were fed with a HFD. 

Consequently, we performed bulk RNA-sequencing on the liver and the VAT of WT and Dnase1l3 

KO mice fed either with a ND or a HFD. These results were obtained very recently, and their analysis 
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is not yet complete. Unexpectedly, our preliminary results do not show an inflammatory signature in 

the liver or the VAT of either WT or Dnase1l3 KO mice upon their exposure to HFD. Nevertheless, 

we detect multiple differentially expressed genes, particularly in the liver, between WT and Dnase1l3 

KO mice fed HFD, and we are currently analyzing their potential contribution to the phenotype that 

we observed. The inability to detect metabolic tissue inflammation may be due to our approach to 

evaluate gene expression that was performed in the total tissue. Hence, we plan to repeat the 

transcriptomic analyses on purified macrophages and DCs from both the AT and liver of WT and 

Dnase1l3 KO mice fed with a ND or a HFD. We are focusing on macrophages and DCs since they 

play a crucial role in metabolic tissue inflammation and express the highest levels of Dnase1l3. This 

analysis will also allow us to investigate how HFD affects the expression of Dnase1l3 in 

macrophages and DCs located in metabolic tissues in WT mice. We have also observed that HFD 

caused an accumulation of multiple immune cells in the VAT of Dnase1l3 KO mice, including T cells, 

NK cells and DCs. Nevertheless, using a basic immunophenotyping we did not observe an increased 

activation profile of immune cells in the VAT of Dnase1l3 KO mice in comparison to WT mice that 

were fed HFD. Therefore, we propose to further characterize the ability of immune cells infiltrating 

AT to respond to ex-vivo stimulation by quantifying their production of inflammatory cytokines by 

intracellular cytokine staining (spectral flow cytometry). Specifically, the SVF of the VAT will be 

stimulated with PMA and ionomycin to asses T and NK cell ability to produce IFN-g, TNF-a, IL-17 

and IL-10. In addition, macrophages and DCs will be stimulated with various PRR ligands including 

DNA (CpG-A, E. coli-derived DNA, poly dA:dT, self-DNA…) and their production of TNF-a, IL-12, IL-

10 and IFN-a will similarly be evaluated. Given that Dnase1l3 deficiency exacerbated liver steatosis 

induced by HFD and that liver steatosis is commonly associated to liver inflammation, we will further 

characterize liver immune cells, their activation profile, and their ability to produce cytokines in 

response to stimulation as previously described. The development of liver steatosis is accompanied 

by the remodelling of liver macrophages. In particular, liver resident macrophages called Kupffer 

cells (TIM4
+
 and CLEC4C

+
) are depleted during the course of liver steatosis development and 

replaced by monocyte-derived macrophages that adopt a proinflammatory profile and further 

contribute to liver damage (Remmerie et al., 2020; Tran et al., 2020). In addition, HFD-mediated liver 

steatosis was reported to cause the shedding of a scavenger receptor TREM2 on liver macrophages, 

preventing their ability to remove dying cells (efferocytosis), which in turn contribute to local 

inflammation and the development of NAFLD (Wang et al., 2023). Therefore, an extensive analysis 

of liver Kupffer cells and monocyte-derived macrophages will be carried out to evaluate the impact 

of Dnase1l3 deficiency on their dysfunction induced by HFD. Finally, this exhaustive analysis of 

metabolic tissue immune cells and their production of cytokines will be performed at 6 weeks and 12 

weeks post HFD, to evaluate if the deficiency of Dnase1l3 accelerates metaflammation that is 

induced by obesity. 
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What is the main source of DNASE1L3 during obesity? We have previously shown that Dnase1l3 

is highly expressed in cells of hematopoietic origin including macrophages and DCs. In addition, 

recent single-cell RNA-sequencing data has shown that liver endothelial cells express high levels of 

DNASE1L3 as well. In order to assess whether hematopoietic-specific Dnase1l3 deficiency 

contributes to the exacerbation of obesity-associated inflammation and metabolic syndrome, we 

generated BM chimeras. We transferred WT or Dnase1l3 KO BM cells into both WT and Dnase1l3 

KO recipients that were conditioned with busulfan, which induces a general myeloablation. This 

allowed us to generate WT hosts reconstituted with Dnase1l3 KO hematopoietic cells, Dnase1l3 KO 

hosts reconstituted with WT hematopoietic cells, as well as the appropriate controls. Upon 

successful reconstitution of host mice with the donor hematopoietic cells we placed them on ND and 

HFD during 12 weeks. Unfortunately, these mice did not gain weight after being fed HFD. Busulfan 

conditioning induced an important weight loss and altered the animals’ appetite, impacting the 

interpretation of our results. Thus, to further determine the specific source(s) of DNASE1L3 involved 

in metabolic syndrome induced by obesity, we will take advantage of conditionally targeted Dnase1l3 

(Dnase1l3Flox/Flox
) mice that we obtained in collaboration with Dr. Keyel (Texas Tech University, USA) 

and Dr. Reizis (New York University, USA). These mice will be crossed with (Itgax) CD11c-Cre and 

(Lyz2) LysM-Cre deleter strains (available as live stocks in the laboratory) to generate conditional 

Dnase1l3 deficiency in DCs (Caton et al., 2007) and macrophages (Clausen et al., 1999) 

respectively. Dnase1l3 conditional KO mice will be fed ND or HFD and the development of metabolic 

syndrome and tissue metaflammation will be monitored as previously described. Mice that are 

Dnase1l3Flox/Flox 
but negative for Cre-recombinase will be used as controls.   

 

Does Dnase1l3 deficiency regulate endogenous DNA levels upon HFD in vivo? We have 

observed that in the absence of DNASE1L3, mice are more susceptible to metabolic syndrome and 

metaflammation induced by obesity. However, how DNASE1L3 regulates these processes and 

through which mechanisms remain open questions. In humans, obesity causes an accumulation of 

circulatory cfDNA, and we believe that this aberrant DNA accumulation consequently contributes to 

the activation of innate immune receptors involved in DNA sensing and ultimately causes metabolic 

tissue inflammation. As with our analysis in human samples, we initiated a quantification of 

circulatory cfDNA in WT and Dnase1L3 KO mice that were placed either on ND or HFD. Our initial 

results show increased amounts of cfDNA in obese mice compared to lean mice. However, no 

differences in total cfDNA content were observed between WT and Dnase1l3 KO mice. We will 

further pursue this analysis by quantifying the abundance of cfDNA by quantitative polymerase chain 

reaction (q-PCR) in the soluble fraction as well as in the MP-enriched fraction that is obtained upon 

high speed centrifugation of the plasma. Indeed, there is a possibility that obesity in Dnase1l3 KO 

mice specifically enhances the accumulation of DNA within MPs derived from dying cells. In addition 

to quantifying the genomic cfDNA in the circulation using specific primers for murine repetitive B1 
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elements, we propose to measure the extent of circulatory mtDNA in each fraction of the plasma 

using specific primers for mitochondrial genes (Polg and mt-C01). This is particularly relevant since 

mtDNA was reported to accumulate in MPs of obese mice and humans (Garcia-Martinez et al., 2016) 

and was shown to exhibit more potent immunostimulatory potential than gDNA (Caielli et al., 2016). 

In addition to the regulation of systemic cfDNA levels, DNASE1L3 may also have a tissue-restricted 

function and thus control tissue levels of endogenous cfDNA. To measure tissue content of cfDNA, 

we will place liver and AT explants in culture from 6 to 48h and measure the content of cfDNA from 

genomic and mitochondrial origin in the culture supernatants by q-PCR. Finally, a specific type of 

neutrophil cell death called NETosis was reported to contribute to obesity-mediated metaflammation 

(Revelo et al., 2016). NETosis is characterized by the release of the nuclear DNA/chromatin in the 

extracellular space in the form of web-like structures called neutrophil extracellular traps (NETs), and 

such NET-derived DNA trough the activation of TLR9 was suggested to induce metabolic tissue 

inflammation (Revelo et al., 2016). Given that DNASE1L3 is involved in the disposal of DNA 

originating from NETs (Jiménez-Alcázar et al., 2017), we propose to study the abundance of NETs 

in the liver and AT of WT and Dnase1l3 KO mice on ND versus HFD. NETs can be detected by 

florescent microscopy by the evaluation of the citrullinated histone H3 (H3Cit) abundance, which is 

specifically induced during the process of NETosis.  

 

Does Dnase1l3 deficiency cause aberrant self-DNA sensing during obesity? DNA sensing by 

innate immune cells including macrophages and pDCs through TLR9 was shown to be involved in 

the development of metaflammation induced by obesity and consequently in the development of 

metabolic syndrome, T2D and NAFLD (Garcia-Martinez et al., 2016; Nishimoto et al., 2016; Revelo 

et al., 2016). pDC-derived IFN-I production, which is activated downstream of TLR9 (Ghosh et al., 

2016), and its signalling through IFN-I receptor (Ifnar) (Hannibal et al., 2017) were also reported to 

contribute to obesity-mediated metaflammation and metabolic syndrome. The main function of 

DNASE1L3 is to control extracellular levels of endogenous DNA, which is involved in the activation 

of endosomal TLRs including TLR9 (Soni et al., 2020). Hence, we propose to establish the 

involvement of TLR9 and IFN-I in the exacerbation of obesity-induced metaflammation. For this 

purpose, we recently obtained Dnase1l3-Tlr9 and Dnase1l3-Ifnar DKO mice in collaboration with Dr. 

Reizis (New York University, USA). These mice, along with the appropriate single KO controls (Ifnar, 

Tlr9 and Dnase1l3), will be placed on ND or HFD. This will allow us to assess whether Tlr9 and/or 

Ifnar deficiency prevents the exacerbation of the metaflammation induced by obesity caused by 

Dnase1l3 KO, and thus to directly implicate aberrant endogenous DNA sensing in this process. This 

approach is based on current observations in the field and our own results on DNASE1L3 function. 

Nevertheless, in the event of negative results, our RNA-sequencing data generated from 

macrophages and DCs from WT and Dnase1l3 KO mice fed a ND or HFD will allow us to identify 
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and test in vivo novel pathways involved in the exacerbation of metaflammation induced by Dnase1l3 

deficiency. 

 

Does obesity in humans affects DNASE1L3 expression and function/activity? We have 

observed that, among PBMCs, DNASE1L3 in human is mostly expressed by pDCs. DNASE1L3 

expression in blood pDCs is not affected by obesity. It is possible that obesity affects DNASE1L3 

expression in immune cells present in metabolic tissues rather than in the circulation. We have 

established a collaboration with Dr. Ganguly at the CSIR-Indian Institute of Chemical Biology in 

Kolkata, India, who has access to fresh AT from obese individual obtained after bariatric surgery. 

From this AT, we will extract macrophages, cDCs as well as pDCs and quantify their expression of 

DNASE1L3 by q-PCR. As a control DNASE1L3 expression will be measured in macrophages from 

lean individuals obtained from any abdominal surgeries. While we are sure to isolate macrophages 

from lean individuals’ AT, the numbers of cDCs and pDCs in the AT of lean individuals are low and 

may likely be insufficient for the quantification of DNASE1L3 expression. We have also recently 

initiated a collaboration with Dr. Maya Saleh at Immunoconcept, Bordeaux who has performed 

single-cell RNA-sequencing approaches on liver immune cells from NAFLD affected liver and 

healthy livers. This approach will also allow us to evaluate how NAFLD mediated by obesity affects 

DNASE1L3 expression in liver immune cells. While DNASE1L3 expression was not affected in the 

PBMCs of obese patients, we have observed that their overall plasma DNASE activity was 

significantly reduced compared to healthy individuals. Circulatory DNASE activity was measured by 

the ability of plasma to digest “naked” DNA and therefore encompasses the activity of both DNASE1 

and DNASE1L3. Hence, to further establish the human relevance of our results in mice we want to 

specifically quantify DNASE1L3 activity in the plasma of obese and lean individuals. We have 

observed that contrary to DNASE1, DNASE1L3 is capable of fragmenting DNA from purified nuclei. 

Furthermore, plasma of DNASE1L3 null patients was unable to fragment nuclear DNA in comparison 

to the healthy donor plasma, indicating that DNASE1L3 specificity could be addressed by its ability 

to fragment nuclear DNA. Nuclear DNA fragmentation is detected by gel electrophoresis and is thus 

difficult to quantify particularly in obese individuals who, contrary to DNASE1L3 null patients, exhibit 

the potential to induce nuclear DNA fragmentation. Therefore, we are currently establishing assays 

to quantitatively measure DNASE1L3 activity in the circulation of obese individuals. One assay 

showing promising results is based on the treatment of purified nuclei with patient’s plasma, followed 

by the quantification of the remaining DNA by the DAPI nuclear integration. Finally, we will address 

how circulatory DNASE activity is impaired in obese individuals. We will spike the plasma of healthy 

and obese individuals with known quantities of recombinant DNASE1 or DNASE1L3 and test the 

ability of each nuclease to digest naked and nuclear DNA in order to determine whether there are 

soluble factors present in the circulation inhibiting their respective activity. If we detect impaired 
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digestion, we will establish experimental procedures to identify the main players involved in the 

inhibition of DNASEs. 

 

What is the therapeutic potential of DNASE1L3 supplementation during obesity? We have 

generated an Adeno-associated virus (AAV) expressing human DNASE1L3 and previously validated 

its ability to restore systemic DNASE1L3 activity in vivo in Dnase1l3-KO mice over an extended 

period of time (10 weeks) as measured by the DNASE1L3-specific capacity to digest nuclear DNA 

(Sisirak et al., 2016). Therefore, WT and Dnase1l3-KO animals will be intravenously injected with 

DNASE1L3-AAVs prior to and after the induction of obesity by HFD in order to assess its prophylactic 

and therapeutic effects respectively. The impact of DNASE1L3 supplementation and reconstitution 

on the development of metabolic syndrome induced by obesity will be monitored by analysing 

disease features including weight gain, IR, glucose intolerance, AT metaflammation and NAFLD 

development. As a control, animals will be injected with the same AAV encoding an irrelevant protein 

(luciferase). Experiments conducted in Dnase1l3-KO animals will address cell-extrinsic properties of 

DNASE1L3 during obesity while experiments in WT mice will specifically explore the therapeutic 

potential of DNASE1L3 supplementation in the prevention or resolution of obesity-mediated 

metabolic syndrome. 

 

d. Significance of the project  
 

The goal of this project is to 

address the fundamental 

question of the form of self-

cfDNA involved in the 

aberrant activation of 

inflammatory responses 

during obesity and regulation 

of its immunogenicity. 

Although multiple lines of 

evidence support a critical 

role for self-cfDNA 

recognition in the 

pathogenesis of obesity, the 

regulation of this process 

remains poorly understood. 

Confirmation of our 

hypothesis that DNASE1L3 
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constitutes a “safeguard” mechanism by digesting self-cfDNA and preventing its ability to cause 

obesity-induced inflammation and the ensuing metabolic syndrome will define an entirely novel 

pathogenic loop at play in this process (Fig. 15). Validation of the proposed project may also 

lead to the development of novel therapeutic strategies that reconstitute or enhance DNASE1L3 

activity that could provide significant benefit for obese patients 

 

2. WHAT IS THE FUNCTION OF DNASE1L3 IN ANTI-TUMOR IMMUNITY INDUCED BY 
THERAPY? 

 

a. Rationale and driving hypothesis 
 

Cancer remains one of the leading causes of morbidity and mortality worldwide. The development 

of cancer is closely surveyed by the immune system, which is able to recognize tumor specific 

antigens and consequently mount anti-tumor immune responses that prevent the development of 

malignancy. The essential role of IFN-I in the induction of CTLs that ultimately kill tumor cells has 

long been established (Diamond et al., 2011; Fuertes et al., 2011). The production of IFN-I within 

tumors was recently attributed to the recognition of tumor DNA by the cGAS/STING pathway in 

tumor-infiltrating DCs (Andzinski et al., 2016; Woo et al., 2014). While spontaneous induction of this 

pathway is insufficient to fully prevent tumor growth (Woo et al., 2014), it is potently stimulated in 

multiple therapeutic settings, including chemotherapy (CT) (Kang et al., 2019; Wang et al., 2019), 

radiotherapy (RT) (Deng et al., 2014; Vanpouille-Box et al., 2017) and immunotherapy (Pulido et al., 

2021; Wang et al., 2017), and leads to T cell-mediated tumor regression. Such therapies were 

previously reported to induce cancer cell death that can activate anti-tumor immune responses, a 

phenomenon called immunogenic cell death (ICD) (Galluzzi et al., 2017). ICD causes the release of 

multiple immunostimulatory DAMPs by the tumors, including tumor DNA that can be free (Galluzzi 

et al., 2017), associated to proteins such as high mobility group box 1 (HMGB1) (Galluzzi et al., 

2017), originating from mitochondria (Xu et al., 2017; Yamazaki et al., 2020), or packaged in MPs 

(Diamond et al., 2018; Kitai et al., 2017). Besides the activation of cGAS, tumor DNA released in 

response to CT activates TLR9-mediated anti-tumor immunity (Kang et al., 2019). Accordingly, 

therapeutic targeting of cGAS/STING (Corrales et al., 2015) or TLR9 (Wang et al., 2016) pathways 

as well as vaccination with tumor DNA-containing MPs (Zhang et al., 2015) have shown promising 

results in preclinical studies. In addition to DCs, CT and RT cause tumor cell-autonomous activation 

of cGAS, leading to the secretion of IFN-I and cyclic guanosine monophosphate–adenosine 

monophosphate (cGAMP), which contribute to the activation of bystander anti-tumor immune 

responses (Marcus et al., 2018; Schadt et al., 2019). Conversely, AIM2 activation suppresses anti-

tumor immunity (Fukuda et al., 2021), likely by inhibiting the cGAS/STING pathway and causing DC 

death by pyroptosis (Corrales et al., 2016). Thus, tumor-derived DNA is key in the activation of anti-

tumor immune responses, particularly after CT, RT and immunotherapy. However, the precise 
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molecular properties of tumor-derived DNA and the mechanisms of both its release from tumors and 

transfer to DCs remain unknown. Furthermore, the regulation of the immunostimulatory properties 

of tumor-derived DNA is poorly understood. 

 

The role of DNASEs in the regulation of anti-tumor immunity is only starting to be studied. Cell-

intrinsic DNASE3 (TREX1) was shown to inhibit tumor cell-autonomous DNA-mediated IFN-I in 

response to high-dose RT (Vanpouille-Box et al., 2017), while Trex1-deficiency in mice stimulated T 

cell-mediated tumor control (Hemphill et al., 2021). Nevertheless, cell-intrinsic DNASEs are essential 

in preventing fatal inflammatory/autoimmune syndromes (Stetson et al., 2008; Yoshida et al., 2005) 

rendering their study and therapeutic targeting difficult in cancer. On the other hand, the activity of 

extracellular DNASEs was shown to be reduced in the plasma of cancer patients (Cherepanova et 

al., 2008; Jiang et al., 2020; Tamkovich et al., 2006). Such reduction of extracellular DNASE activity 

is often accompanied by an elevation of circulatory DNA levels in cancer patients, which mostly 

originates from tumor cells (Han and Lo, 2021). These results suggest that tumors limit DNASE1 

and DNASE1L3 expression and/or function. Accordingly, reduced DNASE1L3 expression was 

reported in the vast majority of tumor tissues compared to normal adjacent tissues (Chen et al., 

2021; Deng et al., 2021). Such reduced DNASE1L3 expression in breast cancer, lung cancer and 

hepatocellular carcinoma patients was even associated with poor survival (Chen et al., 2021; Deng 

et al., 2021). While these observations indicate a role for extracellular DNASE1L3 in cancer, its 

function in this pathological context remains largely unknown. Consequently, we proposed to 
dissect the role of DNASE1L3 in the regulation of cancer immunity, particularly in therapeutic 
contexts that induce immunogenic tumor cell death. 

 

To develop this project, a collaboration was initiated with Dr. Pouget and Dr. Constanzo (IRCM, 

Montpellier) who study the immunogenic properties of targeted radionuclide therapy (TRT). TRT is 

a novel RT approach based on extended/long-term delivery of low-dose radiation by the 

administration of radiolabeled cancer-binding molecules (i.e. antibodies) (Pouget et al., 2022). TRT 

thus specifically irradiate tumor cells that overexpress unique targets, while minimizing exposure of 

healthy tissues (Pouget et al., 2022). Their recent results indicate that TRT stimulates anti-tumor 

immunity driven by tumor cell-intrinsic and extrinsic activation of DNA-sensing PRRs. We recently 

obtained the support of the National Institute of Cancer (INCa PLBio 2022) to conduct this project. I 

am the coordinator of this project that was initiated by a post-doctoral fellow Dr. Anne Garreau in my 

laboratory and is currently being further developed by Pauline Santa, a PhD student working under 

my supervision. 
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b. Current results 
 

Dnase1l3 deficiency inhibits the therapeutic efficacy of immunogenic CTs: To study the role of 

DNASE1L3 in cancer immunity, we have crossed Dnase1l3-KO mice with MMTV-PyMT mice. These 

mice expresses the middle T oncogene (PyMT) under the promoter of the mouse mammary tumor 

virus (MMTV), which induces the development of spontaneous mammary adenocarcinoma closely 

resembling human disease (Guy et al., 1992). In addition, we established orthotopic mammary 

tumors in Dnase1l3 KO mice by the injection of the mammary carcinoma cell line E0771 directly into 

the mammary gland. The deficiency of Dnase1l3 did not impact the tumor growth in both tumor 

models (Fig. 16). We next treated the mice with the immunogenic CT doxorubicin, when tumors 

reached a volume of 50mm
3
. Doxorubicin delayed the tumor growth in both models, however its 

efficacy was significantly reduced in Dnase1l3 KO mice. Indeed, Dnase1l3-MMTV-PyMT mice 

survival was significantly shorter than those of MMTV-PyMT mice treated with doxorubicin (Fig. 16A-
B). Similarly, E0771 tumors grew faster in Dnase1l3 KO than in WT mice after the treatment with 

doxorubicin was terminated (Fig. 16C). Similar results were obtained with another CT called 

teniposide (not shown). These two CTs target topoisomerase II and were reported to activate anti-

tumor immunity upon the detection of tumor DNA by cGAS (Wang et al., 2019) and TLR9 (Kang et 

al., 2019). Thus, DNASE1L3 appears to be required for the therapeutic efficacy of CTs that induce 

an immunogenic tumor cell death.  

 

DNASE1L3 specifically digests DNA released by CTs treated tumor cells: CTs targeting 

topoisomerase II function such as doxorubicin and teniposide were previously reported to induce 

tumor cell death without inducing DNA fragmentation (Nakasone et al., 2012). So, we exposed 

E0771 mammary carcinoma cell line to both CTs and observed that the DNA released upon 

treatment is mostly large (>10Kb) (Fig.17). We next placed DNA originating from CT-treated cells in 
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the presence of increasing doses of recombinant 

DNASEs, and we observed that contrary to DNASE1, 

DNASE1L3 was capable of inducing the fragmentation 

of tumor cell DNA (Fig. 17). These results suggested 

that DNASE1L3 is likely involved in the processing of 

tumor DNA released upon ICD, which may in turn 

enhance its ability to stimulate anti-tumor immunity. 

 

DC-intrinsic Dnase1l3 deficiency inhibits their 
ability to respond to TLR9 stimulation: We have 

previously observed that the expression of Dnase1l3 is 

the highest in DCs and that its expression can be further 

enhanced by IFN-I treatment and activation with PRR 

agonists (not shown). Furthermore, supernatants of CT-treated cells increased the expression of 

DNASE1L3 in DCs (not shown). These results indicated that DNASE1L3 expression in DCs can be 

modulated by different inflammatory signals and suggested that it may play a DC-intrinsic function. 

Therefore, we stimulated DCs that were purified from the spleen of WT and Dnase1l3 KO animals 

with various PRR ligands including CpG-A (TLR-9), poly U (TLR7) and poly dG:dC (cGAS). We 

observed that Dnase1l3 KO DCs were severely impaired in their ability to produce inflammatory 

cytokines (IFN-a, TNF-a, IL-12) in response to CpG-A stimulation (Fig. 18A), whereas their ability 

to produce inflammatory cytokines in response to TLR7 and cGAS activation was unaffected (Fig. 
18B). Hence, within DCs, DNASE1L3 likely play an important role in the regulation of inflammatory 

cytokine production, particularly in response to TLR9 stimulation. It remains critical to investigate 

whether TLR9-mediated DC activation within tumors upon CT is hampered by Dnase1l3 deficiency. 
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c. Future directions 
 

What is the impact of Dnase1l3 deficiency on the efficacy of immunogenic cancer therapies: 

We have shown that loss of Dnase1l3 affects the therapeutic potential of two CTs that are inhibitors 

of topoisomerase II, which may directly affect the quality of DNA that is released by dying tumor 

cells. Thus, we want to extend these observations to other immunogenic CTs with distinct 

mechanisms of action as well as to non-immunogenic CT. For this purpose, we will investigate the 

therapeutic potential of paclitaxel, a CT that is commonly used in breast cancer patients and induces 

ICD by targeting the cytoskeleton (tubulin) and thus does not directly affect tumor cell DNA (Lau et 

al., 2020). As a control, tumor-bearing mice will be treated with cisplatin, a CT that was previously 

reported to be poorly immunogenic (Martins et al., 2011). To do so, WT and Dnase1l3 KO mice 

harboring either spontaneous (MMTV-PyMT) or orthotopic (E0771 cell line) mammary tumors will be 

treated every other day 5 consecutive times with paclitaxel or cisplatin. The treatment will be initiated 

when tumors reach 50mm
3
, and tumor growth will be monitored daily. Mouse survival will be 

quantified by using a tumor volume of 1500mm
3
 as the endpoint. As MMTV-PyMT mice also 

spontaneously develop lung metastasis, we will also determine the impact of Dnase1l3-deficiency 

on lung metastasis development after the treatment of animals with CTs. The presence of lung 

metastasis will be followed in vivo by imaging using micro computed tomography and ex vivo after 

hematoxylin and eosin (H&E) staining of the lungs.  

 

In addition to CT, RT induces tumor-derived DNA recognition by DCs and in a tumor cell-autonomous 

manner, ultimately leading to IFN-I mediated tumor rejection and abscopal effects (untreated tumor 

regression) (Deng et al., 2014; Vanpouille-Box et al., 2017). Therefore, in collaboration with our 

partners (Dr. Pouget and Dr. Constanzo, IRCM, Montepellier), we will also address the impact of 

Dnase1l3 deficiency on the therapeutic efficacy of RT. Given that both orthotopic and spontaneous 

mammary tumors express Her2 (Erbb2 gene), it will be used as a specific target for TRT by giving 

mice that bear palpable tumors a single injection containing 5MBq of 
177

Lu-anti-Her2 delivering low-

dose radiation to tumors for a long period of time. In parallel, mammary tumors will be treated with 

conventional X ray-RT at a dose of 6 Gy, which will be delivered 3 times over 3 consecutive days. 

This fractionated approach is preferred as it was reported not to affect cell-intrinsic DNASE3 

(TREX1) expression, which could have otherwise confounding effects in our experimental setting 

(Vanpouille-Box et al., 2017). Tumor growth, mouse survival and lung metastasis development 

(MMTV-PyMT mice) following RT approaches will be monitored as described above. 

 

Vaccination with dead tumor cells is commonly used to evaluate the immunogenic potential of 

treatments inducing tumor cell death (Galluzzi et al., 2017). The efficacy of such vaccination was 

recently shown to require endogenous tumor DNA sensing (Fang et al., 2020; Zhang et al., 2015). 

Therefore, how loss of Dnase1l3 affects the therapeutic potential of the vaccination by dying tumor 
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cells obtained after treatments with CT and RT will be evaluated. Hence, E0771 mammary cell lines 

will be treated in vitro with CT, RT and TRT and placed in culture for 18h. After thorough washing of 

cells to eliminate any residual treatment, WT and Dnase1l3-KO mice will be subcutaneously 

immunized with dying cells (1 x 10
6
 cells) and then boosted 7 and 14 days after the first immunization. 

One week after the last boost, both WT and Dnase1l3-KO mice will be injected with live tumor cells 

(2,5 x 10
5
 cells), and the tumor growth and mouse survival will be monitored as previously described. 

Given that DNASE1L3 specifically digests DNA in MPs released by dying cells (Sisirak et al., 2016), 

similar vaccination protocols will be developed with purified tumor-cell derived MPs obtained upon 

ICD induction.  

 

We have observed that Dnase1l3 is selectively expressed in DCs and, to a lesser extent, in 

macrophages (Sisirak et al., 2016). Given that both cells infiltrate tumors and play an important role 

in anti-tumor immune responses, we will determine the source of DNASE1L3 that is important in the 

regulation of the therapeutic potential of CT and RT in vivo. To do so, we will take advantage of 

CD11c-Cre and LysM-Cre Dnase1l3Flox/Flox 
mice that, as previously described, enable conditional 

deletion of Dnase1l3 in DCs and macrophages, respectively. The Dnase1l3 cKO mice will next be 

injected with E0771 cell line in order to establish orthotopic mammary tumors. When tumors reach 

a volume of 50mm
3
, mice will be treated with therapies that showed an impaired therapeutic efficacy 

in mice with constitutive Dnase1l3 deficiency. Upon treatment, tumor growth and mouse survival will 

be monitored as described above 

 

What is the impact of Dnase1l3 deficiency on anti-tumor immunity induced by cancer 
therapies: The treatment of tumors with CT and RT causes tumor cell release of immunostimulatory 

constituents, including tumor-derived DNA, that activate inflammatory immune responses, in 

particular IFN-I production by tumor-infiltrating DCs (Andzinski et al., 2016; Woo et al., 2014). IFN-I 

plays a crucial role in the activation of anti-tumor immune responses. We thus plan to determine how 

Dnase1l3 deficiency affects the inflammatory immune responses induced by CTs and RTs. WT and 

Dnase1l3 KO mice harboring orthotopic and spontaneous mammary carcinomas will be euthanized 

1, 3, 5, and 10 days after the final treatment with CTs or RTs. Tumors will be harvested, and their 

RNA will be extracted. Using q-PCR we will initially quantify the expression of inflammatory genes 

(Tnfa, Il-1b, Ifna and Ifnb, Ifng) as well as the IFN signature (Mx1, Cxcl10, Cxcr3, Isg15, Isg20, Oas1, 

Oas3, Ifi6). This will allow us to identify the time point at which Dnase1l3 deficiency has the greatest 

impact on inflammatory responses induced by CT and RT. Upon definition of this optimal time point, 

bulk RNA-sequencing will be performed from tumor-infiltrating immune cells (CD45
+
 cells). We will 

specifically assess how Dnase1l3 deficiency affects the inflammatory signature, the IFN signature 

and all the immune signatures (cytotoxic versus tolerogenic/exhausted). Such exhaustive analysis 
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will allow us to determine how DNASE1L3 negatively impacts anti-tumor immune responses induced 

by immunogenic therapies. 

 

At the previously identified time points after CT or RT, we will harvest spontaneous and orthotopic 

mammary tumors and their draining lymph nodes from WT and Dnase1l3 KO mice. In these organs 

we will characterize the immune infiltrate (DCs, macrophages, neutrophils, B, T and NK cells) and 

its extensive phenotype (activation versus exhaustion) by spectral flow cytometry. Briefly, the 

activation of DCs and macrophages will be addressed by the analysis of CD80, CD86 and CD40 

surface expression. The production of inflammatory cytokines including IFN-a, IL-12, and TNF-a by 

DCs and macrophages will be addressed either directly after their isolation from tumors or upon ex 

vivo stimulation with PRR agonists, such as CpG oligonucleotides. CD4 or CD8 T cells will be 

analyzed for expression of activation markers CD44 (CD45RB
-
) and granzyme B for CD8 T cells and 

their production of IFN-g and TNF-a will be evaluated after ex vivo stimulation with PMA and 

ionomycin. Similarly, NK1.1
+
 NK cell activation will be monitored by the expression of granzyme B 

and IFN-g. In addition, expression of inhibitory molecules PD-L1 and PD-L2 will be analyzed on DCs 

and macrophages while the expression of their receptor PD1 will be assessed on both CD4 and CD8 

T cells. Regulatory T cells will be identified as Foxp3
+
 cells, and the ratio of effector T cells to Tregs 

will be quantified. Monocytic (Ly6C
+
) and granulocytic (Ly6G

+
) myeloid-derived suppressive cells 

(CD11b
+
) that were shown to inhibit anti-tumor immune responses will also be quantified.  

 

CT and RT ultimately lead to the activation of tumor antigen (Ag)-specific CD8 T cell responses that 

are essential for the elimination of the tumor. Therefore, we propose to determine the impact of 

Dnase1l3 loss on the activation of tumor Ag-specific CD8 T cell responses induced by these 

therapies. To gain further insight into the function of DNASE1L3 in the establishment of specific anti-

tumor immune responses, E0771 mammary carcinoma cells expressing the model antigen 

ovalbumin (Ova) were generated. We have already validated that these cells grow in mice with the 

same kinetics as unmodified E0771 cells when orthotopically injected in the mammary gland of mice. 

Furthermore, upon injection of E0771-Ova cells in control mice we could detect Ova-specific CD8
+
 

T cells in the tumor and its draining lymph nodes. We will next inject E0771-Ova cells in WT and 

Dnase1l3 KO mice. When tumors reach a volume of 50mm
3
, mice will be treated as previously 

described with CT or RT, and 1, 3, 5 and 10 days after the last treatment, tumors and draining lymph 

nodes will be harvested and tumor-specific CD8 T cells, represented by Ova-specific CD8 T cells, 

will be quantified by flow cytometry using tetramer staining. In addition, CD8 T cells purified from 

tumors and the draining lymph nodes will be re-stimulated in vitro with exogenous Ova peptide, and 

their production of IFN-γ will be quantified by flow cytometry and ELISPOT. 
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What are the mechanisms of DNASE1L3 action in anti-tumor immunity induced by therapy: 
DCs were shown to capture DNA originating from tumors after their treatment with CT (Kang et al., 

2019) or RT (Deng et al., 2014) and, upon DNA recognition by PRR, to produce IFN-I that is required 

for the activation of anti-tumor immune responses. In addition, tumors have been recently shown to 

accumulate DNA originating from NETs (Ireland and Oliver, 2020; Teijeira et al., 2020). Such NETs 

were reported to protect tumor cells from the cytotoxic activity of NK and CD8 T cells by shielding 

them with their DNA (Ireland and Oliver, 2020; Teijeira et al., 2020)). Therefore, DNASE1L3 may 

modulate anti-tumor immune responses by regulating the uptake and recognition of DNA by DCs as 

well as intra-tumor NET-DNA accumulation. To address the first hypothesis that DNASE1L3 may 

regulate DC uptake of DNA, we will quantify the load of gDNA in the cytosol of DCs purified from 

mammary tumors 1 to 2 days after the last treatment with CT or RT. While, this approach will not 

allow us to discriminate tumor cell-derived DNA from that derived from stromal cells, it will reveal the 

impact of Dnase1l3 deficiency on the load of DNA that is captured within the tumor environment. 

Additionally, DNA of E0771 tumor cells will be labelled prior to their use in vaccination experiments 

with cell-permeable DNA dye (Vibrant Green). 6h, 12h and 24h post-vaccination the amount of 

labelled DNA taken up by DCs in draining lymph nodes from control and Dnase1l3-deficient mice 

will be quantified by image stream technology (Amnis), which allows the imaging of cells at the same 

time as their flow cytometric analysis. The activation of DNA sensing pathways will also be defined 

in DCs isolated from tumors either treated or not with therapies. Specifically, the quantification of 

IRF-3 and IRF-7 phosphorylation by phospho-flow will be used to evaluate the activation of cGAS 

and TLR9, respectively. DCs isolated from mammary tumors that were grown in WT and Dnase1l3 

KO mice either treated or not with CT or RT will be stimulated in vitro with various PRR ligands, 

including nucleic acids, in order to assess whether the alteration of DC ability to respond to TLR9 

ligands by Dnase1l3 deficiency is maintained within tumors. Finally, NETs will be analyzed by 

fluorescent microscopy on tumor sections from WT and Dnase1l3-KO mice that were treated with 

RTs or CTs at the same time points as previously described. Neutrophils will be identified as Ly6G
+
 

cells, and the presence of NETs will be evaluated by the detection of H3Cit. 

 

Our preliminary data indicate that the DNA released in culture supernatants upon the induction of 

E0771 cell death by doxorubicin and teniposide is unfragmented and can only be digested by 

DNASE1L3 and not DNASE1 (Fig. 17). These results suggest that DNASE1L3 may also function by 

processing and modifying the quality of DNA originating from tumors upon therapy and consequently 

enhance its ability to activate anti-tumor immune responses. Therefore, we will further evaluate the 

quality and quantity of DNA released by cells exposed to other CTs or RTs tested in vivo and test its 

sensitivity to recombinant extracellular DNASEs. We will also investigate the potential of DNASE-

processed DNA to activate inflammatory responses. E0771 mammary cancer cells will be exposed 

to immunogenic (paclitaxel) and non-immunogenic (cisplatin) CTs as well as to conventional RT and 
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TRT and placed in culture for 18h. The cell culture supernatant will be placed in the presence or 

absence of recombinant DNASE1 and DNASE1L3 for 1h at 37ºC together. The DNA from culture 

supernatants will then be purified and its fragmentation profile determined upon migration on 

agarose gel and Agilent TapeStation. Purified g- and mtDNA will be quantified by q-PCR as 

described previously. Given that DNASE1L3 is involved in the digestion of DNA associated with MPs 

released by dying cells, MPs present in cell-culture supernatants will be purified and treated or not 

with extracellular DNASEs. After purification, the g- and mtDNA levels of MPs will be quantified, and 

their DNA fragmentation profile will be examined as previously described. We will also address, how 

the in vivo treatment of spontaneous and orthotopic mammary tumors affects circulatory cfDNA 

levels and fragmentation profile. For this purpose, the plasma of WT and Dnase1l3 KO mice will be 

collected 24h after the last treatment of the mice, and the amount of g and mtDNA in the whole 

plasma, the soluble fraction of the plasma, and the MP-enriched fraction of the plasma will be 

quantified as previously described. Finally, mammary tumors will be resected from control and 

Dnase1l3 KO animals 24h after the final treatments. Weight-matched fragment of tumor tissue will 

be minced and placed in culture medium and after 6h, 12h, 24h and 48h of culture, supernatants will 

be collected and total DNA amounts as well as its fragmentation profile will be determined. Similarly, 

MPs, their DNA load, and fragmentation will be assessed in these supernatants. 

 

We will then determine how extracellular DNASE1 and DNASE1L3 regulate the immunostimulatory 

potential of dying cells obtained after CT and RT. E0771 cells will be treated with CTs, conventional 

X-ray RT and TRT. Cell culture supernatants will be harvested and then either left untreated or 

treated with DNASE1 or DNASE1L3 as previously described. The resulting supernatants will be 

added to the culture of mouse primary DCs. As a negative control DCs, will be treated with 

supernatants obtained from live cells, and as a positive control DCs will be activated with 

immunostimulatory CpG oligonucleotide. 12h and 24h after stimulation, DC activation will be 

monitored by their surface expression of maturation markers (CD80, CD86, CD40, MHC II, PD-L1 

and PD-L2) by flow cytometry and their production of cytokines (IFN-I, TNFα, IL-12 IL-1β and IL-10) 

by ELISA. The production of cytokines by DCs will also be analyzed by flow cytometry in combination 

with specific markers differentiating the main DC subsets, including XCR1 (cDC1), CD11b (cDC2) 

and Siglec H (pDCs). This will allow us to determine the impact of DNASE treatment of supernatants 

derived from dying tumor cells on the activation of each individual DC subset. Similar experiments 

will be conducted with purified DNA complexed with liposomes (lipofectamine) and purified MPs from 

tumor cell supernatants that were treated or not with extracellular DNASEs. Results obtained in mice 

will be validated in humans by using breast cancer cell lines (MCF-7 and MDA-MB-231) treated with 

CT and RT in the presence or absence of recombinant DNASEs and primary DCs isolated from 

healthy donors’ blood. In order to characterize the main DNA sensing pathway that may be activated 

by tumor cell-derived DNA specifically processed by DNASE1 or DNASE1L3 we will use DCs from 
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animals deficient for Cgas and Tlr9 in these experimental settings, which are available in the 

laboratory (Tlr9) or will be obtained in collaboration with Dr. Faget (IRCM, Montpellier – Cgas KO). 

Finally, we will address cell-intrinsic and cell-extrinsic functions of DNASE1L3. Given that 

DNASE1L3 is selectively expressed in DCs, we will address the DC-intrinsic role of DNASE1L3 in 

response to tumor-derived DNA stimulation using DCs isolated from Dnase1l3 KO hosts that will be 

stimulated as described above. In order to address how cell-extrinsic supplementation of 

extracellular DNASE1L3 may affect the therapeutic efficacy of CT and RT, we have already 

generated E0771 cells overexpressing human DNASE1L3 and DNASE1. E0771 do not naturally 

express extracellular DNASEs, but upon viral transduction with vectors encoding either DNASE1 or 

DNASE1L3, we were able to enforce their expression and secretion in E0771 culture supernatants. 

These cells will be injected in the mammary gland of WT and Dnase1l3 KO mice, and tumors will be 

treated with CT or RT. Such an approach will allow us to determine in vivo whether supplementation 

of extracellular DNASEs by tumor cells may restore the therapeutic efficacy of immunogenic 

therapies upon loss of Dnase1l3, thus reflecting its cell-extrinsic properties. 

 
d. Significance of the project  

 

The proposed project will address novel 

questions about the role of extracellular 

DNASE1L3 in cancer immune surveillance 

and cell death immunogenicity. Overall, our 

preliminary results suggest that extracellular 

DNASE1L3 contributes to the activation of 

anti-tumor immunity. This defines a novel and 

unexpected function of extracellular DNASEs, 

which are thought to limit immune responses 

by disposing of endogenous DNA (Fig. 19). 

The ability of extracellular DNASE1L3 to 

promote the immunostimulatory capacity of 

DNA may be specific to the tumor context and 

mechanisms of tumor cell death induced upon 

therapeutic targeting. Such functional 

characterization of DNASE1L3 will generate 

novel insight that explains the clinical 

association of reduced DNASE1L3 

expression in tumors with poor outcomes. It 

will also provide a mechanistic basis for 

developing therapeutic approaches based on 
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targeted delivery of extracellular DNASEs within primary tumors to boost anti-tumor immune 

responses. Finally, numerous patients affected by cancer have shown reduced DNASE1L3 

expression. If our results confirm that DNASE1L3 is required for the therapeutic efficacy of 

immunogenic therapies, quantifying DNASE1L3 expression levels within tumors may be predictive 

of patients’ responses to such treatments and suggest the use of alternative therapeutic approaches, 

which could have both patient and economic benefits by avoiding unnecessary treatment. Given that 

DNASE1L3 is secreted and detected in the circulation, establishing a novel method to specifically 

measure its activity could be used as a potential biomarker, leading to better management of patient 

care. Therefore, our project addresses the unexplored functions of extracellular DNASEs in cancer 

and is likely to open additional research perspectives including in cancer patients. 

 

V. GENERAL CONCLUSIONS 
 
 

It has been almost two decades (“DAMN!”) since I initiated my research career aimed at defining the 

role of DCs in the pathologic contexts of cancer and autoimmunity. My doctoral work led to a better 

understanding of the mechanisms of action involved in the impairment of pDC function in breast 

cancer patients and their acquisition of “tolerogenic” properties, reflected by their ability to promote 

suppressive Treg amplification. During my postdoctoral experience, my studies characterized the 

pathogenic functions of pDCs in SLE development and provided solid rationale for their therapeutic 

targeting in this auto-immune syndrome. In addition, we identified a novel cell-extrinsic mechanism 

of tolerance to endogenous (self) DNA that is mediated by DNASE1L3, an endonuclease specifically 

secreted by DCs. The identification and functional characterization of DNASE1L3 allowed me to 

develop my own projects and to initiate my independent career. These projects now focus on the 

role of DNASE1L3 in regulating the immunostimulatory potential of endogenous DNA in the context 

of obesity and cancer immune surveillance. While in obesity DNASE1L3 seems to limit endogenous 

DNA potential to induce chronic low-grade inflammation, it appears that in cancer, DNASE1L3 is 

required for the therapeutic efficacy of current cytotoxic therapies, likely by “boosting” tumor DNA 

potential to stimulate anti-tumor immunity. If these observations are further validated, it will establish 

DNASE1L3 as a key enzyme balancing tolerance versus reactivity to endogenous DNA depending 

on the danger faced by the organism and/or depending on the modality of cell death that are utilized 

by the organism (apoptosis versus ICD). This new concept opens multiple novel research avenues 

that will be further explored as a long-term perspective by my independent research group.  
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Impaired IFN-a Production by Plasmacytoid Dendritic Cells
Favors Regulatory T-cell Expansion That May Contribute to
Breast Cancer Progression
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Abstract
Infiltration and dysfunction of immune cells have been documented in many types of cancers. We previously

reported that plasmacytoid dendritic cells (pDC) within primary breast tumors correlate with an unfavorable
prognosis for patients. The role of pDC in cancer remains unclear but they have been shown to mediate immune
tolerance in other pathophysiologic contexts. We postulated that pDC may interfere with antitumor immune
response and favor tolerance in breast cancer. The present study was designed to decipher the mechanistic basis
for the deleterious impact of pDC on the clinical outcome. Using fresh human breast tumor biopsies (N ¼ 60
patients), we observed through multiparametric flow cytometry increased tumor-associated (TA) pDC (TApDC)
rates in aggressive breast tumors, i.e., thosewith highmitotic index and the so-called triple-negative breast tumors
(TNBT). Furthermore, TApDCexpressed a partially activated phenotype and produced very low amounts of IFN-a
following toll-like receptor activation in vitro compared with patients' blood pDC. Within breast tumors, TApDC
colocalized and strongly correlated with TA regulatory T cells (TATreg), especially in TNBT. Of most importance,
the selective suppression of IFN-a production endowed TApDCwith the unique capacity to sustain FoxP3þ Treg
expansion, a capacity that was reverted by the addition of exogenous IFN-a. These findings indicate that IFN-
a–deficient TApDC accumulating in aggressive tumors are involved in the expansion of TATreg in vivo,
contributing to tumor immune tolerance and poor clinical outcome. Thus, targeting pDC to restore their
IFN-a production may represent an attractive therapeutic strategy to overcome immune tolerance in breast
cancer. Cancer Res; 72(20); 5188–97. !2012 AACR.

Introduction
Functional alteration of tumor-associated dendritic cells

(TADC) that play a critical role in antitumor immunity, as
well as mobilization of immunosuppressive regulatory T cells
(Treg) that shut down immune responses, have been associ-
ated with tumor tolerance (1). Most cancers, including breast

tumors, are highly infiltrated by immune cells. Tumor-resident
DC are conditioned by the tumor microenvironment to favor
tolerogenic responses that could contribute to disease pro-
gression (2). Indeed, we previously showed that plasmacytoid
DC (pDC) and Treg infiltrating breast tumors correlate with an
adverse clinical outcome (3, 4), suggesting that both pDC and
Treg are involved in breast cancer progression.

pDC are well known for their role in antiviral immuno-
surveillance through their massive production of type I IFN-
a/b/w in response to DNA or RNA viruses, recognized by
toll-like receptors (TLR) 9 and 7, respectively (see ref. 5
for review). Beside their direct antiviral properties, type I
IFNs produced by pDC activate natural killer (NK) cells,
macrophages, and CD11cþ myeloid DC (mDC) to elicit
antimicrobial/viral/tumor immune responses (5). Moreover,
differentiated mature pDC are capable of efficient antigen
(cross)-presentation (6, 7) directing T-cell responses with
considerable flexibility (5). Of importance, recent works have
also established a critical role of pDC in noninfectious
autoimmune/inflammatory pathologies (lupus, psoriasis)
because of uncontrolled production of IFN-a following their
chronic activation by self-nucleic acids (8, 9).

Authors' Affiliations: 1Universit"e de Lyon; 2Universit"e Lyon 1, ISPB;
3INSERM U1052, Centre de Recherche en Canc"erologie de Lyon; 4CNRS
UMR5286, Centre de Recherche en Canc"erologie de Lyon; 5LabEx DEV-
weCAN; 6Centre L"eon B"erard, Lyon, France; and 7Institut Universitaire de
France, Paris, France

Note: Supplementary data for this article are available at Cancer Research
Online (http://cancerres.aacrjournals.org/).

V. Sisirak and J. Faget contributed equally to this work.

Corresponding Author: Nathalie Bendriss-Vermare, Centre de
Recherche en Canc"erologie de Lyon, INSERM U1052 CNRS
5286, Centre L"eon B"erard, 28 rue Laennec, 69373 Lyon cedex
08, France. Phone: 33-4-7878-2750; Fax: 33-4-7878-2720; E-mail:
nathalie.bendriss-vermare@lyon.unicancer.fr

doi: 10.1158/0008-5472.CAN-11-3468

!2012 American Association for Cancer Research.

Cancer
Research

Cancer Res; 72(20) October 15, 20125188



In addition to immune activation, increasing evidence sug-
gests that pDC also play regulatory functions. Under certain
circumstances, the tolerogenic role of pDC as inducers of Treg
in the periphery has been clearly illustrated in vivo (see ref. 10
for review) as well as their capacity to induce the differenti-
ation (11–13) and expansion (14, 15) of Treg in vitro.
pDC are also involved in antitumor immunity, as underlined

by their recent identification in several human and murine
solid cancers (4, 16–19). Only sparse information are available
on TApDC functions showing (i) poor stimulation of CD4 and
CD8T cells (18, 19), (ii) induction of anergic and/or suppressive
CD4 and CD8 T cells (19, 20), (iii) promotion of multiple
myeloma cell growth, survival, and drug resistance (21), but
also (iv) involvement in therapeutic response to TLR7 ligands
(22, 23). In breast cancer, we previously reported an accumu-
lation of suppressive and activated Treg that proliferate in situ
and that are associated with a poor prognosis (3), indicating
that TATreg can expand in the tumor microenvironment.
To understand the negative impact of TApDC on breast

tumor patients' outcome and its possible link with TATreg, we
investigated herein, their functional competence within breast
tumors. We show that TApDC are impaired for their IFN-a
production and consequently promote immune tolerance
through TATreg expansion and differentiation of interleukin
10 (IL-10)-secreting T cells, leading to tumor progression and
poor clinical outcome in breast cancer. Thus, restoring the
production of IFN-a by pDC within breast tumors emerges as
an appealing therapeutic strategy to trigger antitumor
immunity.

Materials and Methods
Patients, human tissue samples, and blood
Fresh tumor and blood samples (collected on CTAD anti-

coagulant) from 60 patients diagnosed with primary breast
carcinoma were obtained before any treatment from the
Centre L"eon B"erard (CLB) tissue bank after patient informed
consent. The study was reviewed and approved by the Insti-
tutional Review Board of CLB. Discarded human tonsil mate-
rial was obtained anonymously according to the institutional
regulations in compliance with French law. Healthy human
blood was obtained anonymously from the Etablissement
Français du Sang (Lyon, France). Written informed consent
was obtained from all study participants in accordance with
the Declaration of Helsinki. The breast cancer patients' char-
acteristics are detailed in Supplementary Table S1. All clinical
and biologic data related to breast cancer patients were
collected prospectively and included in a regularly updated
institutional database at CLB.

Isolation of pDC, naïve and memory CD4þ T cells, and
in vitro generation of monocyte-derived DC
Breast tumor samples, tonsils, and blood were processed

as previously described (3). pDC and naïve or memory CD4þ

T cells were obtained from tissues after magnetic enrich-
ment or fluorescence-activated cell sorting (FACS)-sorting.
Monocyte-derived DC (MoDC) were obtained from blood-
purified monocytes. Detailed methods are provided in Sup-
plementary Methods.

Stimulation of pDC
TApDC were cultured at 5 # 105 cells/mL in 96-well flat-

bottomed plates in complete medium for 24 hours in the
presence of IL-3 (20 ng/mL), inactivated flu virus (100
HAU/mL), CpG-A (5 mg/mL), CpG-B (5 mg/mL), and R848
(1 mg/mL). Healthy pDC were cultured in presence of IL-3
with or without breast TUMSN (25%) for 16 hours before TLR
activation. Cells and supernatants were harvested after 24
hours and 40 hours for TApDC and healthy pDC culture,
respectively, to analyze cell surface expression of activation
markers and cell viability (by propidium iodide exclusion) by
flow cytometry and cytokine/chemokine production by ELISA.

DC T-cell cocultures
Allogeneic naïve CD4þ T cells, Treg, and conventional

memory CD4þ T cells were cultured in complete medium with
orwithout (i) IL-2 (100 IU/mL) and (ii) purified TApDC, healthy
pDC, mDC, and MoDC pretreated for 24 hours with IL-3,
granulocyte macrophage colony-stimulating factor (GM-CSF;
10 ng/mL), CpG-B, R848, or flu or purified healthy pDC that
were preincubated for 40 hours in IL-3 with (TUMSN-pDC) or
without breast tumor supernatants, and TLR-L. T lymphocytes
were added on preactivated DC subsets (ratio 1:5) and cocul-
tured for 4 days in triplicate in 96-well round-bottomed plates.
Proliferation was assessed by carboxyfluorescein succinimidyl
ester (CFSE; Invitrogen) dilution in experiments analyzing
FoxP3 expression after gating on CD3þ cells or by DNA syn-
thesis analyzed by 3H-TdR uptake (Betaplate scintillation
counter, Perkin Elmer). Viable cells were selected by 40, 6-
diamidino-2-phenylindole exclusion or Live/Dead reagent
(Invitrogen) in case of cell permeabilization. Cytokines secre-
tion was measured by ELISA in the supernatants. At day 4, for
naïve T cells and TUMSN-pDC coculture, T cells were har-
vested, washed, and restimulated at 105 cells/well in triplicate
for 16 hours with phorbol 12-myristate 13-acetate (50 ng/mL)
and ionomycin (2 mg/mL; Sigma-Aldrich), while for other
T/pDC cocultures, supernatants of coculture were harvested
and frozen without any further stimulation of T cells.

Immunohistochemical analysis on tumor tissue
Stainings using CD3 (4) and FoxP3 (3) antibodies were

carried out on tissue microarray paraffin sections from 151
patients with invasive nonmetastatic breast cancer using a
BenchMark Series automated slide stainer (Ventana) as pre-
viously described. After heat-induced Ag retrieval in tris-based
buffer pH 8, BDCA2 staining was carried out using mouse anti-
BDCA2 (clone 104C12, Dendritics) at 5 mg/mL incubated at
37$C for 30 minutes, revealed with biotinylated secondary
antibody bound to streptavidin peroxidase conjugate (Ultra-
View kit and Amplification kit, Ventana), and revealed with
3,30-diaminobenzidine (Dako) as substrate. Sections were
counterstained with hematoxylin. The density of BDCA2þ cells
was assessed semiquantitatively allowing the stratification of
the tumors as positive or negative for BDCA2. FOXP3þ cells
were enumerated using the ARIOL system (Applied Imaging).
To compare the role of high number of FOXP3þ cells, we chose
as cutoff the highest quartile (% 26.7 in non-TNBT and % 61.8
in TNBT).
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Statistical analyses
Comparison of independent samples was done by the

student t test or nonparametric Wilcoxon tests when appro-
priate. Comparison of percentages was done by x2 test.
Correlation analysis of the data was conducted using the
Fischer exact test, Spearman test, or the Pearson test when
appropriate. Data for cytokine production and T-cell prolif-
eration are expressed as mean & SD. Percentages of inhi-
bition of IFN-a production by pDC were compared using a
nonparametric Friedman test for paired samples. Differ-
ences were considered significant for P values less than
0.05 and are indicated as ' for P < 0.05, '' for P < 0.01, and
''' for P < 0.001.

Results
High TApDC infiltration is associated with aggressive
breast tumors

We previously reported that infiltration of primary breast
tumors by pDC identified as CD123þ cells by immunohis-
tochemistry (IHC) correlates with poor prognosis, with a
median follow-up of 5 years (4). We updated our clinical
database with a median follow-up of 12 years and we observed
that the presence of CD123þ pDC still represents a major
independent adverse prognostic factor for both overall survival
(OS; P ¼ 0.002) and relapse-free survival (RFS; P < 10( 3;
Supplementary Fig. S1). In a prospective study including 79
newly diagnosed breast tumors patients and using flow cyto-
metry, pDC and mDC were identified in primary breast tumor
specimens as lineage ( CD4þCD11c( CD123þBDCA2þ and
lineage ( CD4þCD11cþBDCA1þ cells, respectively (Supple-
mentary Fig. S2A). Comparative analyses showed that the
mean percentage of DC among total cells in primary tumors
was 0.15 & 0.18% for pDC versus 0.04 & 0.05% for mDC (P <
10( 3; Fig. 1A, left panel). We also observed significant lower
pDC and to a lesser extent mDC frequencies in patients' blood
(mean pDC: 0.25 & 0.22%, n¼ 48), when comparedwith healthy
donors' blood (mean pDC: 0.37 & 0.19%, n¼ 48; P¼ 0.006; Fig.
1A, right panel). These observations suggest preferential pDC
recruitment within the tumor mass. Because the median
follow-up of our prospective cohort was 43months, there were
not enough events to analyze RFS and OS. However, we
observed significant increased TApDC in aggressive tumors
with high mitotic index (MI) that mirrors the rate at which
tumor cells divide (0.22 & 0.22 compared with 0.10 & 0.11, P¼
0.03) and triple negative breast tumors (TNBT; hormone-
receptors and HER2-neu negative) (0.29 & 0.28 compared with
0.12 & 0.12, P ¼ 0.05) compared with low MI and non-TN
tumors, respectively (Fig. 1B). The presence of high numbers of
TApDC was correlated only with those parameters that are
characteristic of tumor aggressiveness (Supplementary Table
S1 and Fig. 1C). These observations were confirmed by IHC
analysis as we observed that TApDC infiltrationwasmassive in
50% of TNBT (n ¼ 25 tumors), compared with only 19% other
tumors (n ¼ 162 tumors; P ¼ 0.05). Importantly, such correla-
tions were not observed for TAmDC (Supplementary Table S1).
Thus, using 2 different methods (flow cytometry and IHC) to
identify pDC in 2 independent cohorts, we showed that high
numbers of TApDC correlated with tumor aggressiveness,

strengthening our previous report on the deleterious impact
of TApDC on breast tumors patients outcome (4).

Breast TApDC display a partially activated phenotype
and are impaired for IFN-a production in response to
TLR ligands

In contrast to tonsil pDC or paired blood pDC, TApDC
(gated on CD4þCD123þ cells; Supplementary Fig. S2B) specif-
ically exhibit a partially activated phenotype with moderate
but significantly higher levels of activation markers such as
CD40, CD83, CD86, and HLA-DR and reduced BDCA2 expres-
sion (Fig. 2A and B), a characteristic resting pDCmarker. Thus,
the breast tumors environment favors TApDC activation.

pDC are the most potent type I IFNs producing cells in
response to TLR7 or 9 ligands (5). IFN-a production by purified
TApDC (>98%) was strongly reduced in response to both TLR7
(flu; 76.3% of inhibition, P < 0.01) and TLR9 (CpG-A) ligands
(89% of inhibition) compared with healthy tonsil used as a
control tissue (Fig. 3A, left panel). In contrast, patients' blood
pDC produced similar levels of IFN-a than pDC from healthy
donor blood in response to TLR activation (Fig. 3B). These
results indicate that the capacity of pDC to produce IFN-a is
selectively altered at the tumor site. Moreover, this inhibition
was specific for IFN-a, because the production of other
immune mediators such as IP-10/CXCL10 remained unaffect-
ed after TApDC activation (Fig. 3A, right panel). The weak IFN-
a response of TApDC suggested that breast tumor cells or
other cells present in tumor tissue actively suppress the ability
of pDC to produce IFN-a. To study this effect in more detail,
healthy pDC were exposed to supernatants derived from cell
cultures of single-cell suspensions of primary breast tumors
(TUMSN) and 6 different breast cancer cell lines (BCCSN)
before TLR stimulation. Most TUMSN (n ¼ 25/33; Fig. 3C left
panel, n ¼ 10 TUMSN shown), but not the BCCSN (Supple-
mentary Fig. S3A), significantly inhibited pDC IFN-a produc-
tion in response to flu (TLR7-L) and CpG-A (TLR9-L; mean% of
inhibition: 60.6 & 14%, P < 0.05 and 75 & 18.6%, P < 0.05,
respectively), in a dose-dependent manner (Supplementary
Fig. S3B). Importantly, IP-10/CXCL10 production remained
unaffected (Fig. 3C, right panel). Altogether our observations
show that pDC are exposed to soluble factors in breast tumors
environment that inhibits their IFN-a production.

Breast tumors' environment conditions pDC to induce
selective Treg expansion

BDCA2þ TApDC mainly colocalized with CD3þ lymphoid
aggregates in breast tumors (Fig. 4 and Supplementary Fig.
S4A) compared with epithelial cytokeratinþ areas (42% vs. 14%
of tumors analyzed, n¼ 20; Supplementary Fig. S4B) leading us
to investigate TApDC capacity to activate T cells in vitro. First,
we showed that CD40, CD80, and CD86 expression increased
following TLR stimulation in TApDC at levels comparable to
tonsil pDC (Fig. 4B and Supplementary Fig. S5). Consistent
with the acquisition of a mature phenotype, TLR-stimulated
TApDC trigger potent naïve CD4þ T-cell proliferation (Fig. 4C)
and differentiation into Tr1-like cells producing high levels of
IL-10 and IFN-g (Fig. 4D), as observed for tonsil pDC (Fig. 4C
and D). Furthermore, we observed that similarly to TApDC,
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higher numbers of FoxP3þ TATreg infiltrate TNBT than non-
TNBT (3rd quartile ¼ 61.8 compared with 26.6 FoxP3þ cells,
respectively). Importantly, we observed a significant positive
correlation between TApDC and TATreg frequencies in TNBT
(r2 ¼ 0.749, P ¼ 0.002, n ¼ 14), and to a lower extent in non-
TNBT (r2¼ 0.413, P¼ 0.004, n¼ 48; Fig. 5A). Such correlations
(i) were not as significant for TAmDC (r2 ¼ 0.672, P ¼ 0.05 in
TNBTand r2¼ 0.291, P¼ 0.08 in non-TNBT; not shown) and (ii)
were confirmed by IHC analysis as we observed that 50% of
TNBTand 42%of non-TNBT containing TApDCalso contained
high numbers of FoxP3þ TATreg in lymphoid areas (P ¼ 0.02)
although tumors lacking pDC were poorly or not infiltrated
by TATreg (17.7% and 0% for non-TNBT and TNBT,
respectively; Fig. 5B). Thus, because (i) TApDC infiltrates are
associated with TATreg infiltrates, (ii) TApDC and TATreg are
in close contact within lymphoid infiltrates (Fig. 4A and Faget,
manuscript in preparation), and (iii) both cell subsets are

associated with poor prognosis in breast tumors (3, 4), we
consequently investigated whether TApDC showing reduced
capacity to secrete type I IFNmay favor TATreg accumulation.
Importantly, we observed that in absence of exogenous IL-2,
R848-activated pDC have the highest capacity to promote the
proliferation of purified allogeneic Treg while all DC subsets
(pDC, mDC, and MoDC) induced similar proliferation of
purified memory conventional T cells (Fig. 5C). Interestingly,
TUMSN-pretreated pDC, in IL-3 alone or in TLR-7L (flu
or R848), potently increased by 2.8- to 4.6-fold the percentage
of FoxP3high T cells (9.3 & 1.1%, 8.6 & 0.5%, and 7.3 &
0.5%, respectively) among CD4þCD45ROþ T cells compared
with absence of TUMSN (2% for IL-3 and 2.6 & 0.5% for both
TLR-L; Fig. 5D). Furthermore, IL-3-treated TApDC and
TUMSN-conditioned healthy donor pDC were more potent
than IL-3-treated healthy donor pDC to favor Treg expansion
among CD4þCD45ROþ T cells (9% vs. 1.5% of CD3þ T

Figure 1. pDC infiltrate highly
aggressive tumors. A, box plot set of the
frequencies of lineage-negative CD4þ

CD11c( pDC and CD4þ CD11cþ mDC
(see Supplementary Fig. S2A for DC
identification) among total cells of
primary tumors (n ¼ 60 or n ¼ 52) are
indicated (left). The frequencies of pDC
and mDC within peripheral blood
mononuclear cell (PBMC) of breast
cancer patients (n ¼ 48) and healthy
donors (n ¼ 48) are indicated (right).
''', P < 0.001; '', P < 0.01; ', P < 0.05;
paired Student t test. Box plot set of
pDC levels (B) determined as in A, and
percentages of breast cancer patients
with low- or high-pDC numbers (C; the
highest quartile >0.23% was used as
cutoff value) among patients with breast
tumors with a MI 1–2 versus 3 and with
TNBT versus non-TNBT. MI was
established by counting mitoses in
10 high-power (#400) fields (HPF) per
tumor section and then averaging the
number by HPF (1.96 mm2). Mitotic cell
counts between 1 and 9, between 10
and 19, and more than 20 were defined
as MI 1, MI 2, and MI 3, respectively.
',P < 0.05; nonparametricWilcoxon test
in B and Fisher exact test in C.
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cells; Fig. 6A). However, TUMSN-conditioned healthy pDC did
not induce the differentiation of FoxP3þTreg fromnaïve CD4þ

T cells (Supplementary Fig. S6). Thus, TApDC mainly favored
Treg expansion rather than differentiation. Collectively, these
observations show that breast tumors environment amplified
pDC unique capacity to stimulate Treg expansion.

Exogenous IFN-a reverts immunosuppressive T-cell
responses induced by TApDC and breast tumor
environment

We hypothesized that the defect in IFN-a production by
TApDC could favor Treg amplification. Addition of 1,000
IU/mL exogenous IFN-a (Fig. 6A) strongly reduced by 78%
Treg amplification from CD4þCD45ROþ T cells induced by
IL-3-treated TApDC. Similar results were obtained using
healthy pDC cultured in IL-3 or IL-3 þ TUMSN with respec-
tively 1.5% and 7.7% of FoxP3high T cells without IFN-a versus
0.9% and 4.8% in the presence of IFN-a (Fig. 6A). Furthermore,
IFN-a inhibited IL-10 and enhanced IFN-g secretion by total
CD4þ T cells induced by IL-3-treated TApDC suggesting a
switch in T-cell response toward Th1 polarization (Fig. 6B).

Collectively, these data indicate that TApDC capacity to pro-
mote immunosuppressive T-cell responses through FoxP3high

Treg expansion and IL-10-secreting T cells is strongly amplified
in tumors as a result of their impaired IFN-a production.

Discussion
Thenegative prognostic value of pDCandTreg infiltration in

human breast tumors (3, 4) prompted us to examine the
contribution of pDC and their interaction with Treg in breast
cancer immune evasion mechanisms. We show herein that
TApDC are preferentially infiltrating aggressive breast tumors.
Moreover, TApDC are highly repressed for their IFN-a pro-
duction after TLR stimulation. Such IFN-a-deficient TApDC
strongly correlate with TATreg infiltrate in TNBT, promote
TATreg expansion, and prime IL-10-secreting CD4þ T cells.
Finally, these tolerogenic properties of TApDC are reverted by
exogenous IFN-a. Altogether, our observations show that
TApDC altered for their IFN-a production contributes to
establish immune tolerance through Treg expansion leading
to tumor progression and poor clinical outcome in breast
cancer.
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Figure 2. TApDC isolated from human
primary breast tumors display a
partially activated phenotype. A, pDC
from primary breast tumors, patient or
healthy blood, and tonsils were
compared for BDCA2, CD40, CD83,
and CD86 expression after gating on
CD4þ CD123þ cells [corresponding to
>98% BDCA2þ pDCs (Supplementary
Fig. S2B)] without any purification
steps. Dotted line represents specific
isotype controls. Mean fluorescence
intensity (MFI) values of total cells are
indicated in each histogram. Results
are representative of 5 independent
experiments. B, phenotype of pDC
from primary tumor and paired blood
was compared for different breast
cancer patients. Each symbol
represents a single sample (n > 8
patients) and mean values are
represented by horizontal lines in each
series. ', P < 0.05; '', P < 0.01;
''', P < 0.001; nonparametric
Wilcoxon test.
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pDC are well recognized for their role in antiviral immuno-
surveillance driven by type I IFNs production (5). In addition,
excessive production of IFN-a by pDC that are chronically
activated by [LL37/self-nucleic acids] complexes participated
to the development/maintenance of noninfectious autoim-
mune/inflammatory pathologies (8, 9). In contrast, in breast
tumors we observe that TApDC are strongly inhibited for their
IFN-a production upon stimulation with exogenous TLR-L in
vitro, in agreement with a previous study in head and neck
cancer (16) and our recent work in ovarian carcinoma (24). As
(i) tumors have been shown to express LL37 (25) and (ii)
endogenous danger signals such as self-nucleic acids (26) are
released from dying tumor cells, it is tempting to speculate
that, upon (LL37/self-nucleic acids) complexes recognition
TApDC might contribute to tumor immunosurveillance
through type I IFNs production. This is consistent with the
partially activated phenotype of breast TApDC. Thus, the
tumor has evolvedmechanisms to inhibit type I IFNs secretion

byTApDC to prevent an effective antitumor response and favor
tumor progression. This hypothesis is currently under inves-
tigation but it is supported by recent works showing that (i)
type I IFN is selectively required by DC for immune rejection of
tumors (27, 28) and (ii) the type I IFN signature is predictive of
responses to anthracyclines in breast cancer patients (29).

Consistent with TApDC defect in IFN-a production, we
show that soluble factors derived from breast tumors envi-
ronment block type I IFNs production by healthy activated
pDC in vitro. We recently showed in ovarian cancer that TGF-b
and TNF-a from breast tumors environment cooperate to
inhibit IFN-a secretion by TApDC (24). Our ongoing study is
pointing to similar mechanisms in breast tumors (Sisirak,
submitted) but also to cell-associated molecules such as
BST-2 that (i) is expressed by BCC lines and (ii) inhibits
TLR-triggered IFN-a secretion by healthy pDC (30). It is likely
that the main source of inhibitory factors in the breast tumors
environment are the immune cells and/or stromal cells

Figure 3. Specific inhibition of IFN-a
production by TApDC in response to
TLR activation is mediated by soluble
factors from breast tumor environment.
Purified pDC from breast tumors and
healthy tonsil (A) and peripheral blood
mononuclear cell (PBMC) from breast
cancer patients and healthy donors (B)
were cultured with IL-3, flu, and CpG-A
for 24 hours. IFN-a and IP-10/CXCL10
production was quantified by ELISA.
Results were standardized to ng/mL for
1 # 105 pDC for each sample. Each
symbol represents a single sample and
mean values are represented by
horizontal lines. ''', P < 0.001;
nonparametric Wilcoxon test. C, healthy
pDC were pretreated with IL-3 &
TUMSN (25%) derived from 10 patients
for 16 hours before flu activation for
another 24 hours. IFN-a and IP-10/
CXCL10 production was measured by
ELISA. Data are expressed as mean &
SD by subtracting the quantity of each
cytokine detected in TUMSN alone with
no pDC. Data are representative ofmore
than 4 independent experiments,
representing more than 30 TUMSN from
individual patients. ', P < 0.05;
nonparametric Wilcoxon test. n.s., not
significant.
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(fibroblasts and mesenchymal stem cells) because BCC lines
supernatants did not block pDCs' innate functions.

The absence of inhibition of pDC maturation and pro-
duction of IP-10/CXCL10 formally excludes a general
downregulation of TLR expression by the breast tumors
environment in contrast to what has been observed in head
and neck cancer (16). Our ongoing studies are identifying the
molecular mechanisms involved in TApDC dysfunction
(Sisirak, submitted).

AlthoughTApDCs' innate functions are strongly impaired by
breast tumors, they exhibit similarly to ovarian cancers (24)
exacerbated ability to induce allogeneic naïve CD4þ T-cell
proliferation and differentiation into IL-10-producing cells,
that were shown to be suppressive cells in vitro (11). Taken
together with the study showing that pDC induce IL-10-
producing CD8þ Treg in ovarian cancer (20), these findings
suggest that pDC will favor an immunosuppressive IL-10-rich

environment. Our FACS and IHC analysis show strong corre-
lation between TATreg and TApDC infiltrate as well as their
in situ colocalization in breast tissues. In line with these
observations, we observe that breast TApDC are specialized
in promoting the expansion of preexisting natural Foxp3þTreg
in vitro, in agreement with other studies showing that pDC
induce Treg proliferation (14, 15, 31–34).We also report herein,
that soluble factors from the breast tumors environment
condition pDC to become tolerogenic through their ability to
promote Treg expansion. A tolerogenic role for pDC was also
recently reported in vivo in different mouse models (see ref. 10
for review), by either promoting Treg or Tr1 cells or directly
suppressing effector T-cell responses. Although in other con-
texts, pDC-driven Treg generation from naïve T cells has been
reported both in vitro (12, 13, 35–38) and in vivo (39, 40), breast
tumors environment-conditioned pDC do not induce FoxP3þ

Treg differentiation from naïve CD4þ T cells (Supplementary
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Figure 4. TLR-activated TApDC
acquire a fully mature phenotype and
induce naïve CD4þ T-cell proliferation
and differentiation of IL-10–secreting
T cells. A, IHC analysis on paraffin-
embedded breast tumor sections was
conducted using anti-BDCA2, anti-
CD3, or anti-FoxP3 (brown; #40). T,
tumor mass. B, activation phenotype
of 40-hour differentially stimulated
TApDC and tonsil pDCwasmonitored
by analyzing CD86 expression by flow
cytometry. Data are representative of
5 independent experiments and MFI
values of total cells are indicated in
each histogram. C, purified tonsil pDC
and TApDC were cultured with IL-3,
flu, or CpG-B for 24 hours and then
incubated at graded doses with
allogeneic naïve CD4þ T cells for 5
days as specified in Supplementary
Materials and Methods. T-cell
proliferation was determined by 3H
thymidine incorporation. Data are
expressed as mean & SD and are
representative of 3 independent
experiments. D, purified tonsil pDC
and TApDC were cultured with IL-3 or
CpG-B for 24 hours and then
incubated with allogeneic naïve CD4þ

T cells for 5 days as specified in
Supplementary Materials and
Methods. T-cell cytokine production
was determined in coculture
supernatant by ELISA. Data are
expressed as mean & SD and
representative of 2 independent
experiments.
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Fig. S6). These results provide evidence that TApDC may
contribute to tumor progression through Treg expansion. This
unique capacity of TApDC is because of ICOS/ICOS-L inter-
action between TApDC and TATreg, respectively (Faget; sub-
mitted for publication).
Ofmost importance, the inhibition of type I IFNs production

by TApDC is required for this tolerogenic TApDC function
because exogenous IFN-a (i) blocks TApDC-mediated Treg
expansion and (ii) potentiates IFN-g and inhibits IL-10 pro-
duction by memory CD4þ T cells highlighting a shift toward
Th1 phenotype instead of tolerogenic memory CD4þ T-cell
activation. Our findings are supported by recent publications
showing that through a direct effect on Ag-presenting cells and
by affecting Treg proliferation and differentiation, IFN-a sus-
tains and drives CD4þ effector functions (41, 42). Thus, in vivo
local interactions between IFN-a-deficient TApDC and TAT
cell (ref. 3 and Faget; submitted for publication) lead to
TATreg and Tr1 expansion, favoring an immunosuppressive
environment that may contribute to tumor immune escape
and progression.
Overall, our data provide direct evidence that TApDC have

an important immunopathologic role through Treg expansion

in human breast cancer that likely explain their deleterious
impact on the clinical outcome. The positive correlation
between TApDC and TATreg content and tumor aggres-
siveness as observed in TNBT strengthens our previous obser-
vations showing that infiltration of primary breast tumors by
pDC correlates with poor prognosis (4). It also corroborates
our recent findings in ovarian cancer and from others in
melanoma showing that TApDC accumulation correlates with
early relapse (24, 43). TNBT represent about 15% of all breast
cancers but they have the severest prognosis. It represents an
important clinical challenge and little is known about their
biology (44). Mechanisms beyond this predominant TApDC
infiltration in TNBT is an important question that is currently
under investigation. Of note, because of the low incidence of
TNBT, we could not analyze the impact of TN status on the
functional alteration of ex vivo purified TApDC nor the impact
of pDC on the clinical outcome of TNBT.

In conclusion, we identify in human breast cancer a TApDC
defect in IFN-a production leading to TATreg expansion and
contributing to breast tumor progression. These findings
uncover the mechanisms that mediate the deleterious impact
of pDC infiltration in breast tumors and would provide new
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therapeutic approaches targeting pDC, as in skin cancers (22,
23, 45, 46). We recently obtained evidences in a mouse mam-
mary tumorsmodel that reactivation of TApDC leads to tumor
regression and antitumor immune responses (Le Mercier and
colleagues,manuscript in preparation). Thus, restoringTApDC
innate function might represent an attractive therapeutic
strategy for localized breast tumors.
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Brief Definit ive Report

Systemic lupus erythematosus (SLE) is an auto-
immune disorder in which the production of 
autoantibodies leads to the formation and de-
position of immune complexes, resulting in 
tissue damage. The hallmark of SLE is the pres-
ence of pathogenic autoantibodies specific for 
nuclear antigens such as double-stranded DNA 
(dsDNA), chromatin, and RNA-containing 
antigens (Fairhurst et al., 2006). Aberrant rec-
ognition of self-nucleic acids through innate 
immunoreceptors, including endosomal Toll-
like receptors TLR7 and TLR9 (specific for 
single-stranded RNA and unmethylated CpG 
DNA, respectively), is thought to be at the 
crux of autoantibody production and SLE 
pathogenesis (Marshak-Rothstein and Rifkin, 

2007; Shlomchik, 2009). For example, a dupli-
cation of mouse Tlr7 gene (the spontaneous Yaa 
mutation) accelerates SLE development, whereas 
multiple copies of Tlr7 (as a transgene) are suffi-
cient to cause SLE-like disease (Pisitkun et al., 
2006; Deane et al., 2007; Fairhurst et al., 2008).

One of the main consequences of innate 
recognition of DNA/RNA is the secretion of 
type I IFN (IFN-A/B), a key antiviral cyto-
kine typically produced during viral infections. 
Notably, leukocytes from many SLE patients 
manifest an IFN signature, i.e., the expression 
of IFN-induced genes (Baechler et al., 2003; 
Bennett et al., 2003). Because of the powerful 
adjuvant activity of IFN, increased IFN levels 
are thought to promote immune hyperactiva-
tion and tissue damage in the disease (Elkon 
and Wiedeman, 2012). Genetic ablation of 
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Genetic evidence for the role of plasmacytoid 
dendritic cells in systemic lupus erythematosus

Vanja Sisirak,1 Dipyaman Ganguly,1 Kanako L. Lewis,1 Coline Couillault,1 
Lena Tanaka,3 Silvia Bolland,4 Vivette D’Agati,2 Keith B. Elkon,3  
and Boris Reizis1

1Department of Microbiology and Immunology and 2Department of Pathology, Columbia University Medical Center,  
New York, NY 10032

3Department of Medicine, University of Washington, Seattle, WA 98195
4Laboratory of Immunogenetics, National Institute of Allergy and Infectious Diseases, Rockville, MD 20852

Systemic lupus erythematosus (SLE) is an autoimmune disorder characterized by the pro-
duction of antibodies to self-nucleic acids, immune complex deposition, and tissue inflam-
mation such as glomerulonephritis. Innate recognition of self-DNA and -RNA and the 
ensuing production of cytokines such as type I interferons (IFNs) contribute to SLE devel-
opment. Plasmacytoid dendritic cells (pDCs) have been proposed as a source of pathogenic 
IFN in SLE; however, their net contribution to the disease remains unclear. We addressed 
this question by reducing gene dosage of the pDC-specific transcription factor E2-2 (Tcf4), 
which causes a specific impairment of pDC function in otherwise normal animals. We 
report that global or DC-specific Tcf4 haplodeficiency ameliorated SLE-like disease caused 
by the overexpression of the endosomal RNA sensor Tlr7. Furthermore, Tcf4 haplodeficiency 
in the B6.Sle1.Sle3 multigenic model of SLE nearly abolished key disease manifestations 
including anti-DNA antibody production and glomerulonephritis. Tcf4-haplodeficient SLE-
prone animals showed a reduction of the spontaneous germinal center reaction and its 
associated gene expression signature. These results provide genetic evidence that pDCs are 
critically involved in SLE pathogenesis and autoantibody production, confirming their 
potential utility as therapeutic targets in the disease.
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1970 pDCs facilitate the development of experimental SLE | Sisirak et al.

monocytes rather than by pDCs (Lee et al., 2008). We found 
that the expression of IFN-inducible genes and anti-Sm anti-
body production were similar in pristane-treated WT and 
Tcf4+/� animals (unpublished data). Thus, Tcf4 haplodefi-
ciency does not generally affect autoantibody production that 
is not dependent on pDCs.

Next, we used a monogenic SLE model based on multi-
ple transgenic copies of the Tlr7 locus. These Tlr7.Tg animals 
develop an SLE-like disease characterized by anti-RNA anti-
body production, expansion of monocyte-like myeloid cells in 
the blood, massive immune activation, and glomerulonephri-
tis (Deane et al., 2007). We have used a line of Tlr7.Tg ani-
mals with moderate Tlr7 mRNA overexpression (4–8-fold) 
and the transgene integrated on the Y-chromosome. On the 
hybrid B6129F1 background, nearly all Tlr7.Tg males became 

IFN-A receptor (IFNAR) ameliorates experimental SLE in 
the Tlr7-overexpressing model (Buechler et al., 2013) as well 
as in NZB/NZW-derived strains (Santiago-Raber et al., 
2003; Agrawal et al., 2009). Conversely, IFN overexpression 
strongly exacerbates experimental SLE (Liu and Davidson, 
2013). Hence, the blockade of IFN signaling (for example, 
using antibodies to IFN or IFNAR) represents a potential 
therapeutic approach to SLE (Bronson et al., 2012).

Plasmacytoid DCs (pDCs) are a distinct lineage of DCs 
specialized in IFN production in response to viral nucleic 
acids sensed through TLR7 and TLR9 (Gilliet et al., 2008; 
Reizis et al., 2011). In addition to virus-derived DNA and 
RNA, pDCs can be activated by self-nucleic acids complexed 
with antibodies (Båve et al., 2003) or DNA/RNA-binding 
proteins such as HMGB1 (Tian et al., 2007). In particular, 
DNA complexes released from activated neutrophils induce 
pDCs to secrete IFN, which fuels the “vicious circle” of  
myeloid cell activation in SLE patients (Garcia-Romo et al., 
2011; Lande et al., 2011). TLR-activated pDCs become resis-
tant to glucocorticoids, underlying the limited efficacy of 
these drugs in SLE (Guiducci et al., 2010a). Therefore, pDCs 
have been proposed as a key source of aberrant IFN produc-
tion and a major driver of SLE progression (Rönnblom and 
Alm, 2001). In experimental SLE, minor signs of pDC activa-
tion have been described in the Tlr7 transgenic model (Buechler 
et al., 2013), and antibody-mediated pDC ablation prevented 
trauma-induced skin inflammation in the (NZBxNZW)F1  
model (Guiducci et al., 2010b). However, the precise role and 
significance of pDC function in SLE remains moot, largely 
because models for specific, long-term pDC ablation have not 
been available.

We have previously identified the transcription factor 
E2-2 (official symbol Tcf4) as a specific regulator of pDC de-
velopment in mice and in humans (Cisse et al., 2008). Tcf4 is 
expressed in pDCs but not in classical DCs (cDCs), and its 
deletion abolishes the development of pDCs but not of cDCs 
or other immune cell types. Importantly, even monoallelic 
loss of Tcf4 causes specific impairment of pDC function in 
mice and human patients. For example, Tcf4+/� mice fail to 
produce IFN in response to the TLR9 ligand CpG but show 
normal IFN induction by the TLR3/RIG-I ligand poly-I:C 
and normal T cell–dependent antibody responses (Cisse  
et al., 2008). Thus, Tcf4 haplodeficiency represents a specific 
tool for constitutive functional blockade of pDCs. In this 
study, we applied this tool to determine the role of pDCs in 
two distinct genetic models of SLE.

RESULTS AND DISCUSSION
Tcf4 haplodeficiency ameliorates SLE  
caused by Tlr7 overexpression
To validate Tcf4 haplodeficiency as a pDC-specific tool, we 
first used a model of SLE induced by the administration of 
saturated hydrocarbon tetramethylpentadecane (pristane). 
This model is characterized by autoreactivity to small ribonu-
cleoproteins (anti-Smith antigen, anti-Sm), which is depen-
dent on TLR7-induced IFN production by inflammatory 

Figure 1. Tcf4 haplodeficiency ameliorates SLE-like disease in Tlr7 
transgenic mice. Tlr7 .Tg males, haplodeficient for Tcf4  (Tg/het) or their 
Tcf4-sufficient littermates (Tg), were analyzed. (A) Kaplan-Meier survival 
plot (n = 7–10). Significance was determined by log-rank test. (B) Splenic 
size (left) and splenic weights were determined for individual 50-wk-old 
transgenic animals and WT controls (right). (C) Peripheral blood cells from 
the indicated mice were analyzed by flow cytometry (left); thresholds of 
positive staining and percentages of cells within the resulting quadrants 
are indicated. The frequencies of the CD11c+ MHC cl. II� population (top 
left quadrant) in individual 30-wk-old animals were determined (right). 
Data were pooled from 3 independent experiments. (D) Anti-RNA IgG 
levels in the sera of 30–40-wk-old animals were determined by ELISA. 
Data were pooled from 3 independent experiments. (E) Kidney cryosec-
tions of 50–60-wk-old animals were stained for IgG (red) and DNA (blue) 
and analyzed by fluorescence microscopy (bars, 100 µm). Arrows show 
kidney glomeruli. Shown is a representative of 5 animals in each group 
from 2 independent experiments. Horizontal bars indicate mean.  
*, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001.
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moribund and succumbed to the disease within 1 yr (Fig. 1 A). 
The presence of a single null allele of Tcf4 did not reduce the 
level of Tlr7 overexpression in pDCs and B cells from Tcf4+/� 
Tlr7.Tg animals (unpublished data). Nevertheless, all Tcf4+/� 
Tlr7.Tg males survived beyond 1 yr (Fig. 1 A) and showed a 
significantly lower (albeit still elevated) spleen weight at 50 wk 
(Fig. 1 B). Moreover, the increased population of CD11c+ 
MHC cl. II� myeloid cells in the peripheral blood at 30 wk 
of age was reduced to normal levels (Fig. 1 C). No consistent 
changes in other blood cell types were detected in Tlr7.Tg 
animals (unpublished data). A trend toward lower levels of 
anti-RNA antibodies was observed in older Tcf4+/� animals at 
the same age, although the difference was not significant due 
to high variability (Fig. 1 D). No anti-DNA antibodies were 
detected in the majority of control or Tcf4+/� animals (un-
published data). The kidneys of Tlr7.Tg males at 50–60 wk 
showed abundant IgG deposition in both glomeruli and tu-
bular interstitium, with the latter suggesting interstitial ne-
phritis. In contrast, Tcf4+/� Tlr7.Tg males showed reduced 
IgG deposition in the kidneys (Fig. 1 E). Thus, global haplo-
deficiency of Tcf4 improved survival and reduced immune 
activation in the Tlr7.Tg model of SLE.

Tcf4 haplodeficiency in DCs ameliorates Tlr7-induced SLE
Although Tcf4 deficiency primarily affects pDCs, Tcf4 is also 
expressed at low levels in B cells, as well as in nonimmune tis-
sues including the brain. To confirm that the effect of Tcf4 
haplodeficiency in Tlr7.Tg mice originates in pDCs, we com-
bined a single conditional (floxed) allele of Tcf4 with the Itgax-
Cre deleter strain. This strain (also known as CD11c-Cre) 
mediates Cre recombination specifically in the DC lineage in-
cluding cDCs and pDCs (Caton et al., 2007). However, Tcf4 is 
not expressed in cDCs; therefore, any consequences of Itgax-
Cre–mediated deletion of Tcf4 would reflect its function in 
pDCs only. We therefore analyzed conditional KO (CKO) 
Tlr7.Tg Tcf4+/flox Itgax-Cre+ males and their Tlr7.Tg Tcf4+/flox 
Itgax-Cre� littermate controls for SLE manifestations.

Because Tlr7.Tg animals on pure B6 background survive 
for >1 yr, differential survival could not be assessed in this ex-
periment. Nevertheless, similar to the germline Tcf4 haplo-
deficiency, DC-specific Tcf4 haplodeficiency significantly 
reduced splenomegaly (Fig. 2 A) and completely abolished 
myeloid cell expansion (Fig. 2 B). It also significantly reduced 
the fraction of activated T cells, although the latter was still 
increased relative to WT (Fig. 2 C). Control Tlr7. Tg animals 
at 30–40 wk showed increased levels of total serum IgG and 
IgM (Fig. 2 D), the presence of anti-RNA IgG (Fig. 2 E), and 
the associated autoreactivity to cytoplasmic antigens (Fig. 2 F). 
In contrast, Tlr7.Tg CKO animals had normal Ig levels and 
no significant anti-RNA autoreactivity (Fig. 2, D–F). This was 
accompanied by reduced IgG deposition in the kidneys of 
CKO mice (Fig. 2 G). Thus, Tcf4 haplodeficiency in the DC 
lineage reduces autoreactivity and immune activation in Tlr7.
Tg animals, similar to the germline Tcf4 haplodeficiency. 
These data confirm that the effect is intrinsic to Tcf4-expressing 
cells within the DC lineage, which correspond to pDCs.

Figure 2. DC-specific Tcf4 haplodeficiency ameliorates disease 
in Tlr7 transgenic mice. Tlr7 .Tg Tcf4 flox/+ Itgax-Cre� males (Tg) or 
their Itgax-Cre+ littermates with DC-specific Tcf4  CKO (Tg/CKO) were 
analyzed along with WT controls. (A) Splenic weights were deter-
mined in individual 60-wk-old animals. (B) Frequencies of CD11c+ 
MHC cl. II� myeloid cells in the peripheral blood of 30–40-wk-old 
animals were determined by flow cytometry. Data were pooled from 
3 independent experiments. (C) Peripheral blood cells from the indi-
cated 30–40-wk-old mice were analyzed by flow cytometry, gated on 
CD4+ T cells, and the frequencies of activated CD44+ CD45RB� cells 
among CD4+ T cells were determined. Data were pooled from 4 inde-
pendent experiments. (D) Levels of total IgM, IgG, and IgG subclasses 
in the sera of 30–40-wk-old animals were determined by ELISA (mean ±  
SD of 5 animals per group pooled from 2 independent experiments). 
(E) Anti-RNA IgG levels in the sera of 30–40-wk-old animals were 
determined by ELISA. Data were pooled from 3 independent experi-
ments. (F) Fixed HEp-2 cells were incubated with sera from Tg mice, 
stained for IgG (red) alone or with DNA (blue), and analyzed by fluor-
escence microscopy (bars, 20 µm). Images are representative of 2 
independent staining experiments. (G) Kidney cryosections of 60-wk-old 
animals were stained for IgG (red) and DNA (blue) and analyzed by 
fluorescence microscopy (bars, 100 µm). Arrows show kidney glo-
meruli. Images are representative of 6 animals in each group from 2 
independent experiments. Horizontal bars indicate mean. *, P ≤ 0.05; 
**, P ≤ 0.01; ***, P ≤ 0.001.
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Tcf4 haplodeficiency ameliorates SLE in B6.Sle1.Sle3 animals
Although Tlr7.Tg animals develop robust SLE-like disease, 
this monogenic model contrasts with the complex polygenic 
nature of human SLE. Furthermore, Tlr7-driven SLE does 
not recapitulate several important features of the human dis-
ease, including the production of antibodies against dsDNA 
(anti-dsDNA) and prominent glomerulonephritis. We there-
fore turned to a polygenic model that harbors large genomic 
intervals from the NZW strain (Sle1, Sle2, and Sle3) on B6 
background (Morel et al., 2000). Notably, the homozygosity 
for only two intervals, Sle1 and Sle3, is sufficient to cause full-
blown SLE with nearly complete penetrance (Morel et al., 
2000). We therefore analyzed animals on B6 background that 
were homozygous for Sle1 and Sle3, heterozygous for Sle2, 
and either haplosufficient or haplodeficient for Tcf4.

The spleens of B6.Sle1.Sle3 Tcf4+/� animals at 30 wk were 
significantly smaller than in Tcf4+/+ littermates, although still 
enlarged relative to WT (Fig. 3 A). Peripheral blood leuko-
cytes of B6.Sle1.Sle3 mice showed no myeloid cell expansion 
or other major changes except for a slight decrease of B cell 
fraction (unpublished data). In contrast, the observed increase 
in the fraction of activated T cells was abolished in Tcf4+/� 
animals (Fig. 4 B). Peripheral blood leukocytes in B6.Sle1.Sle3 
animals showed increased expression of Sca-1, an IFN-inducible 
gene whose induction on B and T cells is associated with per-
sistent IFN signaling (Lee et al., 2008). In Tcf4+/� animals, the 
levels of Sca-1 on B and T cells were significantly reduced to 
normal or near-normal levels, respectively (Fig. 3 C). Similar 
changes in T cell activation and Sca-1 expression were observed 
in the spleens of experimental animals (unpublished data).

B6.Sle1.Sle3 mice showed increased levels of total serum IgG 
(particularly IgG1) and IgM, which were reduced to normal lev-
els by Tcf4 haplodeficiency (Fig. 3 D). The majority (9 out of 11) 
of control B6.Sle1.Sle3 mice showed high titers of anti-dsDNA 
IgG and 5 out of 9 showed anti-RNA IgG (Fig. 3 E). Both the 
frequency and titers of these autoantibodies were significantly 
reduced in Tcf4+/� animals (Fig. 3 E), accompanied by the loss of 
anti-nuclear IgG reactivity (Fig. 3 F) and reduced IgG deposition 
in the kidneys (Fig. 3 G). We conclude that Tcf4 haplodeficiency 
greatly reduced autoantibody production and immune activation 
in the B6.Sle1.Sle3 model of SLE.

Tcf4 haplodeficiency ameliorates kidney  
inflammation in SLE models
Because glomerulonephritis is a key inflammatory manifestation 
and morbidity cause in SLE, we analyzed the effect of Tcf4 hap-
lodeficiency on kidney pathology in both experimental models. 
Control Tlr7.Tg animals at 50 wk manifested a relatively mild 
kidney inflammation with minimal glomerular deposits (Fig. 4 A 
and not depicted). Nevertheless, Tlr7.Tg CKO animals showed 
significant reductions in mean glomerular size (Fig. 4 B), extent 
of endocapillary proliferation and leukocyte infiltration, and me-
dian cumulative score of the disease (Fig. 4 C). Control B6.Sle1.
Sle3 animals at 30 wk manifested prominent glomerulonephritis 
with interstitial inflammation, leukocyte infiltration, and glo-
merular deposits. In contrast, Tcf4+/� B6.Sle1.Sle3 littermates 

Figure 3. Tcf4 haplodeficiency ameliorates immune activation 
in B6.Sle1.Sle3 mice. 30-wk-old B6.Sle1.Sle3 mice (Sle) or their Tcf4  
haplodeficient littermates (Sle/het) were analyzed along with WT 
controls. (A) Splenic weights were determined in individual indicated 
animals. (B) Peripheral blood cells from the indicated mice were ana-
lyzed by flow cytometry, gated on CD4+ T cells, and the frequencies 
of activated CD44+ CD45RB� cells among CD4+ T cells were deter-
mined. Data were pooled from 3 independent experiments. (C) Sca-1 
expression on gated B and T cells (left) and mean fluorescent intensi-
ties (MFIs) of Sca-1 on these cells from individual mice was deter-
mined by flow cytometry. Data were pooled from 3 independent 
experiments (right). (D and E) Levels of total IgM, IgG, and IgG sub-
classes (mean ± SD; D), anti-dsDNA, and anti-RNA IgG (E) in the sera 
of indicated experimental groups were measured by ELISA. Data were 
pooled from 2 independent experiments. (F) Fixed Hep2 cells were 
incubated with sera from Sle mice, stained for IgG (red) alone or with 
DNA (blue), and analyzed by fluorescence microscopy (bars, 20 µm). 
Images are representative of 2 independent staining experiments.  
(G) Kidney cryosections were stained for IgG (red) and DNA (blue) and 
analyzed by florescence microscopy (bars, 100 µm). Arrows show 
kidney glomeruli. Images are representative of 9 animals in each 
group from 3 independent experiments. Horizontal bars indicate 
mean. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001.
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Tcf4 haplodeficiency reduces the  
germinal center (GC) signature of SLE
To explore the molecular correlates of SLE amelioration by 
Tcf4 haplodeficiency, we performed microarray expression 
analysis of total splenocytes from WT, B6.Sle1.Sle3 (Sle), 
and B6.Sle1.Sle3 Tcf4+/� (Sle/het) animals. Hierarchical 
clustering showed that Sle and Sle/het samples were highly 
similar yet distinct from the WT (Fig. 5 A). Indeed, principal 
component analysis (PCA) identified two major clusters of 
genes that were coordinately up- or down-regulated in both  
Sle samples compared with WT (Fig. 5 B and Dataset S1). 
Genes that were up-regulated in both Sle and Sle/het sple-
nocytes (Fig. 5 B, cluster 1b) included proliferation-associated 
genes and granulocyte-specific genes, as well as genes asso-
ciated with immune activation such as high mobility group 
proteins and defensins (Dataset S1). Consistent with previous 
observations in the B6.Sle1.Sle2.Sle3 mice (Sriram et al., 2012), 
IFN-inducible genes were not significantly up-regulated  
in either Sle sample. Notably, PCA identified a distinct cluster 
of 49 genes that were up-regulated in Sle but not in Sle/het 
splenocytes (Fig. 5 B, cluster 2a). This cluster included several 
genes that are highly specific for GC B cells, including the 
Aicda gene encoding activation-induced cytidine deaminase 
(AID) (Dataset S1). Also present were several genes expressed in 
plasma cells (e.g., Xbp1) and in follicular helper T cells (Il21 and 
Pdcd1). The reduction of Aicda overexpression in splenocytes 
from Tcf4-haplodeficient animals was confirmed by qRT-PCR 
for both B6.Sle1.Sle3 and Tlr7.Tg models (Fig. 5 C). Further-
more, immunofluorescent staining revealed massive GC reaction 
in the spleens of B6.Sle1.Sle3 mice that was virtually abolished 
in Tcf4-haplodeficient littermates (Fig. 5 D). We conclude that 
Tcf4 haplodeficiency does not generally affect the SLE-associated 
gene expression profile, but specifically reduces the GC reaction 
and the associated expression signature.

A recent work used germline deletion of the transcrip-
tion factor Irf8 or proton-coupled oligopeptide transporter 
Slc15a4 to test the role of pDCs in NZB and B6.Faslpr mod-
els of SLE, respectively (Baccala et al., 2013). However, Irf8 
deletion affects the development and/or function of multiple 
immune cell types (Wang and Morse, 2009), whereas Slc15a4 
regulates cytokine responses to Tlr9 and NOD-like receptor 
ligands in both pDCs and cDCs (Sasawatari et al., 2011). 
Here, we used haplodeficiency for Tcf4, a specific regulator 
of pDC development, to target pDC function in experimen-
tal SLE. In the case of the Tlr7.Tg model, we confirmed that 
the effect was intrinsic to the DC lineage, in which only 
pDCs express Tcf4. Although a minor subset of noncanoni-
cal CD8+ cDCs is depleted by full Tcf4 deficiency (Bar-On 
et al., 2010), it is unaffected by reduced gene dosage of Tcf4 
(our unpublished data). Furthermore, Tcf4 haplodeficiency 
did not affect autoreactivity in the pDC-independent model 
of pristane-induced SLE. Therefore, our approach specifi-
cally interrogates the net contribution of the pDC lineage to 
experimental SLE.

We found that Tcf4 haplodeficiency significantly amelio-
rated SLE manifestations in both Tlr7.Tg transgenic model 

showed a lower degree of interstitial inflammation, smaller glo-
meruli, and a nearly complete absence of glomerulonephritis 
(Fig. 4, D–G). We conclude that Tcf4 haplodeficiency amelio-
rates autoreactivity-driven kidney inflammation in both Tlr7.
Tg and B6.Sle1.Sle3 models of SLE.

Figure 4. Tcf4 haplodeficiency ameliorates kidney disease in SLE-
prone mice. (A) Kidney paraffin sections from Tlr7 .Tg animals with or 
without DC-specific Tcf4  CKO (Tg/CKO) were stained with H�E and ana-
lyzed by microscopy (bars, 100 µm). Arrows show kidney glomeruli, with a 
representative glomerulus on the inset. Images are representative of 6 
animals in each group from 2 independent experiments. (B) Mean diameter 
of kidney glomeruli was determined in individual 60-wk-old Tlr7 .Tg ani-
mals. (C) Histopathological score of indicated disease parameters in the 
kidneys from individual Tlr7 .Tg animals were determined using microscopy. 
(D) Kidney paraffin sections from B6.Sle1.Sle3 mice with (Sle/het) or with-
out (Sle) Tcf4  haplodeficiency were stained with H�E and analyzed by 
microscopy (bars, 100 µm). Arrows show kidney glomeruli, with a repre-
sentative glomerulus on the inset. Images are representative of 9 animals 
in each group from 2 independent experiments. (E–G) Percentage of pa-
renchyma with interstitial inflammation in the kidneys (E), mean diameter 
of kidney glomeruli (F), and histopathological scores of indicated disease 
parameters (G) were determined in individual B6.Sle1.Sle3 animals. Hori-
zontal bars indicate mean. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001.
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IKZF1, PRDM1, and JAZF1) and signaling (TNFAIP3 and 
BLK) regulators (Deng and Tsao, 2010) represent direct targets 
of TCF4 in pDCs (Ghosh et al., 2010). Thus, these genes might 
contribute to SLE predisposition in part through their activity 
in the pDC lineage. In addition, our results highlight the ben-
eficial effect of functional pDC impairment on SLE patho-
genesis, providing the rationale for pDC-targeted therapeutic 
approaches. Indeed, pDC ablation or functional impairment 
would be less immunosuppressive than a global blockade of 
IFN signaling, and would target multiple pDC functions such 
as secretion of chemokines. Collectively, our data suggest the 
targeting of the pDC lineage (e.g., by depleting antibodies) as 
a viable therapeutic strategy to ameliorate SLE.

MATERIALS AND METHODS
Animals. All experiments were performed according to the investigator’s 
protocol approved by the Institutional Animal Care and Use Committee of 
Columbia University. Tcf4+/� animals (Zhuang et al., 1996) were on pure 
129SvEvTac background (>N12); all other animals were on pure C57BL/6 
(B6) background (>N12). Pristane was administered i.p. into Tcf4+/� animals 
or Tcf4+/� littermates as previously described (Lee et al., 2008). Tlr7.Tg 
males (Y-linked transgenic line 7.6; Deane et al., 2007) were crossed with 
Tcf4+/� females to generate B6129F1 Tcf4+/� Tlr7.Tg males or Tcf4+/+ Tlr7.
Tg littermates. Age-matched B6129F1 males bred in the same colony were 
used as WT controls. For conditional targeting of Tcf4, Tlr7.Tg males carry-
ing the Itgax-Cre transgene (Caton et al., 2007) were crossed with Tcf4flox/flox 

and B6.Sle1.Sle3 multigenic model. Unlike human SLE pa-
tients, these and other mouse SLE models do not manifest  
a prominent IFN signature (Perry et al., 2011); hence, we 
could not detect a consistent reduction of IFN-inducible 
genes. It is therefore likely that the role of pDCs in experi-
mental SLE and possibly in human SLE patients goes beyond 
IFN production. Indeed, a recent study in human systemic 
sclerosis revealed an important role for chemokine produc-
tion by pDCs (van Bon et al., 2014). In that respect, it is  
notable that Tcf4 haplodeficiency profoundly decreased auto-
antibody production, GC reaction, and the ensuing glo-
merulonephritis in both SLE models. These data suggest a 
particular importance of pDCs in autoreactive B cell activa-
tion and plasma cell differentiation in SLE. This function of 
pDCs may be mediated through direct interaction with  
B cells ( Jego et al., 2003; Shaw et al., 2010) and/or indi-
rectly by supporting helper T cell differentiation (Cervantes-
Barragan et al., 2012).

Our results suggest that TCF4-driven pDC expression 
program may be relevant in human SLE. Although TCF4 
polymorphism has not been implicated in SLE by genome-
wide association studies, it is likely to be constrained by crit-
ical functions of TCF4 in brain development. In contrast, 
major SLE-associated genes, including transcriptional (IRF7, 

Figure 5. Tcf4 haplodeficiency reduces GC signature in 
SLE-prone mice. (A and B) Total splenocytes from individual 
30-wk-old WT (n = 2), B6.Sle1.Sle3 (Sle, n = 3), or B6.Sle1.Sle3 
Tcf4 +/� (Sle/het, n = 3) mice were analyzed by expression micro-
arrays. (A) Unsupervised hierarchical clustering of the total 
expression profiles of each sample group. (B) Unsupervised 
PCA-based clustering of genes whose expression was signifi-
cantly changed between groups. Shown are clusters of genes 
with common pattern of differential expression according to 
the two principal components (PC1 and PC2). No additional 
clusters or principal components were identified in the PCA. 
Data represent expression trajectories of individual genes 
(gray) and a mean trajectory (red) across sample groups; the 
number of genes in each cluster is indicated. (C) The expression 
of Aicda was analyzed in total splenocytes from B6.Sle1.Sle3 
mice without (Sle) or with (Sle/het) Tcf4  haplodeficiency (top), 
or from Tlr7 .Tg animals without (Tg) or with (Tg/CKO) DC-specific 
Tcf4  CKO (bottom). The expression of the IFN-inducible gene 
Ifi203 is shown as a control. Data represent relative expression 
in each sample group as determined by qRT-PCR (mean ± SD 
of 5 and 3 animals per group for Sle and Tg samples, respec-
tively). *, P ≤ 0.05; **, P ≤ 0.01. (D) Spleen sections from WT, B6.
Sle1.Sle3 (Sle), or B6.Sle1.Sle3 Tcf4 +/� (Sle/het) mice were 
stained for total B cells (B220, red) and GC B cells (PNA, green). 
Shown is overall splenic architecture (top row: bars 100 µm) 
and representative GCs (bottom row: bars 20 µm). Representa-
tive of 3 spleens per genotype.
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tion, frozen spleen sections (5 µm) were stained with PE-labeled anti–mouse 
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metric Mann-Whitney test.
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sion Omnibus (GEO) database under the accession no. GSE57324.

Online supplemental material. Dataset S1 shows genome-wide expres-
sion analysis of splenocytes from B6.Sle1.Sle3 mice with or without Tcf4 
haplodeficiency. Online supplemental material is available at http://www.
jem.org/cgi/content/full/jem.20132522/DC1.
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Dataset S1. Genome-wide expression analysis of splenocytes from B6.Sle1.Sle3 mice with or without Tcf4 haplodeficiency.
Probes used in the analysis included those used by the Immgen consortium that have definitive RefSeq annotations. Array re-
sults lists hybridization signals for all samples (each sample derived from a separate animal) and Log10-transformed mean signals 
generated by the NIA Array software. PCA lists genes within each PCA-generated cluster (Fig. 5 B) with Log10-transformed 
fold change between samples and correlation with the respective principal component. Indicated for cluster 1b are genes associ-
ated with the granulocyte signature and proliferation signature (modules 41 and 11 of the Immgen dataset, respectively). Indi-
cated for cluster 2a are genes showing preferential expression in GC B cells in the Immgen dataset, and genes showing 
preferential expression in GC and/or plasma cells within the B cell lineage, as determined by the analysis of GEO dataset 
GDS1695. Dataset 1 is provided as an Excel file.



Article

Digestion of Chromatin in Apoptotic Cell
Microparticles Prevents Autoimmunity

Graphical Abstract

Highlights
d Rapid anti-DNA antibody response, followed by SLE in

Dnase1l3-deficient mice

d Autoreactivity is repressed by circulating DNASE1L3 and is

independent of STING

d DNASE1L3 digests genomic DNA in microparticles released

from apoptotic cells

d DNASE1L3 prevents autoantibody binding to chromatin on

microparticle surface

Authors
Vanja Sisirak, Benjamin Sally,

Vivette D’Agati, ..., Robert M. Clancy,

Jill P. Buyon, Boris Reizis

Correspondence
boris.reizis@nyumc.org

In Brief
Extracellular microparticle-associated

chromatin is a potential self-antigen

normally digested by circulating

DNASE1L3. The loss of this tolerance

mechanism in mice and humans

contributes to lupus, and the restoration

of this mechanism may represent a

therapeutic opportunity in the disease.

Sisirak et al., 2016, Cell 166, 88–101
June 30, 2016 ª 2016 Elsevier Inc.
http://dx.doi.org/10.1016/j.cell.2016.05.034

mailto:boris.reizis@nyumc.org
http://dx.doi.org/10.1016/j.cell.2016.05.034
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cell.2016.05.034&domain=pdf


Article

Digestion of Chromatin in Apoptotic Cell
Microparticles Prevents Autoimmunity
Vanja Sisirak,1,12 Benjamin Sally,1,2,12 Vivette D’Agati,3 Wilnelly Martinez-Ortiz,4 Z. Birsin Özçakar,5 Joseph David,1
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SUMMARY

Antibodies to DNA and chromatin drive autoimmu-
nity in systemic lupus erythematosus (SLE). Null mu-
tations and hypomorphic variants of the secreted
deoxyribonuclease DNASE1L3 are linked to familial
and sporadic SLE, respectively. We report that
DNASE1L3-deficient mice rapidly develop autoanti-
bodies to DNA and chromatin, followed by an SLE-
like disease. Circulating DNASE1L3 is produced by
dendritic cells and macrophages, and its levels
inversely correlate with anti-DNA antibody response.
DNASE1L3 is uniquely capable of digesting chro-
matin inmicroparticles released from apoptotic cells.
Accordingly, DNASE1L3-deficient mice and human
patients have elevated DNA levels in plasma, partic-
ularly in circulating microparticles. Murine and hu-
man autoantibody clones and serum antibodies
from human SLE patients bind to DNASE1L3-sensi-
tive chromatin on the surface of microparticles.
Thus, extracellular microparticle-associated chro-
matin is a potential self-antigen normally digested
by circulating DNASE1L3. The loss of this tolerance
mechanism can contribute to SLE, and its restoration
may represent a therapeutic opportunity in the
disease.

INTRODUCTION

The hallmark of systemic lupus erythematosus (SLE) is the pro-
duction of antibodies (Abs) to nuclear antigens, such as ribonu-

cleoproteins and DNA. Auto-Ab production by self-reactive
B cells triggers and is further amplified by the activation of the
innate immune system, including myeloid cell activation and
secretion of type I interferon (interferon a/b; IFN) (Choi et al.,
2012). Ultimately, auto-Abs forming immune complexes with nu-
cleic acids are deposited in tissues, where they cause chronic
inflammation, such as vasculitis and glomerulonephritis. High-
affinity immunoglobulin G (IgG) Abs to double-stranded DNA
(dsDNA) are particularly pathogenic and associated with the
severity of clinical disease in SLE (Pisetsky, 2016). Furthermore,
Abs to chromatin, including nucleosomes, are common in
SLE andmay serve as especially sensitive biomarkers of the dis-
ease (Rekvig et al., 2014). Thus, the loss of B cell tolerance to
DNA and/or chromatin represents a major mechanism of SLE
pathogenesis.
DNA-reactive antigen receptors are present in the normal

B cell repertoire (Wardemann and Nussenzweig, 2007). There-
fore, a major question of SLE pathogenesis concerns the phys-
ical form(s) of DNA that can be recognized by autoreactive
B cells and the mechanisms that normally prevent such recogni-
tion. DNA from apoptotic cells is degraded by the intracellular
enzyme DNASE2, whose deletion in mice causes IFN-driven
autoinflammation (Nagata and Kawane, 2011). Similarly, DNA
of reverse-transcribed retroelements is degraded by an intra-
cellular exonuclease TREX1, and the loss of TREX1 causes
IFN-driven inflammatory disease in human patients (Aicardi-
Goutieres syndrome) and in mice (Crow, 2015; Volkman and
Stetson, 2014). Importantly, these inflammatory conditions are
driven by innate DNA sensing that requires the cytoplasmic pro-
tein STING (Ahn et al., 2012; Gall et al., 2012). Other potentially
immunogenic forms of DNA are neutrophil extracellular traps
(NETs) and oxidized mitochondrial DNA released by activated
granulocytes (Caielli et al., 2016; Lood et al., 2016). These stimuli
may engage endosomal Toll-like receptor (TLR) TLR9 or STING
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to induce IFN production, yet their role as B cell antigens remains
unclear. Finally, genomic DNA of apoptotic cells is incorporated
into membrane-coated microparticles (Pisetsky et al., 2011),
which are normally present in the plasma of healthy subjects
and SLE patients (Dieker et al., 2016; Nielsen et al., 2011,
2012). These microparticles (MP) were shown to expose chro-
matin on their surface (Ullal et al., 2011, 2014) and therefore
may represent antigens for DNA-reactive B cells. However, the
relationship of MP DNA to total DNA in human plasma (Snyder
et al., 2016; Sun et al., 2015), the regulation of MP DNA, and po-
tential role for MP DNA in SLE remain obscure.
A recent study (Al-Mayouf et al., 2011) identified several fam-

ilies with a high incidence of aggressive SLE with anti-dsDNA
reactivity in children. The phenotype segregated with homozy-
gosity for the same frameshift mutation in the DNASE1L3
gene. A subsequent study (Ozçakar et al., 2013) identified inde-
pendent DNASE1L3 mutations in two families with autosomal-
recessive hypocomplementemic urticarial vasculitis syndrome
(HUVS). HUVS is often associated with SLE, and indeed 3 out
of 4 surviving DNASE1L3-deficient children developed severe
SLE with anti-dsDNA Abs. Furthermore, previously described
associations of PXK gene with sporadic SLE and a related sys-
temic autoimmune disease scleroderma (Martin et al., 2013)
have been reassigned to the adjacent DNASE1L3 gene (Mayes
et al., 2014; Zochling et al., 2014). The disease-associated
DNASE1L3 polymorphism (rs35677470) creates an amino acid
substitution (R206C) that reduces DNase activity (Ueki et al.,
2009). Collectively, these data establish DNASE1L3 as a genetic
determinant of SLE susceptibility and an essential factor protect-
ing humans from the disease.
DNASE1L3 is homologous to DNASE1, a secreted DNase that

digests DNA in the gastrointestinal tract (Baron et al., 1998).
DNASE1 and DNASE1L3 together are responsible for the DNase
activity in serum (Napirei et al., 2009).However, unlikeDNASE1or
its other homologs, DNASE1L3 contains a short, positively
chargedC-terminal peptide that allows it to digest DNAencapsu-
lated into liposomes (Wilber et al., 2002). In addition, DNASE1L3
is more efficient than DNASE1 in the internucleosomal cleavage
of genomic DNA in isolated cell nuclei (Napirei et al., 2005), sug-
gesting that itmight digest chromatin within apoptotic or necrotic
cells (Mizuta et al., 2013). However, neither the natural form of
DNA targeted by DNASE1L3 nor the mechanism whereby
DNASE1L3 protects from SLE has been elucidated.
Here, we show that the loss of DNASE1L3 in mice caused a

rapid Ab response to dsDNA and chromatin. We also found that
DNASE1L3 is capable of digesting chromatin in apoptotic cell-
derived MP, and its absence caused the accumulation of and
Ab response to MP-associated DNA. These results suggest that
chromatin in apoptotic MP represents an important antigenic
form of DNA in SLE and identifies DNASE1L3 as a regulator of
this antigenic chromatin’s ability in the steady state.

RESULTS

Dnase1l3-Deficient Mice Rapidly Develop Anti-DNA
Auto-Abs
We analyzed mice in which essential coding exons of the
Dnase1l3 gene have been replaced with a LacZ reporter cassette

(Figure S1A). TheDnase1l3LacZ allele was crossed onto two com-
mon inbred backgrounds, C57BL/6 (B6) and 129SvEv (129).
Homozygous Dnase1l3LacZ/LacZ knockout (KO) mice were born
at Mendelian ratios and were grossly normal and fertile. All KO
mice on both B6 and 129 backgrounds developed anti-nuclear
Abs (ANA) with perinuclear staining (Figure 1A), which is charac-
teristic of severe human SLE. Anti-dsDNA IgG in the sera of KO
mice were elevated at 5 weeks and progressively increased with
age (Figure 1B). Both male and female KO mice developed anti-
dsDNA with the same kinetics (data not shown). Anti-dsDNA pri-
marily comprised IgG2a and IgG2b isotypes pathogenic in other
SLE models (Ehlers et al., 2006) (Figure 1C). ELISPOT analysis
showed that anti-dsDNA IgGAb-secreting cells (ASC)were abun-
dant in KO spleens and detectable as early as 4–6 weeks of age
(Figures 1D and 1E). In contrast, neither total IgG nor anti-RNA
IgG were elevated, even in old mice (Figures S1B and S1C). The
analysisofKOserabyautoantigenmicroarrayandELISA revealed
increased reactivity toseveralproteinand ribonucleoproteinauto-
antigens at 40 weeks, but not earlier (Figures S1D–S1F).
To test Ab response to chromatin, we tested IgG reactive with

native purified polynucleosomes. KO mice rapidly developed
high titers of anti-chromatin IgG on both 129 and B6 back-
grounds (Figure 1F; data not shown). No reactivity to purified
histones was observed (data not shown). The analysis of a syn-
chronized cohort of KO mice showed that anti-chromatin IgG
developed even more rapidly than anti-dsDNA IgG at 5 weeks
(Figures 1G and 1H). Thus, Dnase1l3-deficient mice manifest
rapid and specific responses to dsDNA and chromatin, suggest-
ing that the endogenous genomic DNA represents the primary
autoantigen in this model.

Dnase1l3-Deficient Mice Develop Features of SLE
Peripheral blood of KOmice harbored a progressively increasing
fraction of CD11c+ MHC class II! CD11b+ Ly-6C! monocytes
(Figures 2A and 2B), which correspond to Gr1! monocytes
expanded in other SLE models (Santiago-Raber et al., 2009).
By 50 weeks of age, KOmice manifested splenomegaly (Figures
2C and 2D) with reduced marginal zone B (MZB) cell population
and increased fractions of monocytes and activated T cells (Fig-
ures S2A–S2C). The enlarged spleens showed spontaneous
germinal center (GC) formation and an increased fraction of
GC B cells (significant on the 129 background; Figures 2E and
2F). All 50-week-old KO mice on both backgrounds showed
IgG deposition in the kidney glomeruli (Figure 2G). Finally, KO
mice on the 129 background developed glomerulonephritis,
including enlargement of glomeruli, mesangial and endocapillary
proliferation, glomerular deposits, and interstitial inflammation of
the kidney cortex (Figures 2H and 2I). KO mice on the B6 back-
ground showed glomerular enlargement, but no overt glomerulo-
nephritis. Thus, anti-DNA response inDnase1l3-deficient mice is
followed by immune activation, IgG deposition, and a back-
ground-dependent glomerulonephritis.
Despite the early onset of the anti-DNA response, the

observed immune activation was largely absent from KO mice
up to 27weeks of age (Figures 2D, 2E, and S2A–S2C). The devel-
opment of experimental SLE can be accelerated by a surge in
IFN production, e.g., after the adenoviral delivery of IFN (Mathian
et al., 2005). We injected young KO or control mice with the
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adenoviral vector encoding IFN-a5, resulting in elevated serum
IFN and elevated expression of IFN-inducible protein Sca-1 for
at least 5 weeks post-injection (Figures S2D and S2E). IFN-
treated KO mice showed rapid accrual of anti-dsDNA IgG (Fig-
ure S2F), aswell as the appearance of anti-RNA IgG (Figure S2G).
Furthermore, IFN-treated KOmice showedmonocyte expansion
and T cell activation as early as 1 week post-injection (Figures
S2H and S2I), and two-thirds of these mice died after 35 weeks
(Figure S2J). Therefore, immune activation in KO mice can be
accelerated by IFN expression, recapitulating severe SLE in
DNASE1L3-deficient human patients.

Circulating Dnase1l3 Protects from Autoreactivity
If DNASE1L3 acts similarly to DNASE2 or TREX1 as proposed
(Ghodke-Puranik and Niewold, 2015; Picard et al., 2015), autor-
eactivity in KO mice should involve intracellular DNA accumula-
tion and sensing through STING. However, the deletion of STING
did not diminish ANA, anti-dsDNA IgG and ASC, IgG deposition
(Figures 3A–3D), or splenomegaly (Figure S3A) in KO mice. The
median anti-dsDNA titers were increased in DNASE1L3/STING
double-deficient KO mice, although not significantly (Figure 3B).
In contrast, all these manifestations were completely abolished
by the deletion of MyD88, the transducer of TLR and IL-1 recep-

tor signals (Figures 3A–3D and S3A). These data suggest that
DNASE1L3 does not target DNA within cells, consistent with
the secreted nature of this DNase.
We detected circulating DNASE1L3 in mouse serum using the

digestion of liposome-coated plasmid DNA as a readout (Fig-
ure 3E). We then set up reciprocal bone marrow (BM) transfers
between wild-type (WT) and KO mice and measured serum
DNASE1L3 activity over time. The KO/WT and WT/ KO chi-
meras showed progressive loss and gain of serum DNASE1L3,
respectively (Figure S3B), suggesting that circulating DNASE1L3
is produced by hematopoietic cells. Importantly, the loss of circu-
latingDNASE1L3 inKO/WTchimeras led to the development of
anti-dsDNAASC (FigureS3C). Inacohort ofKO/WTchimeras in
which DNASE1L3 activity disappeared by 40 weeks post-transfer
(Figure 3F), anti-dsDNA IgG appeared at the same time point (Fig-
ure 3G), eventually leading to ANA, IgG deposition, glomerular
enlargement, and mild glomerulonephritis (Figures S3D–S3G).
Thus, autoreactivity in Dnase1l3-deficient mice inversely corre-
lateswithcirculatingDNASE1L3producedbyhematopoietic cells.
To directly test the effect of circulating DNASE1L3 on autor-

eactivity, we injected young KO mice with an adenoviral vec-
tor-encoding human DNASE1L3 (Ad-DNASE1L3). Adenoviral
vectors in vivo transduce hepatocytes and maintain ectopic
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Figure 1. Dnase1l3-Deficient Mice Develop
Abs to dsDNA and Chromatin
(A) ANA in the sera of Dnase1l3 knockout (KO) and

control wild-type (WT) mice. Fixed Hep2 cells incu-

bated with sera from 50-week-old mice on 129 or B6

backgrounds, followed by staining for IgG (red) and

DNA (blue), are shown. Representative of six animals

per group (scale bars, 50 mm and in the inset 20 mm).

(B) Serum titers of anti-dsDNA IgG in WT or KO mice

on the indicated backgrounds over time as deter-

mined by ELISA (individual animals and median).

(C) Serum titers of anti-dsDNA IgG subclasses in 40-

week-old KO mice on the 129 background as

measured by ELISA (individual animals and median).

(D and E) Anti-dsDNA IgG Ab-secreting cells (ASC) in

WT and KO mice as determined by ELISPOT. ASC

numbers per 5 3 105 splenocytes in 50-week-old (D)

and 4- to 6-week-old (E) mice (individual animals and

median) are shown.

(F) Serum titers of anti-nucleosome IgG in WT or KO

mice on the 129 background as determined by ELISA

(individual animals and median).

(G and H) Relative titers of anti-dsDNA and anti-

nucleosome IgG in a synchronous cohort of KO mice

analyzed over time. Titers are presented as a percent

of the maximal value reached at any time point in

each animal. The kinetics in three representative in-

dividual mice (G) and values in individual mice at

5 weeks (H) are shown. Significance is estimated by a

paired Wilcoxon test.

Statistical significance: *p % 0.05; **p % 0.01;

***p % 0.001.

See also Figure S1.
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protein production in them for several weeks. Accordingly,
DNASE1L3 activity in the sera of Ad-DNASE1L3-treated KO
mice was restored at 4 weeks, but largely disappeared at
12 weeks post-injection (Figure 3H). Importantly, the develop-
ment of anti-dsDNA IgG titers was transiently but significantly
delayed in KO animals treated with Ad-DNASE1L3 compared
to the control Ad-GFP (Figure 3I). Collectively, these results
show that circulating DNASE1L3 restricts anti-DNA autoreactiv-
ity, likely targeting an extracellular DNA substrate.

Circulating DNASE1L3 Is Produced by Mononuclear
Phagocytes
We explored the hematopoietic cell type responsible for the pro-
duction of circulating DNASE1L3. Microarray expression data-

sets suggested a restricted expression ofDNASE1L3 in dendritic
cells (DC) in both humans and mice (Figures S4A and S4B), as
confirmed by qRT-PCR (Figure S4C). In addition, the expression
of Dnase1l3 was apparent in macrophages (MF) in select tis-
sues, including the spleen, liver, and intestine (Figure S4B). We
used the fluorescent detection of LacZ in the targeted Dnase1l3
allele to confirm the highest expression of Dnase1l3 in conven-
tional DC (cDC) and in a small fraction of splenic MF (Figure 4A).
Consistent with microarray and qRT-PCR data (Figures S4B and
S4C), low levels of expression were also detected in plasmacy-
toid DC (pDC), MZB, and B-1a cells (Figure 4A).
Lymphocyte-deficient Rag1!/! mice had normal levels of

serum DNASE1L3, ruling out the contribution of B cells (Fig-
ure 4B). In contrast, a transient depletion of CD11chi cells (which
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Figure 2. Dnase1l3-Deficient Mice Develop
Late-Onset Immune Activation and Kidney
Inflammation
(A and B) Monocyte population in the peripheral

blood of Dnase1l3 knockout (KO) and control wild-

type (WT) mice. (A) Representative staining of

peripheral blood mononuclear cells (PBMC) from

WT and KO mice, with the fraction and phenotype

of CD11c+ MHC cl. II! monocytes indicated.

(B) Fractions of CD11c+ MHC cl. II! monocytes

among PBMC at the indicated time points

(median ± interquartile range of nine animals per

group).

(C) Representative spleens from WT and KO mice

on a 129 background at 50 weeks of age.

(D) Absolute number of splenocytes in WT or KO

mice at the indicated time points (individual ani-

mals and median).

(E) TheGCBcell population in the spleens ofWT or

KOmice at the indicated time points. The fractions

of GC B cells (B220+ PNA+ CD95+) among total

B220+ B cells (individual animals and median) are

shown.

(F) The GC reaction in the spleens of WT or KO

mice at 50 weeks of age. Splenic sections stained

for total B cells (B220, red) and GC B cells (PNA,

green; scale bar, 200 mm) with the individual GC in

the inset (scale bar, 20 mm) are shown. Repre-

sentative of six mice per genotype.

(G) IgG deposition in the kidneys of WT or KOmice

at 50 weeks of age. Kidney sections stained for

IgG (red) and DNA (blue) are shown. Representa-

tive of ten animals per group (scale bar, 50 mm).

(H) Kidney architecture in WT or KO mice on a 129

background at 50 weeks of age. Kidney sections

stained with hematoxylin/eosin (scale bars, 50 mm)

with a representative glomerulus in the inset are

shown. Representative of eight animals per group.

(I) Histopathological score of glomerulonephritis in

WT or KO mice at 50 weeks of age. The percent-

age of kidney cortex affected by inflammation and

themedian cumulative score of glomerulonephritis

in mice on the indicated backgrounds are shown.

Statistical significance: *p % 0.05; **p % 0.01;

***p % 0.001.

See also Figure S2.
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include all cDC and intestinal MF) reduced serum DNASE1L3
by >75% (Figure 4C). Treatment of WT mice with clodronate
liposomes (which deplete tissue MF as well as reduce cDC
numbers; Figure S4D) reduced serum DNASE1L3 by "50%
(Figure 4D). Finally, a single treatment with anti-Csf1r Ab (which
primarily depletes intestinal MF) reduced serum DNASE1L3
by "15% (Figure 4E). Because tissue MF are replaced slowly
after BM transfer (Lavin et al., 2015), the production of
DNASE1L3 by MF may explain the relatively slow decline
of DNASE1L3 levels in KO / WT chimeras (Figure 3F).
We conclude that circulating DNASE1L3 is predominantly pro-
duced by mononuclear phagocytes, including cDC and certain
tissue MF.

DNASE1L3 Digests Chromatin in Apoptotic Cell-Derived
Microparticles
To identify the putative extracellular DNA substrate of
DNASE1L3, we examined the ability of recombinant human
DNASE1L3 to digest different forms of DNA. As reported previ-
ously (Wilber et al., 2002) and confirmed by the analysis of KO
mice (Figure 3E), DNASE1L3, but not DNASE1, could digest lipo-
some-coated plasmid DNA (Figures 5A and 5B). In addition,
DNASE1L3 was more efficient than DNASE1 in digesting
genomic DNA within native polynucleosomes (Figure 5C). The
polymorphic R206C variant of DNASE1L3 showed a reduced
enzymatic activity on all DNA substrates (Figures 5B and 5C).
In contrast, both specific activities of DNASE1L3, but not the
digestion of ‘‘naked’’ DNA, were abolished by the deletion of
its C-terminal peptide (Figures 5B and 5C). Molecular modeling
of DNASE1L3 by homology to DNASE1 suggested that the
C-terminal peptide comprises a stable a-helix protruding at a
fixed angle from the conserved DNase domain (Figures S5A–
S5E). Its stable helical conformation and the positive charge
likely facilitate both the membrane binding/penetration and the
displacement of DNA from bound histones.

Microparticles (MP) released from apoptotic cells are akin to
liposomes and contain nucleosomal DNA (Pisetsky et al.,
2011). Indeed, DNASE1L3, but not DNASE1, digested genomic
DNA in MP generated from apoptotic Jurkat T cells (Figure 5D)
and primary splenocytes (data not shown). MP showed low pro-
pidium iodide staining unless permeabilized (data not shown),
suggesting that DNASE1L3 can penetrate intact MP mem-
branes. Similar to the digestion of liposome-coated and polynu-
cleosomal DNA, the digestion of MP DNA was slightly reduced
by the R206C polymorphism, but completely abolished by the
C-terminal deletion. As previously reported (Ullal et al., 2011), a
fraction of MP can be stained with anti-DNA/histone 2a/2b
monoclonal Ab (mAb) PR1-3 (Figure 5E). The staining was
enhanced by fixation/permeabilization (data not shown), con-
firming that MP contain chromatin both internally and at the
surface. The PR1-3 staining was abolished by pre-treatment
with DNASE1L3, but not by the C-terminal deletion mutant of
DNASE1L3 or by DNASE1 (Figure 5E).

We examined DNASE1L3 variants with a hexahistidine (His)
tag near the C-terminal peptide (Figure 5A). The tag at the C ter-
minus (His-CT) abolished the digestion of both liposome-coated
and nucleosomal DNA, whereas the tag preceding the C-termi-
nal peptide (His-preCT) abolished only the digestion of nucleo-

somal DNA (Figure 5F). The His-preCT tag is predicted to change
the conformation of the C-terminal a-helical peptide relative
to the DNase domain (Figure S5E). Importantly, this tag pre-
vented the digestion of DNA within MP (Figure 5F) and on their
surface (Figure 5G), suggesting that the ability to digest nucleo-
somal DNA is essential for this activity.
Consistent with in vitro results, serum from KO animals was

unable to digest liposome-coated DNA even after prolonged in-
cubation (Figure 5H). It was also unable to digest polynucleo-
somes during a short (15-min) incubation (Figure 5I), although
longer incubation resulted in complete digestion (Figure S5F).
Importantly, the serum from KO animals was completely unable
to digest MP DNA (Figure 5J). Thus, DNASE1L3 has two unique
and separable activities, i.e., the digestion of liposome-coated
DNA and of nucleosomal DNA. These activities enable
DNASE1L3 to digest chromatin within and on the surface of
apoptotic MP, suggesting this DNA forms as a natural substrate
of DNASE1L3.

DNASE1L3 Restricts the Amount of DNA in Circulating
Microparticles
We tested the relationship between DNASE1L3 and the DNA
content of MP in vivo. Following intravenous (i.v.) injection of
Jurkat cell MP, their DNA was rapidly cleared from WT mice,
but persisted in the serum, spleen, and liver of KO mice (Fig-
ure S6A). We then analyzed endogenous MP from murine
plasma, characterized by their small size, the absence of platelet
and erythrocyte markers, and positivity for apoptotic cell marker
Annexin V (Figure S6B). Although the number of MP in the
plasma of KO mice was unchanged (Figure S6C), their genomic
DNA content was increased >100-fold (Figure 6A). Accordingly,
the amount of DNA in total plasma from KO mice was increased
>10-fold (Figure 6B). Furthermore, a fraction of plasma MP from
young KO animals exposed chromatin on their surface, as re-
vealed by positive staining with PR1-3 (Figure 6C).
To test whether DNASE1L3 similarly digests circulating MP

DNA in humans, we analyzed two DNASE1L3 null patients with
HUVS (Ozçakar et al., 2013). Neither patient 1 (HUVS+SLE in
remission) nor patient 2 (HUVS only) had active SLE, ruling out
any secondary effects of the disease. Using the digestion of lipo-
some-coated plasmid DNA, we confirmed that the patients had
no DNASE1L3 activity in plasma, whereas their haplodeficient
parents showed "50% activity (Figure 6D). We also analyzed
three additional subjects who were heterozygous for the
R206C variant of DNASE1L3. These subjects manifested
"60% of control DNASE1L3 activity in plasma (Figure 6D), sug-
gesting that the R206C variant is "5-fold less active than the
common variant.
Plasma of DNASE1L3 null patients failed to digest nucleo-

somal DNA (Figure 6E), as well as MP DNA (Figure 6F), and
even the plasma of haplodeficient parents showed detectable
impairments in these assays. We then isolated endogenous
plasma MP from the human plasma and confirmed that Annexin
V+ MP express markers of leukocytes and include a granulocyte
marker-positive fraction (Figure S6D) (Nielsen et al., 2011). MP
from DNASE1L3 null patients contained >1,000-fold more DNA
than those from healthy controls, and MP from haplodeficient
parents or R206C carriers also showed an increased DNA
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content (Figure 6G). The analysis of human plasma samples
showed that nearly all detectable genomic DNA is contained
within the MP fraction (Figure S6E). Accordingly, total unfractio-
nated plasma of DNASE1L3 null patients also harbored
increased amounts of circulating DNA (Figure 6H). Collectively,
genetic evidence in animals and humans demonstrates that
DNASE1L3 digests genomic DNA circulating in plasma, specif-
ically within apoptotic cell-derived MP.

DNASE1L3 Prevents the Recognition of Microparticle
DNA by Auto-Abs
We tested whether the DNASE1L3-sensitive chromatin on the
surface of microparticles is targeted by auto-Abs in experimental
SLE. The serum of KO mice from a young age contained IgG
binding to Jurkat MP (Figures 7A and 7B). The binding was abol-
ished by pre-treatment of MP with DNASE1L3 (Figure 7C), con-
firming that it is directed toward DNASE1L3-sensitive chromatin

Figure 3. Autoreactivity in Dnase1l3-Deficient Mice Does Not Require STING and Is Restricted by Circulating DNASE1L3
(A–D)Dnase1l3 knockout (KO) mice were crossed with STING-deficient or MyD88-deficient mice to generate double-KO (dKO) mice and analyzed along with the

respective wild-type (WT) controls. (A) Serum ANA at 45 weeks of age. Results are shown as in Figure 1A; representative of six animals per group. (B) Serum titers

of anti-dsDNA IgG at 35 weeks of age as determined by ELISA (individual animals and median). The difference between KO and STING dKOmice in the left panel

is not statistically significant. (C) Anti-dsDNA IgG Ab-secreting cells (ASC) at 50 weeks of age as determined by ELISPOT. The numbers of ASC per 5 3 105

splenocytes (individual animals andmedian) are shown. (D) IgG deposition in the kidneys at 50 weeks of age. Results are shown as in Figure 2G; representative of

five animals per group (scale bar, 50 mm).

(E) The relative activity of circulating DNASE1L3 inWT, KO, or heterozygous (Het) animals, as measured by the ability of serum to digest liposome-bound plasmid

DNA (individual animals and median).

(F and G) WT recipients were lethally irradiated and reconstituted with WT or KO BM (KO-to-WT and control WT-to-WT chimeras, respectively). (F) Serum

DNASE1L3 activity in chimeras at the indicated time points after reconstitution (mean ± SD of six animals per group). (G) Serum anti-dsDNA IgG titers at the

indicated time points as measured by ELISA (individual animals and median).

(H and I) Autoreactivity in KO mice reconstituted with circulating DNASE1L3. Young 4-week-old KO mice were injected with adenoviruses encoding DNASE1L3

(Ad-DNASE1L3) or GFP (Ad-GFP). (H) Serum Dnase1L3 activity in KO mice administered Ad-DNASE1L3 or Ad-GFP at the indicated time points, along with age-

matched wild-type controls (individual animals and median). (I) Serum anti-dsDNA IgG titers in the same mice as measured by ELISA. Data represent median ± a

range of four (KO + Ad-GP) and nine (WT or KO + Ad-DNASE1L3) animals per group.

Statistical significance: *p % 0.05; **p % 0.01; ***p % 0.001.

See also Figure S3.
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Figure 4. Circulating DNASE1L3 Is Pro-
duced Primarily by Dendritic Cells and Mac-
rophages
(A) Single-cell analysis of Dnase1L3 expression in

immune cells. Splenocytes from Dnase1l3LacZ/LacZ

KO or WT control mice were stained for LacZ ac-

tivity using the fluorescent substrate fluorescein

di(b-D-galactopyranoside) (FDG). Histograms of

FDG staining in the indicated gated cell pop-

ulations (representative of three independent

experiments) are shown. Similar results were ob-

tained with heterozygous Dnase1l3LacZ/+ mice

(data not shown).

(B) Dnase1L3 activity in the sera of Rag1-deficient

animals (individual animals and median).

(C) Dnase1L3 activity in the sera of DC-depleted

animals. Animals with Cre-inducible diphtheria

toxin receptor (DTR) with or without the DC-spe-

cific Cre deleter (CD11c-Cre) were administered

diphtheria toxin (DTX) for 2 weeks, and their sera

was analyzed for DNASE1L3 activity (individual

animals and median).

(D) Dnase1L3 activity in the sera of wild-type ani-

mals treated with PBS- or clodronate-containing

liposomes to deplete macrophages on the indi-

cated days after treatment (individual animals and

median).

(E) Dnase1L3 activity in the sera of wild-type ani-

mals 12 days after injection of control IgG or anti-

Csf1r blocking Ab (individual animals and median).

Statistical significance: *p % 0.05; **p % 0.01;

***p % 0.001.

See also Figure S4.
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on their surface. Similar DNASE1L3-sensitive binding was also
displayed by several anti-DNA/anti-nucleosome mAbs from
mouse SLE models (Figure S7A), including the prototypic mAb
3H9 (Shlomchik et al., 1987). To directly test whether MP can
elicit anti-DNA responses, we injected wild-type animals with
MP generated from syngeneic apoptotic splenocytes. MP injec-
tions in animals treated with the IFN adenovirus, but not in naive
animals, induced high titers of anti-nucleosome IgG (Figure 7D).
Thus, in the context of elevated IFN, MP can represent antigens
that elicit chromatin-specific B cell responses.

We asked whether DNASE1L3-sensitive chromatin in MP is
recognized by auto-Abs in humanSLE. TheDNASE1L3-deficient
patient 1 (HUVS+SLE in remission), but not patient 2 (HUVS
without SLE), or their healthyparents harbored serum IgGbinding
to MP in a DNASE1L3-sensitive manner (Figure 7E). Human IgG
carrying the 9G4 idiotope are prominent among SLE-associated
auto-Abs and bind multiple antigens, including DNA, cell nuclei,
and apoptotic cell membranes (Jenks et al., 2013; Richardson
et al., 2013). Two 9G4+ mAb clones from SLE patients (75G15
and 74C2) that show strong binding to apoptotic cell membranes
(Richardson et al., 2013) showedDNASE1L3-sensitive binding to
MP (Figure S7B). Finally, we testedwhetherDNASE1L3-sensitive
chromatin onMP represents an antigen in patients with sporadic
SLE.Noneof healthy control subjects (n=10) and64%ofSLEpa-
tients (n = 53) harbored IgG binding to MP (Figures 7F, 7G, and
S7C). The binding to MP showed a weak but significant correla-
tion with anti-dsDNA titers (data not shown), as observed for
IgG binding to endogenous MP in SLE (Ullal et al., 2011). Impor-
tantly, the binding was sensitive to DNASE1L3 pre-treatment in
"36% of patients (Figures 7F, 7G, and S7C suggesting that it is
directed against chromatin components on the surface of MP.
Collectively, our data inmice and humans suggest that chromatin
on circulating apoptoticMP is an antigen for DNA-reactive B cells
and Abs produced by them. This chromatin is a physiological
substrate for circulating DNASE1L3, which limits its availability
and may thereby protect from anti-DNA reactivity and SLE.

DISCUSSION

SLE in DNASE1L3-deficient human patients is characterized by
early onset, absence of a sex bias, and the presence of anti-

dsDNA IgG (Al-Mayouf et al., 2011; Ozçakar et al., 2013). These
features were recapitulated in Dnase1l3-deficient mice, all of
which develop anti-dsDNA reactivity on two distinct genetic
backgrounds. Hereditary SLE has been difficult to model in
mice: for instance, null mutations in the complement component
C1Q cause SLE in human patients (Ghodke-Puranik and Nie-
wold, 2015; Picard et al., 2015), but no overt pathology in inbred
mice (Heidari et al., 2006). Thus, our results establish a mouse
model of familial SLE and confirmDNASE1L3 as an evolutionarily
conserved mediator of tolerance to DNA.
Dnase1l3-deficient mice rapidly developed IgG to dsDNA and

particularly to chromatin, whereas the reactivity to other self-
antigens was either absent or developed later. Similarly, major
signs of immune activation (splenomegaly, GC reaction, and
T cell activation) appeared only in old animals. This delay likely
reflects the lack of additional disease-promotingmutations com-
mon in SLE models, such as those causing lymphoproliferation
(e.g., Faslpr) or heightened RNA sensing (e.g., Yaa). Another
important aspect is the paucity of immune stimulation in specific
pathogen-free mice as opposed to human patients. Indeed, the
treatment with IFN induced anti-RNA response, accelerated im-
mune activation, and caused significant mortality. These data
suggest that the reactivity to nucleosomal DNA within chromatin
causes all subsequent pathological features and can yield a
severe SLE-like disease following an inflammatory stimulus.
Ablation of STING-dependent cytoplasmic DNA sensing abol-

ishes inflammatory disease caused by DNASE2 or TREX1 defi-
ciency (Ahn et al., 2012; Gall et al., 2012), but exacerbates
autoimmunity in polygenic or chemically induced models
(Sharma et al., 2015). In contrast, the deletion of STING had a
minimal effect on anti-DNA responses or the ensuing disease
in Dnase1l3-deficient mice. The observed essential role of
MyD88may reflect its activity downstream of TLRs or IL-1 recep-
tor; the specific signal(s) involved remain to be identified but are
likely to be cell extrinsic. Notably, no signs of activation or devel-
opmental abnormalities could be detected in DCs or B cells from
young Dnase1l3 null mice. Therefore, the primary anti-DNA Ab
response may result from direct antigen receptor-mediated
expansion and plasmablast differentiation of DNA-reactive B
cells, likely via extrafollicular activation and class switching.
These antigen-specific primary signals may be further amplified

Figure 5. DNASE1L3 Can Digest Intact Chromatin and Genomic DNA in Apoptotic Microparticles
(A) Schematic of the different DNase constructs used.

(B–D) Digestion of different DNA substrates by recombinant DNases. DNA substrates were incubated with a control supernatant (empty, gray) or supernatants

containing DNASE1, DNASE1L3, DNASE1L3’s C-terminal truncation (DNASE1L3 DCT), or DNASE1L3’s R206C substitution variant. The amount of remaining

DNA was measured by qPCR and expressed as a percent of input DNA (mean ± SD of three independent experiments). (B) The digestion of plasmid DNA alone

(DNA) or in complex with liposomal reagent (DNA DOTAP). (C) The digestion of purified human genomic DNA (gDNA) or purified human nucleosomes (nDNA).

(D) The digestion of DNA within microparticles (MP) from apoptotic human cells (MP DNA).

(E) The digestion of chromatin on the surface of MP by recombinant DNases. MP from apoptotic human cells were incubated with recombinant DNases and

stained with anti-nucleosome mAb PR1-3. Histograms of PR1-3 fluorescence and the percent of positive MP are shown; representative of three experiments.

(F) Digestion of DNA substrates by DNASE1L3 mutants with a hexahistidine tag at the C terminus (His-CT) or preceding it (His-preCT). DNA substrates and data

presentation are as in (B)–(D).

(G) The digestion of chromatin on the surface of MP by hexahistidine-containing DNASE1L3 mutants. Data are presented as in (E).

(H–J) Digestion of different DNA substrates by sera from Dnase1l3-deficient knockout (KO) or control wild-type (WT) animals. The digestion of plasmid DNA with

or without DOTAP (H), human purified or nucleosomal genomic DNA (I), or DNA within MP from apoptotic human cells (J) was measured as in (B)–(D). The results

from sera of individual animals (circles) and median (lines) are shown.

Statistical significance: **p % 0.01; ***p % 0.001.

See also Figure S5.
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by MyD88-dependent signals in B cells and/or other cell types.
Collectively, the mechanism of anti-DNA reactivity in Dnase1l3-
deficient mice likely reflects the primary loss of antigen-specific
B cell tolerance to DNA.
The development of anti-dsDNA Abs inversely correlated with

the levels of circulating DNASE1L3, suggesting that DNASE1L3
acts in a cell-extrinsic manner to shield autoreactive B cells
from antigenic self-DNA. Notably, we found that Dnase1l3 is ex-
pressed in DCs and select tissue macrophages, which produce
the bulk of secreted DNASE1L3. These observations support
the role of DCs and macrophages in self-tolerance and restric-
tion of autoimmunity (Ganguly et al., 2013; Lavin et al., 2015).
This tolerogenic function has been primarily associated with
engulfment of apoptotic cells, induction of T cell tolerance, and
expression of anti-inflammatory cytokines and surface mole-
cules by the phagocytes. Our work describes a different
mechanism of tolerogenic activity by these cells, whereby their

secretion of a DNA-processing enzyme enforces global B cell
tolerance to DNA.
Our data show that DNASE1L3 (1) is available systemically and

acts in a cell-extrinsic manner, (2) has a unique capacity to digest
membrane-encapsulated DNA, and (3) has a preferential capac-
ity to digest DNA within nucleosomes. These properties point to
the chromatin within circulating MP as the physiological sub-
strate of DNASE1L3. DNA-containing MP are normally present
in the human plasma (Dieker et al., 2016; Nielsen et al., 2011,
2012) and are derived from cells that die within the vessel lumen,
such as rapidly turning over myeloid cells. Notably, the majority
of genomic DNA detectable in human plasma was contained
within the MP fraction. Indeed, total human plasma DNA was
shown to be primarily derived from leukocytes and to comprise
nucleosomal fragments of chromatin (Holdenrieder et al., 2005;
Snyder et al., 2016; Sun et al., 2015). Accordingly, DNASE1L3
deficiency increased both the DNA cargo of circulating MP and

A B C

D E F G H

Figure 6. DNASE1L3 Deficiency in Mice and Human Patients Causes the Accumulation of DNA in Circulating Microparticles
(A) The genomic DNA cargo of circulating microparticles (MP) from Dnase1l3 knockout (KO) or control wild-type (WT) animals. MP were isolated from the plasma

of 10-week-oldmice and analyzed by qPCR for mouse genomic DNA. Results show the amount of DNA perMP in individual mice (circles) and groupmedian (bar).

(B) The amount of genomic DNA per volume of unfractionated plasma from WT and KO animals (individual animals and median).

(C) The binding of anti-nucleosome mAb PR1-3 to circulating MP isolated from the plasma of young KO or WT mice. Representative histograms of PR1-3

fluorescence and the frequency of positive MP (individual animals and median) are shown.

(D–H) Plasma from human DNASE1L3-deficient patients (n = 2), their haplodeficient parents (n = 2), individuals with the DNASE1L3 R206C polymorphism (n = 3),

and normal control subjects (n = 2–5) were analyzed. Data represent individual human subjects and the median (bar or line). (D) DNASE1L3 activity in the soluble

fraction of patients’ plasma, measured using the digestion of DOTAP-coated plasmid DNA and expressed as a percent of the activity in a reference control

plasma. (E) The digestion of human nucleosomes by the soluble fraction of patients’ plasma. (F) The digestion of DNA in MP from apoptotic human cells by the

soluble fraction of patients’ plasma. (G) The amount of genomic DNA in circulating MP isolated from the plasma. Results show the amount of DNA per MP as

determined by qPCR for human genomic DNA. (H) The amount of genomic DNA per volume of unfractionated plasma as determined by qPCR.

Statistical significance: **p % 0.01; ***p % 0.001.

See also Figure S6.
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Figure 7. DNASE1L3-Sensitive Chromatin on Apoptotic Microparticles Is Antigenic in Mice and Human Patients
(A–C) Binding of mouse serum IgG to the surface of microparticles (MP). Human apoptotic MP were incubated with sera from Dnase1l3 knockout (KO) or control

wild-type (WT) animals, followed by secondary anti-mouse IgG Ab. (A) Representative histograms of IgG fluorescence and the percent of positive MP.

(B) Fractions of IgG-positive MP stained with sera from WT or KO mice of the indicated ages (median ± range of five animals per group). (C) MP were incubated

with supernatants containing human DNASE1, DNASE1L3, or an empty control prior to staining with KO serum. Representative histograms of IgG fluorescence

and the frequency of positive MP stained by sera from individual KO mice (bars represent the median) are shown.Statistical significance: *p% 0.05; **p% 0.01;

***p % 0.001.

(D) Anti-nucleosome response in the animals immunized with MP. Wild-type mice were administered IFN-a adenovirus (IFN), MP from syngeneic apoptotic

splenocytes (MP), or both, and serum IgG to nucleosomes weremeasured by ELISA 1week after the last MP immunization. Titers from individual animals (circles)

and median titers (bars) are shown.

(E–G) DNASE1L3-sensitive binding of IgG from human patients to the surface of MP. Human apoptotic MP were treated with DNASE1L3-containing supernatant

(DNASE1L3) or a control supernatant (empty), incubated with plasma from human subjects, followed by secondary anti-human IgG Ab. Representative

(legend continued on next page)
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the total amount of DNA in the plasma of DNASE1L3-deficient
animals and human subjects. Although other potential DNA
substrates of DNASE1L3 cannot be ruled out, these data impli-
cate MP-associated DNA as the relevant endogenous target of
DNASE1L3.
Chromatin in apoptotic blebs and circulating MP becomes

exposed at the membrane surface and accessible to auto-Abs
(Casciola-Rosen et al., 1994; Radic et al., 2004; Ullal et al.,
2011). This chromatin would be accessible to DNA-reactive
B cells, comprising a potentially antigenic formof DNA.We found
that exposed chromatin on MP is digested by DNASE1L3 and
becomes a target of auto-Abs in Dnase1l3-deficient animals
and in the DNASE1L3-deficient human patient with SLE history.
Importantly, DNASE1L3-sensitive chromatin on the surface of
MP appears to be targeted by prototypic autoreactive clones
from murine and human SLE, as well as by serum IgG from at
least one-third of patients with sporadic SLE. The latter is consis-
tent with the binding of IgG and complement to plasma MP in
human SLE patients (Nielsen et al., 2012; Ullal et al., 2011).
Therefore, MP-associated chromatin appears to represent a
common antigenic form of self-DNA in SLE.
In conclusion, we identify chromatin in microparticles as a

latent self-antigen for autoreactive B cells, and circulating
DNASE1L3 as an essential factor that restricts chromatin antige-
nicity and prevents anti-DNA responses. These results provide a
mechanistic explanation for the association of null and hypomor-
phic DNASE1L3 mutations with familial and sporadic SLE,
respectively. They also uncover a cell-extrinsic mechanism of
tolerance to DNA that involves a secreted enzyme and therefore
can be developed for therapeutic purposes. In particular, the
observed delay of anti-DNA reactivity by DNASE1L3 re-expres-
sion warrants the exploration of DNASE1L3 protein delivery as
a therapeutic tool in SLE and other systemic autoimmune
diseases.

EXPERIMENTAL PROCEDURES

Animals
All experiments were performed according to the investigator’s protocol

approved by the Institutional Animal Care and Use Committees of Columbia

University and New York University. Mice with a targeted germline replace-

ment of Dnase1l3 (Dnase1l3LacZ) were purchased from Taconic Knockout

Repository (model TF2732), backcrossed onto 129SvEvTac or C57BL/6 back-

grounds for >10 generations, and intercrossed to obtain Dnase1l3LacZ/LacZ

knockout animals. Age-matched wild-type mice of the respective back-

grounds were bred in the same animal colony and used as controls. Genetic

deletion of STING and MyD88, hematopoietic reconstitution, and cell-

depletion experiments are described in the Supplemental Experimental

Procedures.

Human Subjects
DNASE1L3-deficient HUVS patients 1 and 2 correspond to patients IV-4 and

IV-5 from family 1 described in (Ozçakar et al., 2013). Their study was

approved by the Ethics Committees of Ankara University (Turkey) and the

IRB at the University of Miami, and informed consents were obtained from

the parents. Blood from patients with sporadic SLE and healthy controls

was obtained from the NYU IRB-approved Rheumatology SAMPLE (Specimen

and Matched Phenotype Linked Evaluation) Biorepository. All patients signed

an IRB-approved informed consent. Additional information is provided in the

Supplemental Experimental Procedures.

Adenoviruses
Adenoviral vector encoding IFN-a5 has been previously described (Mathian

et al., 2005). Adenoviral vector-encoding human DNASE1L3 was constructed

by Welgen. Adenoviral particles were produced and purified at Welgen

and were injected into the indicated mice i.v. at 0.5 to 1 3 1010 particles per

mouse.

Analysis of Autoreactivity
Flow cytometry, immunochemistry, ANA, ELISA, ELISPOT, antigen arrays, and

the analysis of kidney IgG deposition and histopathology are described in the

Supplemental Experimental Procedures.

Recombinant DNases
Cloned open reading frame (ORF) of human DNASE1 and DNASE1L3 (NCBI:

NP_004935.1) were subcloned into pMCSV-IRES-GFP (pMIG) retroviral

expression vector. The constructs for DNASE1L3 variants were generated

using the Q5 site-directed mutagenesis kit (NEB) and included the

R206 / C substitution, the C-terminal truncation (amino acids [aa] 282–

305), and the insertions of hexahistidine between aa 282–283 (His-preCT)

or between aa 305 and the stop codon (His-CT). The resultant constructs

or the empty pMIG were used as plasmids for the transient transfection of

HEK293 cells, with equal efficiency of transfection confirmed by GFP expres-

sion. To avoid contamination with DNases in bovine serum, transfection was

performed in medium with 15% KnockOUT serum supplement (Thermo

Fisher). Transfected cells were cultured for 48 hr, and the supernatants

were collected, filtered, supplemented with 4 mM CaCl2 and 4 mM MgCl2,

and frozen in aliquots.

Analysis of DNASE1L3 Activity
To measure the digestion of liposome-coated DNA, pMIG plasmid DNA was

pre-incubated with DOTAP (Roche) in HBSS. Native or DOTAP-coated

plasmid (1 ng/reaction) was incubated with an equal volume of DNase-con-

taining supernatants or sera for 60 min at 37#C in a total volume of 2 ml. The

amount of remaining DNA was measured by qPCR with GFP-specific

primers and expressed as a percent of input DNA using a calibration curve

with serial plasmid dilutions. For the measurement of relative DNASE1L3

activity in vivo, the digestion was performed for 10 min using 1 ml of mouse

serum or human serum or plasma in a final volume of 5 ml. After qPCR, the

amount of remaining DNA was converted to a percent of DNASE1L3 activity

using a calibration curve with serial dilutions of control wild-type serum or

plasma.

Purified human polynucleosomes from HeLa cells (Epicypher) or purified

Jurkat cell DNA (2 ng/reaction) were incubated with an equal volume of

DNase-containing supernatants for 15 min at 37#C in a total volume of 2 ml.

The amount of remaining DNA was measured by qPCR with primers specific

for human genomicAlu repeats and expressed as a percent of input DNA using

a calibration curve with serial DNA dilutions.

Generation and Analysis of Microparticles
MP from Jurkat cells were generated as previously described (Ullal et al.,

2011). Briefly, the cells were cultured in the presence of 1 mM staurosporine

(Sigma-Aldrich) overnight, harvested, and collected by centrifugation for

histograms of IgG fluorescence and the percent of positive MP are shown. (E) DNASE1L3-sensitive binding of IgG from DNASE1L3-deficient patients or their

haplodeficient parents. Representative histograms of IgG fluorescence and the percent of positive MP are shown. (F) DNASE1L3-sensitive binding of IgG from

patients with sporadic SLE. Two representative histograms of IgG fluorescence for each reactivity pattern are shown. (G) The fraction of SLE patients with the

reactivity patterns are shown in (F).

See also Figure S7.
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5 min at 1,500 rpm. The supernatants were collected and centrifuged at

22,000 3 g for 30 min to pellet the MP, which were analyzed on the Accuri

C6 flow cytometer (BD Biosciences) to determine absolute numbers and

ensure >95%enrichment. Where indicated,MP (105/ml in PBS) were incubated

with an equal volume of DNase-containing transfection supernatants for 1 hr at

37#C. The generation and administration of MP from mouse splenocytes is

described in the Supplemental Experimental Procedures.

To isolate MP from human plasma, blood was collected in tubes containing

EDTA, and blood cells were removed by centrifugation at 2,0003 g for 10 min

at 4#C. In some experiments, a second centrifugation step (3,000 3 g for

10 min) was used to remove platelets as previously described (Nielsen et al.,

2011). The resultant plasma (either fresh or stored at !80#C) was centrifuged

at 22,0003 g for 30–60 min to pellet the MP, and the supernatant was used to

measure DNASE1L3 activity and Ab binding specificities. To isolate MP from

murine plasma, animals were euthanized and immediately exsanguinated by

cardiac puncture into heparin-containing tubes. Plasma was isolated by

centrifugation at 2,000 3 g for 10 min 4#C and centrifuged at 22,000 3 g for

30 min to pellet the MP. Plasma MP were resuspended and counted by flow

cytometry after staining for CD42b and CD235a (human) or CD41 and

Ter119 (mouse) to exclude platelets and erythrocytes.

To test the ability of mouse serum or human plasma to digest MP DNA,

Jurkat MP (5 3 105/ml in PBS) were incubated with an equal volume of

serum/plasma for 1 hr at 37#C in a final reaction volume of 10 ml. The DNA con-

tent of Jurkat cell-derived MP, human plasma MP, and total plasma was

measured by qPCR for human genomic Alu repeats. The DNA content of mu-

rine plasma MP and total plasma was measured by qPCR for mouse genomic

B1 repeats. Data were converted into the amount of genomic DNA using cali-

bration curves with the respective genomic DNA and expressed as the percent

of input DNA or as amount of DNA per MP.

For surface staining, 2.53 105 native or DNase-treated Jurkat cell MP were

stained with either purified anti-DNA/histone 2a/2b mAb PR1-3 (10 mg/ml) or

mouse sera (1:10 dilution) for 30 min at 4#C. Stained MP were washed by

centrifugation at 22,000 3 g for 30 min, incubated with PE-labeled goat

anti–mouse IgG secondary Ab (eBioscience) at a 1:200 dilution for 30 min at

4#C, and analyzed by flow cytometry without further washing. Staining with hu-

man sera or plasma was done as above at 1:20 dilution, using PE-labeled goat

anti-human IgG secondary Ab (eBioscience).

Statistics
Statistical significance was estimated by nonparametric Mann-Whitney test.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and seven figures and can be found with this article online at http://dx.doi.

org/10.1016/j.cell.2016.05.034.
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Inflammatory bowel disease (IBD) is a chronic inflammatory condition caused by

an aberrant immune response to microbial components of the gastrointestinal tract.

Plasmacytoid dendritic cells (pDCs) are innate immune cells specialized in the production

of type I interferons and were recently implicated in the pathogenesis of autoimmune

disorders such as lupus and scleroderma. While pDCs were shown to infiltrate intestinal

mucosa of IBD patients and proposed to participate in intestinal inflammation, their net

contribution to the disease remains unclear. We addressed this question by targeting the

pDC-specific transcription factor TCF4 (E2-2) in experimental IBD caused by deficiency

of Wiskott-Aldrich syndrome protein (WASP) or of interleukin-10 (IL-10). Monoallelic

Tcf4 deletion, which was previously shown to abrogate experimental lupus, did not

affect autoimmunity manifestations or colitis in WASP-deficient animals. Furthermore,

conditional biallelic Tcf4 targeting resulted in a near-complete pDC ablation, yet had no

effect on the development of colitis in IL-10-deficient mice. Our results suggest that, in

contrast to other inflammatory and autoimmune diseases, pDCs do not play a major role

in the pathogenesis of intestinal inflammation during IBD.

Keywords: Plasmacytoid dendritic cell (PDC), Interferon Type I, colitis, Inflammatory bowel disease (IBD),

autoimmune disease

INTRODUCTION

Dendritic cells (DCs) are major antigen-presenting cells that are essential for the initiation and
regulation of immune responses. DCs are commonly subdivided into classical or conventional
DCs (cDCs) and plasmacytoid DCs (pDCs). The pDCs are a distinct lineage whose function,
phenotype, and core gene expression program are conserved across mammalian species (1, 2).
They express a specific set of pathogen recognition receptors (PRR) including endosomal Toll-
like receptor (TLR)-7 and TLR9 that recognize the nucleic acid ligands single stranded (ss)-RNA
and unmethylated CpG-containing DNA, respectively (1, 2). In response to such stimuli pDCs
rapidly produce copious amounts of type I interferon (IFNα/β, IFN-I), up to 1,000 times more
than any other cell type (1, 2). IFN-I produced by pDCs is essential for inducing the expression
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of multiples genes with anti-viral properties and activates a
broad range of immune cells subsequently providing anti-
viral immunity (1, 2). In addition to their role in anti-
viral immune responses, pDCs were shown to produce high
amounts of IFN-I in response to self-nucleic acids and thus
contribute to the development of inflammatory and autoimmune
disorders (3–9). For instance, systemic lupus erythematous (SLE)
patients (10, 11) have an accumulation of IFN-I-producing
pDCs in the affected tissues, which likely contributes to the
increased expression in IFN-I-inducible genes and overall “IFN-I
signature” characteristic of SLE. In addition, recent studies using
murine disease models that specifically lack pDCs have further
confirmed their contribution to the pathogenesis of SLE (12, 13),
systemic sclerosis (14), type I diabetes (15), and type II diabetes
(16). These studies have provided a rationale for targeting pDCs
as a therapeutic approach for such diseases, and antibodies that
deplete pDCs in humans are currently being developed (17).

Within the small and large intestine pDCs are found primarily
in the lamina propria (LP) and gut-associated lymphoid tissues
(18). A distinct population of pDCs with reduced ability to
produce IFN-I is also thought to populate Peyer’s patches (19,
20). pDCs were previously proposed to contribute to B cell
production of intestinal immunoglobulin A (IgA) (21). However,
these results were recently challenged by the observation that
pDC ablation had no major impact on intestinal IgA production
in vivo (22). Through the production of IFN-I, intestinal pDCs
were shown to participate in the clearance of enteropathogenic
viruses such as rotavirus (23). Conversely, intestinal pDCs were
described to mediate the tolerogenic effects of polysaccharide A
(PSA), an immunomodulatory molecule of the gut commensal
Bacteroides fragilis (24), and liver pDCs were implicated in the
establishment of tolerance in response to ingested/oral antigens
(25, 26). Thus, pDCs are clearly present in the gastrointestinal
tract and appear to have context-dependent functions. Given
the abundance of immunostimulatory microbial DNA/RNA in
the intestine, pDCs may also contribute to the development of
autoimmune and inflammatory conditions in the gastrointestinal
tract.

Inflammatory bowel disease (IBD) comprises two major
syndromes, Crohn’s disease (CD) and ulcerative colitis (UC),
which are progressive inflammatory conditions that affect the
entire gastrointestinal tract and the colonic mucosa, respectively.
IBD development is caused by dysregulated immune responses
in genetically predisposed individuals to microbial components
of the gastrointestinal tract (27). A role for pDCs in IBD
has been suggested by the increase in their frequency and
number in the inflamed intestinal mucosa of flaring IBD patients
compared to healthy controls (28). In addition, pDCs from
the peripheral blood (PB) of IBD patients generally display an
activated phenotype defined by the increased expression of co-
stimulatory molecules and the ability to spontaneously produce
inflammatory cytokines such as tumor necrosis factor (TNF)-α
and interleukin (IL)-6, but they also show impaired production
of IFN-I in response to TLR7 and 9 stimulation (28). Another
study documented increases in both activation of pDCs and
IFN-I levels in Wiskott-Aldrich syndrome (WAS) patients who
manifest a pleiotropic autoimmunity that includes colitis (29).

Wiskott-Aldrich syndrome protein (WASP, gene symbol: Was)-
deficient animals display a similar phenotype, including pDC
hyperactivation and heightened IFN-I production. Furthermore,
this study showed that the overall pathology including colitis in
Was-deficient animals was ameliorated by IFN-I receptor (Ifnar)
deficiency (29). While IFN-I clearly plays an important role in
the development of colitis in Was-deficient animals, whether
such IFN-I originates from pDCs and whether pDCs contribute
at all to the overall pathology in this model was not tested.
Finally, a recent study used genetic ablation of pDCs in an
experimental model of colitis induced by dextran sodium sulfate
(DSS) treatment and concluded that pDCs play a pathogenic role
in IBD (30). However, in this model pDC ablation was achieved
by diphtheria toxin (DT) treatment of Siglec H-DTRmice, which
also depletes subsets of macrophages and DC progenitors, calling
into question its specificity (31). Thus, the role of pDCs in the
pathogenesis of IBD, if any, remains unclear and requires further
study.

We have previously identified the E-protein transcription
factor encoded by the gene Tcf4 (E2-2) as a master regulator
of pDC development in humans and mice (32). TCF4 is
preferentially expressed in pDCs, and its deletion abolishes
the development of pDCs but not of other immune cells
including cDCs. Importantly, even monoallelic loss of Tcf4
causes a specific defect in pDC function in mice and
human patients. Indeed, Tcf4+/− mice show aberrant pDC
phenotype and impaired pDC-driven IFN-I response to the TLR9
agonist CpG-oligodeoxynucleotide (CpG-ODN) (32). Using Tcf4
haplodeficiency for specific functional impairment of pDCs,
we have demonstrated a crucial role for pDCs in two genetic
models of experimental SLE (13). Furthermore, monoallelic
or complete deletion of Tcf4 in the DC lineage confirmed
the deleterious function of pDCs in SLE (13) and showed a
pathogenic role in autoimmune diabetes in NOD mice (15),
respectively. Using a similar approach, here we explored the
role of pDCs in two distinct models of IBD. We established
Tcf4 haplodeficiency in Was-deficient animals that are prone to
systemic autoimmunity and that develop severe colitis with 100%
penetrance. Additionally, we conditionally deleted Tcf4 in DCs,
which results in a specific deficiency in pDCs, in IBD-prone Il10-
deficient mice (33). Although targeting of Tcf4 in Was- or Il10-
deficient mice altered and selectively depleted pDCs, respectively,
we did not observe any further impact on the development of
IBD in either model. Thus, our study using two distinct genetic
models of the disease suggests that pDCs do not play a major role
in genetically-induced IBD pathogenesis.

MATERIALS AND METHODS

Mice
All experiments were performed according to the investigator’s
protocol approved by the Institutional Animal Care and Use
Committee of New York University Langone Medical Center.
Tcf4+/− (E2-2+/−) animals (34) were on pure 129SvEvTac
(129Sv) background (>N12); all other animals were on pure
C57BL/6J (B6) background (>N12). Was-deficient females
(Strain 019458, The Jackson Laboratory) were crossed with
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Tcf4+/− males to generate B6.129F1 Was−/y Tcf4+/− males or
Was−/y Tcf4+/+ littermates. Age-matched B6.129F1 males bred
in the same colony were used asWT controls. For the conditional
targeting of Tcf4, Il10-deficient animals (Strain 002251, The
Jackson Laboratory) were crossed with the Itgax (CD11c)-Cre
transgenic mice (35) floxed for Tcf4 alleles (36) to generate
Il10−/− Tcf4Fl/Fl mice with or without the Itgax-Cre transgene.
Age-matched B6 males bred in the same colony were used as WT
controls. No phenotypic differences have been observed between
male and female Il10-deficient animals; thus, both male and
female mice were included in the analysis.

Macroscopic Colitis Assessment
Was-deficient Tcf4+/+ or Tcf4+/− mice as well as their respective
WT controls were euthanized at the age of 6 months. Il10−/−

Tcf4Fl/Fl either positive or negative for the Itgax-Cre transgene
together with their respective WT control were euthanized at
3 months. The colons were extracted, emptied of their content,
photographed and measured for length. Samples from the colon
were harvested and stored in TRIzol (Thermo Fisher) for RNA
extraction. Animals were also followed prior to their euthanasia,
and the occurrence of rectal prolapse was monitored on a weekly
basis.

Flow Cytometry
Single cell suspensions were prepared from the spleen, lymph
nodes and mesenteric lymph nodes by tissue digestion in the
presence of collagenase D (1 mg/ml, Sigma Aldrich) and DNase1
(20µg/ml, Sigma Aldrich) at 37◦C for 30min and filtration
through a cell strainer 70µm (Thermo Fisher). Cell suspensions
were subjected to red blood cell lysis, washed, and stained
with unconjugated and conjugated fluorescent antibodies listed
in Table S1. Intracellular staining for Foxp3 and BCL6 were
performed using the transcription factor staining buffer set
(Thermo Fisher) according to the manufacturer’s instructions.
For optimal resolution of CXCR5 across CD4+ T cell subsets,
staining with CXCR5 biotinylated antibody to identify CD4+

T follicular helper (Tfh) cells was performed for 1 h at room
temperature, prior to conventional staining with other relevant
markers. Samples were acquired on an Attune flow cytometer
(Thermo Fisher) and analyzed using FlowJo software (Tree Star).

Autoantibody Measurement
Anti-dsDNA IgG concentration in the sera of animals was
determined by ELISA as previously described (37) using calf
thymus DNA as antigen. Anti-nuclear antibodies were detected
by staining fixed HEp-2 cells (MBL Bion) with mouse serum
(1:100 dilution), followed by PE-labeled goat anti–mouse IgG
(Thermo-Fisher). Images were captured on a confocal fluorescent
microscope (LSM 710 NLO) and processed by ZEN software
(Carl Zeiss). For the profiling of IgG and IgM autoantibodies in
the sera of mice we used a 98-plex autoantigen array provided
by the UT Southwestern Genomics and Microarray Core facility.
Briefly, samples were treated with DNase1, diluted 1/50 and
incubated with the autoantigen array. Autoantibodies binding
to antigens on the array were detected with Cy3 labeled anti-
IgG and Cy5 labeled anti-IgM antibodies, and the arrays were

scanned with a GenePix R⃝ 4400A Microarray Scanner. Images
were analyzed using GenePix 7.0 software, and the averaged net
fluorescent intensity (NFI) of each autoantigenwas normalized to
the internal control (IgG or IgM) that collectively were presented
as heat maps of signal intensity.

Histopathology
For histological analysis, intestines were cut longitudinally, rolled
by the “Swiss roll” method (38), fixed in formalin, embedded in
paraffin, sectioned through the central part of the roll and stained
with hematoxylin and eosin. The stained slides were scanned
with a Leica SCN400 F whole-slide scanner, and the images were
analyzed using the SlidePath Digital Image Hub. Histological
sections were then scored on a 0–4 scale with 0.5 increments
according to the following criteria: 0, intact crypt architecture,
normal epithelium with goblet cells, no neutrophil infiltration;
1, patchy neutrophil infiltration, occasional epithelial dysplasia;
2, foci of neutrophils, occasional cryptitis, epithelial damage;
3, diffuse leukocyte infiltration, crypt abscesses (debris and
neutrophils inside of lumen), transmural infiltration to visceral
peritoneum, crypt dropout; 4, severe loss of tissue architecture,
widespread crypt damage.

Gene Expression Analysis
For gene expression analysis of colon tissue, fragments of large
intestine measuring 1 × 1mm (30–35mg) were homogenized
in TRIzol (Thermo Fisher) using Lysing Matrix D beads (MP
Biomedical) and a Fast-Prep-24 Instrument tissue homogenizer
(MP Biomedical). Spleen single cell suspensions were also lysed
in the presence of TRIzol, and the RNA was isolated after
precipitation with chloroform and washing with 100% ethanol.
After reverse transcription with SuperScript III (ThermoFisher),
quantitative PCR of cDNA was performed using SYBR green
(Roche) on a Bio-Rad CFX96 TouchTM instrument.

Statistics
Data are represented as median with the distribution of all
individual animals depicted. The data are pooled from at least
3 independent experiments. Unless noted otherwise, sample
distribution was analyzed by the nonparametric Kruskal-Wallis
test, and in cases when significance was reached with Kruskal-
Wallis test, each group was individually compared using the post-
hoc Dunn’s multiple comparison test. The significance is defined
as follows ∗P ≤ 0.05, ∗∗P ≤ 0.01, ∗∗∗P ≤ 0.001.

RESULTS

Tcf4 Haplodeficiency Does not Prevent
Aberrant Immune Activation Caused by
Was Deficiency
In order to evaluate pDC function in autoimmunity mediated by
Was deficiency, we crossed Tcf4+/− haplodeficient males (129Sv
background) with Was−/− females (C57BL/6J background). As
Was is located on the X chromosome, the F1 generation males
obtained on the hybrid (B6/129Sv)F1 background are deficient
for WASP (Was−/y) and either proficient or haplodeficient for
Tcf4. We observed a similar frequency of pDCs, defined by the
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expression of CD11c and Siglec H (Figure 1A), in the spleen
of Was−/y Tcf4+/− animals compared to Was−/y and wild
type (WT) animals on the same hybrid background (Figure 1B)
However, the absolute number of pDCs within the spleen of
Was−/y Tcf4+/− mice was significantly reduced compared to
Was−/y mice (Figure 1B). Within lymph nodes (LN), pooling
axillary, inguinal and cervical LN, both the frequency and
number of pDCs were significantly increased in Was−/y mice
compared to WT control but remained unchanged in Was−/y

Tcf4+/− mice (Figure 1B). In the mesenteric LN (MLN) the
frequency and numbers of pDCs inWas−/y andWas−/y Tcf4+/−

mice were increased compared to control animals with a trend
toward a lower number of pDCs in Was−/y Tcf4+/− mice
(Figures S1A,B). Haplodeficiency of Tcf4 was previously shown
to alter the phenotype of pDCs, which was associated with an
inability to produce IFN-I (32, 39). In agreement with these
reports we observed that pDCs from Was−/y Tcf4+/− mice
in the spleen and LN express higher levels of cDC specific
markers such as CD11c and CD8α (Figure 1C). The increased
expression of CD11c and CD8αwas consistently observed among
all Was−/y Tcf4+/− mice and was significantly higher than in
Was−/y and WT animals (Figure 1D). Similarly, pDCs from
the MLNs of Was−/y Tcf4+/− mice upregulated CD11c and
CD8α on their surface (Figures S1C,D). The impact of Tcf4
haplodeficiency was specific to pDCs and did not affect the
overall distribution of cDCs in the spleen, LN, and MLN of
Was-deficient animals (Figure S1E). Thus, our results indicate
that Tcf4 haplodeficiency reduces pDC numbers inWas-deficient
mice and strongly impairs their phenotype, further validating
Tcf4 haplodeficiency as a pDC-specific tool.

We explored the impact of pDC impairment due to Tcf4
haplodeficiency on the phenotype of Was-deficient animals.
The splenomegaly in Was−/y mice showed a trend toward
reduction in Was−/y Tcf4+/− mice, which reached significance
for total splenocyte numbers (Figure 2A). We then analyzed
the activation status of CD4+ T cells by the expression of
CD45RB (naïve T cells) and CD44 (activated T cells) markers.
We observed that Was−/y and Was−/y Tcf4+/− mice exhibited
higher frequency of activated CD4+ T cells in comparison to
control WT animals (Figure 2B). Similar results were observed
in LNs and MLNs, indicating a systemic activation of CD4+ T
cells in Was−/y animals regardless of Tcf4 status (Figure 2B).
However, no defect in CD8+ T cell number and activation
profile was detected (not shown). In addition to CD4+ T cell
activation, an increased frequency and number of regulatory
CD4+ T cells expressing the transcription factor forkhead box
P3 (Foxp3) was observed in Was−/y and Was−/y Tcf4+/− mice,
most likely in response to the aberrant immune activation in
these mice (Figure S2A). Was-deficient mice were previously
described to display an abnormal distribution of peripheral B
cells including loss of a marginal zone B (MZB) cell population
(40). Consistent with this report, Was−/y mice showed strongly
reduced frequency and numbers of CD21/35+ CD23− of MZB
cells with no change in the population of CD23+ CD21/35−

follicular B cells (FOB) (Figure 2C, Figure S2B). The loss ofMZB
cells was not rescued by specific pDC ablation inWas−/y Tcf4+/−

mice (Figure 2C, S2B). Another feature of multiple autoimmune

strains is the accumulation of an unusual population of age-
associated B cells (ABCs), negative for both FOB (CD23) and
MZB (CD21/35) markers (41, 42). The frequency of ABCs
in both Was−/y and Was−/y Tcf4+/− mice was significantly
increased compared to WT controls (Figure 2C). However, the
absolute numbers in Was−/y Tcf4+/− remained comparable to
WT mice (Figure S2B). In addition to the altered frequency
of different B cell subsets, we observed that FOB and ABC
cells from Was−/y and Was−/y Tcf4+/− mice displayed an
activated phenotype as reflected by increased expression of CD40
(Figure S2C). Finally, Was−/y mice had an increased frequency
of germinal center B cells (GCB) characterized by the expression
of CD95 (Fas) and peanut agglutinin (PNA) (Figure 2D). The
increase in GC frequency was associated with an increase in
CD4+ Tfh expressing the chemokine receptor CXCR5 and the
transcription factor BCL6 (Figure 2E, Figure S2E). Although
Tcf4 haplodeficiency was associated with a reduction in the
absolute number of GCB in the spleen compared to Was−/y

(Figure S2D) the frequency of GCB was still increased compared
to WT controls (Figure 2D). As observed in Was−/y animals,
the frequency and absolute numbers of CD4+ Tfh cells were
significantly increased in Was−/y Tcf4+/− animals compared to
control (Figure 2E, Figure S2E). Overall, apart from decreased
splenomegaly, Tcf4 haplodeficiency had no impact on the general
immune activation caused byWas-deficiency.

Tcf4 Haplodeficiency Does not Prevent
Autoantibody Production in Was-Deficient
Mice
Multiple features of autoimmunity have been observed in
Was-deficient mice, including increased levels of autoreactive
antibodies such as anti-dsDNA antibodies (40). We have
previously observed that Tcf4 haplodeficiency was able to
reduce the autoreactive anti-RNA and anti-dsDNA antibodies
secretion in two experimental models of SLE (13). Therefore,
we sought to investigate if such Tcf4 targeting may also impact
the production of autoreactive antibodies in Was-deficient
mice. We observed that compared to controls, Was−/y animals
showed significantly higher titers of auto-antibodies directed
against double-stranded DNA (dsDNA) (Figure 3A). Specific
targeting of pDCs in Was−/y Tcf4+/− mice did not affect the
production of such autoantibodies (Figure 3A). The overall
prevalence of antinuclear antibodies (ANA) was also increased
in Was-deficient mice regardless of Tcf4 status (Figure 3B).
While the occurrence of ANA remained consistent between
both groups, ANA staining from Was−/y sera showed a
perinuclear distribution while that of Was−/y Tcf4+/− sera
was primarily nuclear (Figure 3B). This differential ANA
profile prompted us to analyze the overall autoreactivity in
those mice using an autoantigen microarray. While WT and
Tcf4+/− mice displayed very little autoreactive IgG with the
exception of one outlier (mouse WT2), 3 out of 4 mice in
the Was−/y and Was−/y Tcf4+/− groups showed a broad
range of autoreactive IgG specific to nucleic acids, multiple
protein, and ribonucleoproteins (Figure 3C). In addition, these
autoreactive IgG profiles detected across Was−/y animals were
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FIGURE 1 | Reduced numbers and altered phenotype of pDCs upon Tcf4 haplodeficiency inWas-deficient mice.WT,Was−/y orWas−/y Tcf4+/− mice were analyzed

at 30 weeks of age. (A) pDCs were identified by flow cytometry analysis of CD11c and Siglec H expression from CD11b− live cells in the spleen and LNs. The

frequency of pDCs is indicated in each plot. (B) Frequency and absolute numbers of pDCs (CD11b− CD11c+ Siglec H+ pDCs among total live cells) in the spleen

and LN of individual mice are shown. Horizontal bars indicate median value. Data were pooled from 4 independent experiments. (C) CD11c and CD8α expression

with the mean fluorescent intensity (MFI) indicated on pDCs (CD11b− CD11c+ Siglec H+) from the spleen and LN as analyzed by flow cytometry. (D) MFI of CD11c

and CD8α on pDCs from the spleen and LN of each individual mice as pooled from 4 independent experiments. Horizontal bars indicate the median. Statistical

significance estimated by Kruskal-Wallis test followed by a post-hoc Dunn’s multiple comparison test is indicated as follows *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.
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FIGURE 2 | No change in overall immune activation upon Tcf4 haplodeficiency in Was-deficient mice. Analysis of WT, Was−/y or Was−/y Tcf4+/− mice at 30 weeks

of age. (A) Spleen weight and cellularity were measured from individual mice. (B–E) T and B lymphocyte populations within the spleen were analyzed by flow

cytometry. (B) The frequency of both naïve (CD44−, CD45RB+) and activated (CD44+, CD45RB−) cells among live CD4+ T cells was determined in the spleen, LN

and MLN of the indicated animals. (C) The frequency of follicular B cells (FOB, CD23+, CD21−), marginal zone B cells (MZB, CD23−, CD21+) and age associated B

cells (ABC, CD23−, CD21−) among mature B220+ CD93− B cells was measured. (D) Analysis of germinal center B cells (GCB, PNA+ and CD95+ among total

B220+ B cells) and (E) T follicular helper cell (TFh, CXCR5+, PD1+, and BCL6+ among CD4+ T cells) frequencies. Values from individual animals are shown and

horizontal bars represent median. Data were pooled from 4 independent experiments and statistical significance estimated by Kruskal-Wallis test followed by a

post-hoc Dunn’s multiple comparison test is indicated as follows *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.
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largely unaffected by Tcf4 haplodeficiency (Figure 3C). Similar
results were observed from the quantification of autoreactive
IgM (Figure S3). Importantly, Tcf4 haplodeficiency in Sle1.Sle3
lupus pronemice strongly reduced the levels of most autoreactive
IgGs (Figure 3C), consistent with our previous observation (13).
Collectively these results demonstrate that pDC impairment
due to Tcf4 haplodeficiency does not impact the production of
autoantibodies inWas-deficient animals.

Tcf4 Haplodeficiency Does not Affect
Colitis Development in Was-Deficient Mice
In addition to systemic autoimmunity, WASP-deficient
individuals (10%) and mice (100%) develop spontaneous colitis
(43). Colitis development in animals lacking WASP is mediated
by CD4+ T cells (44) and facilitated by innate immune cells (45).
Therefore, we studied whether pDC impairment affects colitis
development in Was-deficient mice. Mice were analyzed at 6
months of age, and at that time they did not show rectal prolapse,
rectal bleeding or major weight loss (not shown). However, the
colon length of Was−/y mice was significantly shorter than that
of WT control animals (Figures 4A,B). The reduction in colon
length, which is a sign of colonic inflammation, was similar in
Was−/y Tcf4+/− mice (Figures 4A,B). Histological analysis of
the large intestine of Was−/y and Was−/y Tcf4+/− mice showed
severe colitis (Figure 4C). Irrespectively of Tfc4-haplodeficiency,
colons of Was-deficient animals exhibited diffuse leukocyte
infiltration, epithelial dysplasia and crypt dropout (Figure 4D).
While CD4+ T cells were previously described as the main
constituents of this leukocyte infiltration [43], we also noted
an accumulation of plasma cells (black arrows) and Russell
bodies (plasma cells accumulating Ig, white arrows) in the
colon of Was−/y and Was−/y Tcf4+/− mice (Figure 4D).
Similar levels of colonic inflammation were observed in mice
that were analyzed at 10 months of age (not shown). These
results indicate that Tcf4 haplodeficiency, which specifically
impairs pDC numbers and function, does not prevent the
development of colitis in Was-deficient mice. The expression of
IFN-inducible marker Sca-1 on lymphocytes is a faithful marker
of aberrant IFN signaling (46) and was specifically reduced by
Tcf4 haplodeficiency in SLE-prone mice (13). In contrast, we did
not observe any increase in Sca1 expression on T and B cells
from Was−/y mice compared to WT controls (Figure S4A).
In addition, the expression profile of IFN-I inducible genes
in the spleen (Figure S4B) and the colon (Figure S4C) were
similar in WT control mice and Was−/y mice regardless of
their Tcf4 status. Overall, genetic impairment of pDCs did
not affect autoimmunity or IBD caused by Was deficiency
suggesting that these cells are largely dispensable in this
model.

Conditional Deletion of Tcf4 Depletes
pDCs in Il10-Deficient Mice
Because Tcf4 haplodeficiency results in only a partial impairment
of pDCs, we sought to examine the effect of a more profound
pDC depletion on colitis. To this end, we used mice in which

conditional (floxed) alleles of Tcf4 are combined with a DC-
specific Itgax (CD11c)-Cre deleter strain (35). As Tcf4 is not
expressed by cDCs, Itgax-Cre mediated deletion of Tcf4 affects
only pDCs and causes their profound constitutive depletion
(15). We crossed the DC-specific Tcf4 conditional knockout
(CKO) strain with Il10-deficient mice (Il10−/−) that develop
colitis resembling human IBD (33). Although colitis in IL10-
deficient humans develops early in childhood, in Il10-deficient
mice on pure C57BL/6J background, colitis only occurs in adult
animals and in a milder form of disease than observed in other
genetic backgrounds [47]. We next analyzed Il10−/− Itgax-Cre−

Tcf4flox/flox (Il10−/− Tcf4Fl/Fl), Il10−/− Itgax-Cre+ Tcf4flox/flox

(Il10−/− Tcf4CKO), and Il10+/+ Tcf4Fl/Fl (WT) control mice at 3
months of age to evaluate the impact of such targeting on pDC
distribution. The frequency of pDCs was consistently reduced
in the spleen and MLNs of Il10−/− Tcf4CKO mice compared
to both WT and Il10−/− Tcf4Fl/Fl controls (Figures 5A,B).
This reduced frequency was associated with significantly lower
absolute numbers of pDCs in the spleen and MLNs of Il10−/−

Tcf4CKO mice compared to controls (Figure 5B). Although
conditional loss of Tcf4 had a slight effect on the frequency of
overall cDCs in the spleen compared to WT controls, there was
no impact on the absolute numbers or other detectable change
in the subsets of cDCs (Figures S5A,B). An increased number of
cDCs as well as variation in the frequency and numbers of cDC
subsets were observed in the MLN upon Il10 deficiency and were
independent of the conditional loss of Tcf4 (Figure S5B). Thus,
conditional deletion of Tcf4 in mice that are deficient for Il10
causes specific and constitutive pDC ablation.

pDC Depletion Does not Affect the
Aberrant Immune Activation in
Il10-Deficient Mice
In contrast to Was-deficient mice, Il10−/− mice do not
show major signs of systemic autoimmunity. Indeed, T and
B cells develop normally and no aberrant production of
autoantibodies is detected in mice that lack IL-10 [33]. Although
Il10−/− Tcf4Fl/Fl and Il10−/− Tcf4CKO animals had a minor
splenomegaly compared to WT controls, there was no difference
in spleen cellularity (Figure 6A). However, Il10−/− Tcf4Fl/Fl mice
consistently showed an increase in MLN cell numbers that is
associated with intestinal inflammation and was also detected
in Il10−/− Tcf4CKO animals (Figure 6B). The increased MLN
cellularity was primarily associated with significantly increased
numbers of T and B cells (Figure 6B). In addition, we observed
a modest increase in CD4+ T cell activation in the MLN,
but not the spleen, of Il10−/− Tcf4CKO mice (Figure S6A).
Although alterations in the frequency of B cell subsets in the
spleen were detected in Il10-deficient animals regardless of
Tcf4 status compared to WT control, the absolute numbers
for each B cell subset show no major differences across all
the analyzed mice (Figure S6B). Despite the trend of reduced
frequency, the number of GCBs was significantly increased in
the MLN in Il10−/− Tcf4CKO animals due to the increased MLN
cellularity (Figure S6B). T and B cells both in the spleen and
MLN of Il10−/− Tcf4Fl/Fl mice showed increased expression
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FIGURE 3 | Tcf4 haplodeficiency does not affect autoreactive antibody production in Was-deficient mice. Sera from WT, Was−/y, or Was−/y Tcf4+/− mice were

obtained at 30 weeks of age and analyzed for autoreactive antibody production. (A) Anti-dsDNA IgG levels in the sera of indicated mice were determined by ELISA.

Data were pooled from 4 independent experiments and bars represent the median. (B) ANA staining of IgG (red) using fixed Hep-2 cells following incubation with the

sera of mice with the indicated genotype as analyzed by fluorescent microscopy. Images are representative of 2 independent staining experiments that include 6

animals for each genotype. (C) IgG autoreactivity in the indicated mice at 30 weeks of age as measured by an antigen array. Shown are heat maps of the relative IgG

seroreactivity to the indicated antigens. Statistical significance estimated by Kruskal-Wallis test followed by a post-hoc Dunn’s multiple comparison test is indicated as

follows **P ≤ 0.01, ***P ≤ 0.001.
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FIGURE 4 | No significant impact of Tcf4 haplodeficiency on colitis development in Was-deficient mice. WT, Was−/y or Was−/y Tcf4+/− mice were analyzed at 30

weeks of age. (A) Representative pictures of colon (scale bars, 1 cm) and (B) colon lengths from individual mice of the indicated genotype are shown. Bars represent

median value. Data were pooled from 4 independent experiments. (C) Histopathological scores of the colon pathology were determined from individual indicated

animals. Bars represent the median, and data were pooled from 3 independent experiments. (D) Colon paraffin sections of the indicated mice were stained by

hematoxylin and eosin (H&E) and analyzed by microscopy. Upper panels taken at 10X magnification (scale bar, 100µm) and lower panels show a 40X magnification

(scale bar, 10µm) of the indicated area (square). In the magnified panels, black arrows indicate plasma cells and white arrows Russell bodies. Images are

representative of at least 5 animals in each group from 3 independent experiments. Statistical significance estimated by Kruskal-Wallis test followed by a post-hoc

Dunn’s multiple comparison test is indicated as follows *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.

of Sca1, and such increased Sca1 expression was also found
in Il10−/− Tcf4CKO mice (Figures 6C,D). Sca1 was previously
described to be a reliable marker of elevated IFN signaling
(46), and we have recently confirmed that Sca1 expression is
abolished in Ifnar-deficient T and B cells (our unpublished data).
Therefore, the induction of Sca1 in Il10−/− mice independently
of Tcf4 ablation suggests that pDCs are not the major source
of the aberrant IFN-I signaling induced by Il10 deficiency.
These results demonstrate that profound pDC depletion does
not affect the immune activation observed in Il10-deficient
mice.

pDC Depletion Does not Prevent the
Development of Colitis in Il10-Deficient
Mice
As expected, Il10 deficiency was associated with the development
of rectal prolapse. Indeed, 2 out of 8 Il10−/− Tcf4Fl/Fl mice
and 3 out 8 Il10−/− Tcf4CKO mice showed rectal prolapse,
while none of the 7 WT control mice did (Figure 7A). Rectal
prolapse only occurred in adult animals when they were older
than 2.5 months (Figure 7B). In addition, Il10−/− Tcf4Fl/Fl

mice displayed a significant shortening of their colon, indicating
the presence of colonic inflammation (Figure 7C). Although
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FIGURE 5 | DC-specific deletion of Tcf4 significantly depletes pDCs in Il10-deficient mice. Il10−/− Itgax-Cre− Tcf4flox/flox (Il10−/− Tcf4Fl/Fl) or Il10−/− Itgax-Cre+

Tcf4flox/flox (Il10−/−Tcf4CKO) littermates with DC-specific Tcf4 CKO were analyzed along WT controls at 15 weeks of age. (A,B) pDCs were analyzed by flow

cytometry of cells from the spleen and MLN. The frequency of CD11b− CD11c+ Siglec H+ pDCs is indicated in each plot. (B) Frequency and absolute numbers of

CD11b− CD11c+ Siglec H+ pDCs among total live cells in the spleen and MLN of individual animals are shown, and horizontal bars indicate the median. Data

represent 3 independent experiments. Statistical significance estimated by Kruskal-Wallis test followed by a post-hoc Dunn’s multiple comparison test is indicated as

follows *P ≤ 0.05, **P ≤ 0.01.

more variability among animals was observed, a trend for
reduced colon length was also observed in Il10−/− Tcf4CKO

mice (Figure 7C). We next performed histological analysis of the
colon sections and observed a significantly increased pathological
scores in both Il10−/− Tcf4Fl/Fl and Il10−/− Tcf4CKO animals
compared to WT ones (Figure 7D). Colon pathology in Il10−/−

Tcf4Fl/Fl and Il10−/− Tcf4CKO mice included massive leukocyte
infiltration, neutrophils within the epithelium and lumen, crypt
abscesses, epithelial dysplasia, and crypt damage (Figure 7E).
Collectively, these histological features are characteristic of the
substantial colonic inflammation caused by loss of IL-10, and
their development was unaffected by specific pDC depletion.

DISCUSSION

We have explored the function of pDCs in IBD pathogenesis in
mice that lack WASP or IL-10 and consequently spontaneously
develop colitis. We observed that specific abrogation of pDCs
does not impact the development of IBD in vivo in either model.
The specific deletion of pDCs was achieved through targeting
of the transcription factor TCF4, which is the master regulator
of pDC fate and maintenance (32, 39). Indeed, we established a
global monoallelic deletion of Tcf4 in Was-deficient mice that

causes a constitutive reduction in pDC numbers and a DC-
specific loss of Tcf4 in Il10-deficient mice inducing a complete
and constitutive pDC abrogation. Such targeting of pDCs has
been extensively analyzed previously. Indeed, we have shown that
Tfc4 haplodeficiency strongly impairs pDC ability to produce
IFN-I in response to CpG-ODNA (32) and pushes them toward a
“cDC-like” phenotype (32, 39). In addition, conditional ablation
of Tcf4 was also reported to reduce pDCs numbers and ablate
pDCs-driven IFN-I response upon viral infections (48). The great
majority of these studies revealed that cDCs are not affected
by Tcf4 haplodeficiency nor its complete conditional ablation,
demonstrating the specificity of this system for targeting pDCs.
Tcf4 haplodeficiency and conditional targeting were also shown
to ameliorate the development of SLE (13) and type 1 diabetes
(15) in vivo, confirming key roles for pDCs in such pathologies.
Finally, an identical Tcf4 targeting was also used to rule out the
involvement of pDCs in an experimental model of psoriasis (49),
and we now extend these observations to genetic models of IBD.

WASP regulates leukocyte actin dynamics, controlling
migration and a variety of effector functions (50). Deficiency in
WASP causes the X-linked Wiskott-Aldrich syndrome that is
associated with aberrant systemic immune activation and colitis
in 10% of individuals. The aberrant systemic autoimmunity is
recapitulated in mice that lack WASP, which unlike humans
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FIGURE 6 | DC-specific deletion of Tcf4 does not impact the overall immune activation in Il10-deficient mice. Il10−/− Itgax-Cre− Tcf4flox/flox (Il10−/− Tcf4Fl/Fl) or

Il10−/− Itgax-Cre+ Tcf4flox/flox (Il10−/−Tcf4CKO) littermates with DC-specific Tcf4 CKO were analyzed along WT controls at 15 weeks of age. (A) Spleen weight and

cellularity of individual animals were measured. (B) MLN cellularity and the absolute numbers of (TCRß+) T cells and (B220+) B cells were determined by flow

cytometry from individual mice. (C,D) Sca1 expression on (TCRß+) T cells and (B220+) B cells from the spleen and MLNs was assessed by flow cytometry.

(C) Histograms show representative analysis of Sca1 expression and the MFI of Sca1 is indicated in each plot and (D) plots show Sca1 MFI of individual animals. In all

plots, horizontal bars represent the median. Data for all panels pooled from 3 independent experiments. Statistical significance estimated by Kruskal-Wallis test

followed by a post-hoc Dunn’s multiple comparison test is indicated as follows *P ≤ 0.05, **P ≤ 0.01.

develop colitis with 100% penetrance, thus representing a
relevant experimental model of IDB. While Tcf4 haplodeficiency
in Was-deficient mice specifically reduced pDC numbers it did
not affect the heightened activation of immune responses or the
development of colitis. These results differ from observations
obtained in animal models of SLE in which pDC targeting

ameliorated the overall pathology (12, 13). The observed
difference in the effect of pDC ablation between these two
diseases models is likely due to T and B cell-intrinsic functions
of WASP. Indeed, conditional Was-deficiency in B cells is
sufficient for the induction of B cell hyperactivation, loss of MZB
and aberrant production of autoantibodies directed against a
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FIGURE 7 | DC-specific deletion of Tcf4 does not prevent colitis development in Il10-deficient mice. Il10−/− Itgax-Cre− Tcf4flox/flox (Il10−/− Tcf4Fl/Fl) or Il10−/−

Itgax-Cre+ Tcf4flox/flox (Il10−/−Tcf4CKO) littermates with DC-specific Tcf4 CKO were analyzed along WT controls at 15 weeks of age. (A) Rectal prolapse in animals

of the indicated genotype. Data are represented as pie charts indicating the frequency of animals with (blue) and without (green) rectal prolapse. (B) Kaplan-Meier plot

indicating the percentage of rectal prolapse free mice over time in the indicated genotype (n = 8/genotype). (C) Colon lengths from individual mice of the indicated

genotype. Data were pooled from 3 independent experiments and horizontal bars represent the median. (D) Histopathological scores of the colon pathology were

determined from individual indicated animals. Bars represent the median and data were pooled from 3 independent experiments. (E) Colon paraffin sections of the

indicated mice were stained by H&E and analyzed by microscopy (scale bars, 100µm). Upper panels represent a 10X magnification (scale bar, 100µm) and lower

panels show a 40X magnification (scale bar, 10µm) of the indicated area (square). Images are representative of 6 animals in each group from 3 independent

experiments. Statistical significance estimated by Kruskal-Wallis test followed by a post-hoc Dunn’s multiple comparison test is indicated as follows *P ≤ 0.05.

variety of self-molecules including DNA (40). Although, TCF4
is also expressed at low levels in B cells we did not observe
significant differences in B cell phenotype and function between
Was−/y and Was−/y Tcf4+/− mice ruling out B cell-intrinsic
effect of Tcf4 haplodeficiency. This conclusion is also supported
by our previous observation and two recently published

reports showing respectively that Tcf4 haplodeficiency (32) and
conditional deletion specifically in B cells (51, 52) did not affect
their overall development, phenotype or function. The absence
of a B cell intrinsic TCF4 function is thought to be due to its
redundancy with the homologous E protein E2a (encoded by
Tcf3) (51, 52). In addition, WASP also regulates the function of
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T cells (43), particularly the suppressive potential of Tregs (53).
Accordingly, transfer of Was-deficient CD4+ T cells into Rag2-
deficient mice is sufficient to induce colitis (44). Was-deficient
innate immune cells were also suggested to exacerbate colitis
after the observation that the transfer of WT naïve CD4T cells
inWas/Rag1 double-deficient mice induced a more severe colitis
compared to their transfer into Rag1-deficient mice (45). It was
recently shown that conditional Was-deficiency in macrophages
but not in DCs (including pDCs) in the Rag1-deficient recipients
led to the aggravation of such intestinal inflammation upon
transfer of WT naïve CD4+ T cells (54). These results thus
indicate that the IBD pathogenesis upon naïve CD4+ T cell
transfer into Was/Rag1 double-deficient mice is mainly driven
by macrophages. However, the specific contributions of both
macrophages and DCs to spontaneous colitis development in
Was-deficient mice remains to be established. Finally, WAS
patients were reported to display elevated serum levels of
IFN-I as well as an IFN-I signature, reflected by the increased
expression of IFN-I stimulated genes in PB leukocytes (29). IFN-I
causing this signature was proposed to originate from pDCs
after identifying that pDCs from WAS patients or Was-deficient
mice were more responsive to TLR9 stimulation and as a result
produced elevated levels of IFN-I (29). We were unable to detect
an IFN-I signature as measured by the expression of IFN-I
stimulated genes in Was-deficient animals and thus could not
establish a link between pDCs and the aberrant IFN-I signature
observed in WAS patients. These observations are consistent
with previous reports showing that contrary to human SLE
patients, murine models of SLE do not manifest a prominent
IFN-I signature (13, 55) despite considerable evidence for IFN-I
signaling in the pathogenesis of SLE in vivo (56, 57). Therefore,
the lack of an observable IFN-I signature does not rule out the
role of IFN-I and pDCs in murine models of autoimmunity. It
is possible that a detectable IFN-I signature may have preceded
the onset of disease (58) but was not present at late stages of the
diseases (6 months) when we measured it inWas-deficient mice.

We also studied the role of pDCs during IBD pathogenesis in
Il10-deficient mice. These mice are unable to produce the anti-
inflammatory cytokine IL-10, which is essential for the control
of immune responses and thus prevents colitis development. We
specifically depleted pDCs using conditional targeting of both
alleles of Tcf4 mediated by Itgax-Cre in Il10−/− mice. Although
this strategy profoundly diminished the pool of pDCs in Il10−/−

mice, we did not detect any major impact on the development
of colitis. The Il10−/− mice are considered the gold standard
colitis model that closely recapitulates human IBD. Mutations
in IL10 or the genes encoding its receptors IL10RA/IL10RB
in humans were shown to cause autosomal recessive disease
with CD-like colitis (59) and GWAS studies have identified
associations between these three genes and sporadic IBD (60).
While IL10 and IL10R deficiency in humans induces a severe
IBD that occurs early in childhood, the severity of IBD in Il10-
deficent mice is strongly dependent on the genetic background
as well as the husbandry conditions (47). In our study Il10-
deficient mice were kept on a pure C57BL/6J background and
housed in Specific Pathogen Free (SPF) conditions, both of
which are factors associated with an attenuated IBD phenotype

that is initiated only in adult animals. Therefore, our results
provide strong genetic evidence in an experimental model of
adult IBD with clear relevance to the human pathology that
pDCs are dispensable in colitis pathogenesis. These results are
in accordance with the observation that specific loss of Il10ra in
macrophages is sufficient to phenocopy the global Il10 deficiency
(61). Indeed, IL-10 appears to act primarily on macrophages to
prevent the development of colitis. This protective role of IL-
10 was recently attributed to its ability to induce the metabolic
reprogramming of macrophages subsequently preventing their
aberrant production of IL-1β (62).

In contrast to our observations, pDCs were previously
proposed to play an important role in colitis, exacerbating the
overall IBD pathogenesis (29, 30). Using Siglec-H DTR knock
in mice to inducibly deplete pDCs following DT treatment,
Arimura et al. concluded that pDC depletion ameliorates DSS-
induced colitis (30). In these settings pDCs were proposed to
play an important role in the recruitment of pro-inflammatory
monocytes and macrophages into the inflamed intestinal
epithelium, consequently exacerbating the disease (30). Such
discrepancies with our observations may be due to the use of
different models of colitis and systems for pDC ablation. We
used genetic IBDmodels that are T cell-dependent while Arimura
et al. used T cell-independent DSS-induced colitis that arises
from disruption of the intestinal barrier, which allows the entry
of luminal microbes into the intestinal mucosa and consequently
activates innate immune responses (63). Furthermore, Siglec H
is not restricted to pDCs and was shown to be expressed on a
subset of intestinal macrophages (31). Therefore, treatment of
Siglec-H-DTR mice with DT should not only deplete pDCs but
also a population of intestinal macrophages that may participate
in the disease induced by DSS. In addition, pDCs were also
suggested to contribute to development of IBD in Was-deficient
mice (29). Prete et al. found that pDCs lacking Was produce
heightened levels of IFN-I and that Ifnar-deletion in Was-
deficient mice reduced the overall pathology including colitis
(29). Although these results indicate an important role of IFN-
I signaling in colitis development inWas-deficient mice, whether
pDCs are the major source of this pathogenic IFN-I was not
established. Our results demonstrating no impact of Tcf4 specific
targeting on the occurrence and the severity of colitis in Was-
deficient animals argue against an important role of pDCs in
this process.

Overall pDCs appear to be dispensable for disease
development in common monogenic models of IBD. They
may have a minor role in IBD that arises upon destruction of
the intestinal barrier by environmental factors such as DSS.
In this model pDCs do not appear to be the main effectors
of IBD development, but rather exacerbate the disease [30].
Nevertheless, pDCs may contribute to the development of colitis
when aberrantly activated. Accordingly, specific ablation of the
inhibitory protein tyrosine phosphatase receptor type S (PTPRS)
on pDCs was associated with the development of mild intestinal
inflammation in mice (64). Lack of PTPRS on pDCs resulted in
spontaneous IFN-I production by pDCs, which may be involved
in establishing this inflammation. pDCs were also suggested
to promote tolerance and ameliorate IBD upon stimulation

Frontiers in Immunology | www.frontiersin.org 13 October 2018 | Volume 9 | Article 2475

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Sawai et al. pDCs Are Dispensable for Colitis

by enteric viruses (65). While enteric viruses activate pDC
production of IFN-I ex-vivo (65), direct in vivo evidence for pDC
functions in the prevention of colitis development after infection
with enteric viruses has not been demonstrated. Similarly, it
was shown that IFN-I production resulting from CpG-ODN A
stimulation protects mice from the development of experimental
and spontaneous models of IBD induced by DSS treatment and
Il10-deficiency, respectively (66, 67). The preventive impact
of CpG-ODN A treatment on the overall IBD pathogenesis
was shown to depend on IFNAR and TLR9 signaling (66, 67).
However, whether pDCs play an important role in this process
was not addressed. Therefore, it appears that IFN-I plays a
controversial role in IBD, either contributing to the disease when
aberrantly produced in a chronic manner or ameliorating the
disease when acutely stimulated. The function of IFN-I in IBD
thus needs further clarification as well as the role of pDCs as
a source of such IFN-I. On the other hand, independently of
IFN-I, pDCs were shown to mediate the protective role of PSA in
IBD pathogenesis induced by intra-rectal administration of the
haptenating agent 2,4,6-trinitrobenzene sulfonic acid (TNBS)
(24). Indeed, selective depletion of pDCs following DT treatment
of BDCA-2-DTR transgenic mice (68) abrogated the beneficial
effect of PSA on IBD pathogenesis (24). This protective function
of pDCs was only observed after PSA treatment whereas pDC
depletion alone did not ameliorate colitis. These data indicate
that pDCs are not essential in IBD pathogenesis, but their
targeting by PSA may prevent colitis development, most likely
through their ability to stimulate CD4+ T cell production of
IL-10 (24).

Characterization of the deleterious role of pDCs in multiple
autoimmune disorders such as SLE (12, 13), systemic sclerosis
(14), and type I diabetes (15) has led to the development of
novel therapeutic strategies aimed at specifically depleting pDCs
(17). Our results indicate that such therapies may not benefit
IBD patients. On the other hand, the observation that pDC-
specific deletion does not impact IBD pathogenesis suggests that
therapeutic pDC depletion will not be associated with off-target
effects within the gastrointestinal tract of treated individuals.
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SUMMARY

Class-switched antibodies to double-stranded DNA (dsDNA) are prevalent and pathogenic in systemic lupus
erythematosus (SLE), yet mechanisms of their development remain poorly understood. Humans and mice
lacking secreted DNase DNASE1L3 develop rapid anti-dsDNA antibody responses and SLE-like disease.
We report that anti-DNA responses in Dnase1l3!/! mice require CD40L-mediated T cell help, but proceed
independently of germinal center formation via short-lived antibody-forming cells (AFCs) localized to extra-
follicular regions. Type I interferon (IFN-I) signaling and IFN-I-producing plasmacytoid dendritic cells (pDCs)
facilitate the differentiation of DNA-reactive AFCs in vivo and in vitro and are required for downstream man-
ifestations of autoimmunity. Moreover, the endosomal DNA sensor TLR9 promotes anti-dsDNA responses
and SLE-like disease in Dnase1l3!/! mice redundantly with another nucleic acid-sensing receptor, TLR7.
These results establish extrafollicular B cell differentiation into short-lived AFCs as a key mechanism of
anti-DNA autoreactivity and reveal a major contribution of pDCs, endosomal Toll-like receptors (TLRs),
and IFN-I to this pathway.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a systemic autoimmune
disease defined by class-switched antibodies (Abs) to nuclear
antigens. More than half of SLE patients develop high titers
of immunoglobulin G (IgG) to double-stranded DNA (dsDNA),
which correlate with disease activity, severity, and lupus
nephritis (Pisetsky, 2016; Yung andChan, 2015). B cells that pro-
duce these Abs represent major targets of emerging therapies in
SLE (Hale et al., 2018). Autoreactive B cell responses can be
driven by the germinal center (GC) reaction (Vinuesa et al.,
2009), which is supported by CD4+ follicular helper T (GC-Tfh)
cells (Lesley et al., 2006; Seo et al., 2002; Vinuesa et al., 2016).
Apart from the GC, autoreactive B cell differentiation can occur
in the extrafollicular (ExFO) regions (Jenks et al., 2018, 2019; Wil-
liam et al., 2002). The ExFO pathway in a lymphoproliferation-
driven SLE model MRL.lpr is promoted by extrafollicularly local-
ized CD4+ T-helper (ExFO-Th) cells expressing CXCR4, CD40L,
and inducible T cell costimulator (ICOS) (Odegard et al., 2008).
An ExFO T cell population in patients with lupus nephritis has

been recently defined (Caielli et al., 2019). However, the relative
contribution of the ExFO pathway and its dedicated helper
T cells to the initiation and propagation of anti-dsDNA responses
remains to be explored.
A high concentration of circulating type I interferons (IFN-I) and

the expression of IFN-stimulated gene signature in SLE patients
correlate with high anti-DNA Ab titers and disease severity (Ben-
nett et al., 2003; Kirou et al., 2005; Weckerle et al., 2011). The
overall pathogenic effect of IFN-I signaling in murine SLE has
been demonstrated (Agrawal et al., 2009; Santiago-Raber
et al., 2003), although in some cases, it appears independent
of auto-Ab production (Buechler et al., 2013). Furthermore,
both the target cells of IFN-I signaling and the IFN-I-producing
cell types in auto-Ab responses are poorly understood. Plasma-
cytoid dendritic cells (pDCs) are efficient producers of IFN-I that
promote SLE pathogenesis (Rowland et al., 2014; Sisirak et al.,
2014). However, other cell types such as stromal follicular den-
dritic cells (Das et al., 2017) or B cells themselves (Hamilton
et al., 2017) have been proposed as IFN-I producers in SLE.
Given the emerging therapeutic strategies to block IFN-I in SLE
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Figure 1. CD40L Deficiency in Dnase1l3–/– Mice Abolishes Autoimmunity
Wild-type (WT), Dnase1l3!/!, Cd40lg!/!, and Dnase1l3!/!Cd40lg!/! mice were examined for Abs at the indicated ages or at the 12-month endpoint.

(A) Serum anti-dsDNA IgG titers measured by ELISA.

(B) CLIFT assay for anti-dsDNA IgG (representative ofR 4 mice per strain). Arrow indicates positive staining of the kinetoplast. Scale bar, 100 mm (insets, 20 mm).

(C and D) ANA assay, showing images representative of R8 mice per strain (C), and quantitation of fluorescence intensity (D). Scale bars, 100 mm.

(E and F) Frequency of anti-dsDNA (E) and anti-nucleosome (anti-Nuc) (F) AFCs in the bone marrow (BM) or spleen as determined by ELISpot.

(G) Fractions of effector and naive T cells among splenic CD4+ T cells at the endpoint.

(legend continued on next page)
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(Muskardin and Niewold, 2018), the precise cellular sources and
mechanisms of IFN-I activity in anti-dsDNA responses warrant
clarification.

Aberrant immune activation via innate pathways of nucleic
acid (NA) sensing plays a fundamental role in SLE. The key
extracellular NA-sensing pathway involves MyD88-dependent
endosomal Toll-like receptors (TLRs) TLR7 and TLR9 that
recognize single-stranded RNA and unmethylated DNA,
respectively. Both receptors are expressed in B cells and
pDCs and facilitate auto-Ab production and IFN-I secretion
by these respective cell types in response to endogenous
NAs (Barrat et al., 2005; Leadbetter et al., 2002). TLR7 is
necessary for autoreactivity in all tested models, and its aber-
rant expression facilitates SLE in mice and humans (Celhar
et al., 2012). The loss of TLR9 reduces anti-nucleosome (anti-
Nuc) Abs yet exacerbates the disease in some SLE models,
suggesting a net tolerogenic effect of this receptor (Christensen
and Shlomchik, 2007; Sharma et al., 2015). These results
remain to be reconciled with the activation of IFN-I production
in human pDCs by extracellular DNA via TLR9 (Barrat and Su,
2019) and pose a fundamental question about the innate mech-
anisms driving anti-DNA responses in SLE.

DNASE1L3 is a secreted DNase that is a critical gatekeeper
of tolerance to DNA. Homozygous null mutations in DNA-
SE1L3 cause rare familial forms of SLE with anti-dsDNA Ab
responses (Al-Mayouf et al., 2011; Ozçakar et al., 2013).
Furthermore, a coding polymorphism that reduces DNASE1L3
activity is associated with SLE, scleroderma, and arthritis
(Westra et al., 2018; Zochling et al., 2014). Finally,
Dnase1l3!/! mice develop rapid and specific anti-dsDNA re-
sponses, followed by generalized immune activation and
SLE-like disease (Sisirak et al., 2016; Weisenburger et al.,
2018). DNASE1L3 acts extracellularly to reduce the availability
of antigenic cell-free DNA, e.g., by restricting DNA length (Ser-
pas et al., 2019) and reducing its exposure on apoptotic cell
microparticles (Sisirak et al., 2016). Thus, Dnase1l3!/! mice
represent a clinically relevant model of anti-dsDNA responses
driven by extracellular DNA, in which these responses can be
studied independently of other auto-Abs, lymphoproliferation,
or systemic inflammation.

Here, we took advantage of the specificity and defined ki-
netics of this model to address the cellular and molecular ba-
sis of dsDNA-specific Ab responses. We identified a central
role of CD40 ligand (CD40L)-dependent ExFO differentiation
in anti-DNA reactivity and established pDC-derived IFN-I as
an important signal for its maintenance. We also found that
TLR9 promoted anti-DNA responses and the resulting pathol-
ogy, and this effect was partially redundant with TLR7. Thus,
extracellular self-DNA drives TLR-dependent IFN-I production
and continuous ExFO differentiation of Ab-forming cells
(AFCs) that drive anti-DNA autoreactivity and pathology
in SLE.

RESULTS

Anti-DNA Reactivity and Autoimmunity in Dnase1l3-
Deficient Mice Require CD40L
To test whether rapid anti-Nuc and anti-dsDNA responses in
Dnase1l3!/! mice (Sisirak et al., 2016) depend on T cell help
via CD40L-CD40 signaling (Lesley et al., 2006), we deleted
Cd40lg inDnase1l3!/!mice. WhileDnase1l3!/!mice developed
high titers of anti-dsDNA IgG, Dnase1l3!/!Cd40lg!/! mice did
not develop any anti-dsDNA Abs detectable by ELISA or
Crithidia luciliae immunofluorescence test (CLIFT) (Figures 1A
and 1B). They also did not show reactivity to nuclear
antigens in the anti-nuclear Ab (ANA) assay (Figures 1C and
1D). Accordingly, dsDNA- and Nuc-reactive AFCs in the bone
marrow (BM) and spleen were undetectable by ELISpot in
Dnase1l3!/!Cd40lg!/! mice (Figures 1E and 1F). Whereas the
numbers of mature follicular (FO) B cells were unaffected
(Figure S1A), Dnase1l3!/!Cd40lg!/! mice harbored a reduced
fraction of IgG+ AFC (Figures S1B and S1C) and lower total
IgG titers compared to Dnase1l3!/! mice, although they were
similar to those in wild-type (WT) mice (Figure S1D). However,
unlike total IgG responses, anti-dsDNA AFCs and Abs were
completely abrogated (Figures 1A, 1B, 1E, and S1B).
Consistent with disrupted CD40L signaling, the fractions of

CD62L!CD44hi effector CD4+ T cells were significantly lower
while those of naive CD62L+CD44!CD4+ T cells were higher in
Dnase1l3!/!Cd40lg!/! compared to WT and Dnase1l3!/! mice
(Figure 1G). In parallel, the frequency of CD4+CD25hiFoxp3+ reg-
ulatory T (Treg) cells was significantly reduced in
Dnase1l3!/!Cd40lg!/! mice (Figure S1E). As expected, GC B
cells were completely absent in Dnase1l3!/!Cd40lg!/! mice
(Figures S1F and S1G), and GC-Tfh cells were also reduced (Fig-
ure S1H). Notably, Dnase1l3!/!Cd40lg!/! mice lost manifesta-
tions of generalized immune activation such as progressive
expansion of Ly6C! monocytes in the blood (Figure 1H) and
splenomegaly (Figure S1I). Dnase1l3!/! mice on the C57BL/6
(B6) background do not develop overt glomerulonephritis but
have enlarged glomeruli at 1 year of age (Sisirak et al., 2016).
We observed a complete restoration to normal glomerular size
in Dnase1l3!/!Cd40lg!/! mice (Figures 1I and 1J). Thus, anti-
dsDNA responses and all disease manifestations in Dnase1l3!/!

mice require CD40-CD40L signaling, suggesting a strict T cell
dependence and revealing the primary role of auto-Abs in this
model of SLE-like disease.

Germinal Center Formation Is Dispensable for
Autoreactivity
Spontaneous formation of GC in the absence of infection or
immunization requires TLR7, whose deletion abolishes GC for-
mation and autoreactivity in several models of autoimmunity
(Jackson et al., 2014; Soni et al., 2014). To test whether the T-
cell-dependent anti-dsDNA response requires GC formation,

(H) Fractions of CD11b+Ly6C! population among total peripheral blood mononuclear cells (PBMCs) at indicated time points.

(I) Glomeruli from H&E-stained kidney sections (representative of three or more mice per group). Scale bars, 50 mm.

(J) Size of R20 glomeruli per kidney section from R3 mice per group.

In (A) and (H), significant differences betweenDnase1l3!/! versusDnase1l3!/!Cd40lg!/!mice are shown. Symbols represent individual mice, except in (J), where

they represent individual glomeruli. All bars indicate median. *p % 0.05, **p % 0.01, ***p % 0.001, and ****p % 0.0001.

See also Figure S1.
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Figure 2. TLR7-Deficient Dnase1l3–/– Mice Do Not Develop GCs but Retain Anti-DNA Reactivity
WT, Dnase1l3!/!, Tlr7!/!, and Dnase1l3!/!Tlr7!/! mice were examined for Abs at the indicated ages or at the 12-month endpoint.

(A) Fraction of CD38! GL-7+ GC B cells among splenic B cells at the endpoint.

(B) Spleen sections stained for GC B cells (green) and follicular B cells (blue). Representative of R3 mice per group. Scale bars, 30 mm.

(C and D) Serum anti-dsDNA (C) and anti-Nuc (D) IgG titers measured by ELISA.

(E and F) Frequency of anti-dsDNA (E) and anti-Nuc (F) AFCs in the BM or spleen as determined by ELISpot.

(legend continued on next page)
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we generated Dnase1l3!/!Tlr7!/! mice. The absence of TLR7 in
bothWT andDnase1l3!/!mice significantly reduced the fraction
of GCB cells andGC formation in the spleen (Figures 2A and 2B).
Despite the loss of GCs, Dnase1l3!/!Tlr7!/! mice accumulated
anti-dsDNA and anti-Nuc Abs (Figures 2C and 2D) and AFC (Fig-
ures 2E and 2F) comparably to GC-sufficient Dnase1l3!/! mice.
Dnase1l3!/!Tlr7!/! mice also showed positive ANA with a char-
acteristic perinuclear and homogeneous staining pattern (Fig-
ures 2G–2I) and characteristic kinetoplast staining specific for
dsDNA by CLIFT (Figure 2J). Accordingly, TLR7 deficiency did
not rescue splenomegaly in old Dnase1l3!/! mice (Figure 2K).

We tested whether anti-dsDNA Abs in Dnase1l3!/!Tlr7!/!

mice might be produced by GC B cells residing in the lymph no-
des (LNs). Unlike spleens, LNs of Dnase1l3!/!Tlr7!/! mice
harbored a substantial number of GC B cells (Figure S2A), as
well as total class-switched IgG+ B cells (Figure S2B). However,
dsDNA and Nuc-reactive AFCs were virtually absent from the LN
of both Dnase1l3!/! or Dnase1l3!/!Tlr7!/! mice (Figures S2C
and S2D), suggesting that the bulk of autoreactive AFCs were
generated in the spleen. Thus, the ablation of TLR7-dependent
GC formation does not affect anti-dsDNA responses in
Dnase1l3!/! mice, arguing against a major role of the GC
pathway in this process.

Autoreactivity Is Driven by ExFO B Cell Differentiation
Given that DNA-specific AFCs were abundant in the spleens of
Dnase1l3!/! mice, we stained spleen sections for markers of
GCs (GL7), plasmablasts (PBs) and plasma cells (CD138), and
macrophages bordering the follicular areas (CD169). In WT
spleens, small clusters of CD138+ cells were localized near the
bridging channels between the follicular and MZs (Figures 3A).
In contrast, Dnase1l3!/! mice showed an expansion of
CD138+ cells outside of the follicular areas (Figures 3A and
S3A). By flow cytometry, we noted a 2-fold increase in the frac-
tion of CXCR3+MHCIIhi AFCs (Shi et al., 2015) among CD138+ B
cells in Dnase1l3!/! splenocytes; these cells were almost unde-
tectable in the absence of CD40L (Figures S3B and 3B). To target
the proliferative PBs rather than long-lived plasma cells, we
treated Dnase1l3!/! mice with cyclophosphamide or PBS for
3 days. 4 days later, mice were injected with thymidine analog
5-ethynyl-20-deoxyuridine (EdU) to label proliferating cells and
examined 12 h later. Cyclophosphamide treatment significantly
reduced the fractions of total EdU+, CD138+ PB, and GL7+-

CD38! GC B cells among total B cells (Figure S3C). Notably,
cyclophosphamide caused a major reduction in splenic dsDNA-
and Nuc-specific AFCs (Figure 3C) and a similarly significant
reduction in anti-dsDNA and anti-Nuc Ab titers (Figure 3D) and
ANA staining (Figure S3D). We also treated Dnase1l3!/! mice
with a B-cell-depleting Ab (anti-CD20), which rapidly reduced
FO B cells but spared CD138+ PB and GC B cells (Figures S3E
and S3F). Depletion of naive B cells significantly reduced anti-
dsDNA and anti-Nuc Abs only by 4 weeks post-treatment (Fig-

ure 3E), consistent with the depletion of B cells as a source of
PB. Finally, ELISpot analysis of sorted B cell populations showed
that dsDNA- and Nuc-specific AFCs were present only among
CD138+ PBs (Figure 3F), suggesting these short-lived cells as
the primary source of autoreactivity.
To gain insight into the receptor repertoire of B cell fractions in

Dnase1l3!/! mice, we sorted FO, GC, PB, and total IgG+ B cells
individually from two Dnase1l3!/! mice (Figures S3G and S3H)
and one age- and sex-matched WT mouse and sequenced
in bulk immunoglobulin heavy chain variable regions (VH).
Complementarity-determining regions (CDRs) of DNA-reactive
hybridomas are enriched for positively charged amino acids
arginine (Arg) and lysine (Lys), reflecting the binding to negatively
charged DNA (Radic and Weigert, 1994). Indeed, the overall
VH repertoire from PB, GC and IgG+ fractions from both
Dnase1l3!/! mice had a 2- to 3-fold higher frequency of Arg
and Lys in the CDRH3 region (Figure 3G). Among VH families,
B cells from Dnase1l3!/! mice showed increased utilization of
VH1–5 (Figure 3H), VH5–17 (Figure 3I) and VH1-81 (data not
shown). The recurrent usage of VH5–17 was previously noted
in anti-dsDNA hybridomas from a different Dnase1l3!/! strain
(Weisenburger et al., 2018), warranting its further analysis.
VH5–17 clonotypes contained more Arg and Lys residues in the
CDRH3 region specifically in the PB of both Dnase1l3!/! mice
(Figure S3I). Furthermore, in all fractions, the mean CDRH3 iso-
electric point and mean CDRH3 hydrophobicity (Kyte-Doolittle
index) were higher for the VH5–17 clonotypes in Dnase1l3!/!

mice (Figures 3J and S3J). Somatic hypermutations (SHMs) in
the VH regions were not notably higher in any of the B cell frac-
tions from Dnase1l3!/! mice, and no dominant clones were
observed (Figure S3K; data not shown). Similar to VH5–17,
CDRH3 of VH1–5 clonotypes from PB and GC fractions of
Dnase1l3!/!, but not WT, mice contained more positively
charged amino acids (Figure S3L), supporting the involvement
of VH5–17 and VH1–5 clones in DNA binding. Collectively, the
observed selection for positive charges across all CDRH3 and
within particular VH families suggests a polyclonal expansion of
DNA-reactive B cells in Dnase1l3!/! mice. The expansion was
observed in PB as well as in GC and did not involve extensive
SHM typically associated with GC reaction, further supporting
short-lived PBs as a source of anti-dsDNA reactivity in
Dnase1l3!/! mice.
Given the T-cell-dependent anti-dsDNA B cell response in

Dnase1l3!/! mice, we analyzed ExFO-Th cells (CD62L! PSGL-
1lo CXCR4hi ICOShi) (Figure S3M) and found that this population
expanded with age in Dnase1l3!/! mice (Figure 3K) in a CD40L-
dependent manner (Figures 3L and 3M). ExFO Th cells showed
the highest expression of CXCR4, CD40L, and ICOS compared
to total T cells or CD62L! PSGL-1hi T cells (Figures S3N and
S3O). In addition to their higher frequency (Figure S3P), ExFO
Th cells from Dnase1l3!/! mice also had significantly higher
expression of all three proteins compared to WT (Figures S3N

(G and H) ANA assay, showing images representative of R6 mice per strain (G), and quantitation of fluorescence intensity (H). Scale bars, 100 mm.

(I) Distribution of ANA reactivity patterns in mice from each group.

(J) CLIFT assay for anti-dsDNA IgG (representative of R 4 mice per strain). Scale bar, 20 mm.

(K) Spleen weights at the endpoint.

Symbols represent individual mice; bars indicate median. NS, not significant; **p % 0.01, and ***p % 0.001.

See also Figure S2.
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Figure 3. DNA-Reactive B Cells in Dnase1l3–/– Mice Develop Primarily through ExFO Differentiation into Plasmablasts
(A) Spleen sections representative of three to five WT or Dnase1l3!/! mice stained for CD138 (red), CD169 (blue), and GL-7 (green). Scale bar, 1,000 mm.

(B) Shown are representative flow plots and quantitation of the fraction of CXCR3+MHC-IIhi (ExFO) B cells, pre-gated on splenic TCRb!B220+CD19+CD138+ cells

from WT (open symbols), Dnase1l3!/! (red), and Dnase1l3!/!Cd40lg!/! (green) mice. CXCR3-FMO (fluorescence minus one) was used for gate allocation.

(legend continued on next page)
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and S3O). Thus, the expansion of DNA-reactive ExFO AFC in
Dnase1l3!/! mice is associated with and supported by the
expansion of ExFO Th cells. Overall, DNA-specific B cell
response appears to proceed through short-lived auto-Ab-
secreting cells with help from T cells in the ExFO regions.

IFN-I Signaling Facilitates ExFO Anti-dsDNA Responses
Given the importance of IFN-I signaling in SLE pathogenesis,
we tested its role in ExFO-driven anti-DNA responses by gener-
ating Dnase1l3!/!Ifnar1!/! mice deficient in DNASE1L3 and the
IFN-I receptor IFNAR1. The induction of IFN-I-inducible marker
Sca-1 on T and B cells (Sisirak et al., 2016) was completely
rescued in Dnase1l3!/!Ifnar1!/! mice, confirming a functional
blockade of IFN-I signaling (Figures S4A and S4B). Although
Dnase1l3!/!Ifnar1!/! mice showed the initial emergence of
anti-dsDNA and anti-Nuc IgG at 1–3 months, the titers were
reduced in the majority of animals by 3–6 months and reaching
significance at 9–12 months (Figures 4A and 4B). Accordingly,
the numbers of anti-dsDNA and anti-Nuc AFCs at the endpoint
were variable but reduced in Dnase1l3!/!Ifnar1!/! mice, reach-
ing significance for anti-dsDNA (Figures 4C and 4D). The reduc-
tion in anti-dsDNA reactivity was also observed by CLIFT (Fig-
ure S4C). Moreover, the frequency of total class-switched IgD!

IgM! IgG2a.2b+ B cells, but not GC B cells, was significantly
reduced in Dnase1l3!/!Ifnar1!/! spleens (Figures S4D and
S4E). Overall ANA reactivity was also significantly reduced in
Dnase1l3!/!Ifnar1!/! mice, with more samples showing reac-
tivity to cytoplasmic antigens (Figures 4E and 4F). Accordingly,
all features of immune activation and pathology were abolished
in Dnase1l3!/!Ifnar1!/! mice, including splenomegaly (Fig-
ure S4F), T cell activation (Figure S4G), expansion of Ly6C!

monocytes (Figure S4H), the deposition of IgG and complement
(C3) in the kidney glomeruli, and the increase in glomerular size
(Figures 4G–4K). Thus, IFN-I signaling appears dispensable for
the initial breach of tolerance to DNA but facilitates the amplifica-
tion of anti-DNA responses and their downstream pathogenic
sequelae.

Consistent with reduced anti-DNA responses, spleens of
Dnase1l3!/!Ifnar1!/! mice showed an overall decrease of
CD138+ PBs in the ExFO regions (Figures 5A and 5B), with a sig-
nificant reduction of CXCR3+ MHC-IIhi CD138+ PBs (Figures 5C
and 5D). Accordingly, the frequency of ExFO Th cells was signif-

icantly reduced in Dnase1l3!/!Ifnar1!/! mice (Figures 5E and
5F), and the elevated expression of ICOS and CD40L on these
cells was completely rescued (Figures 5G,H). Dnase1l3!/!

mouse spleens harbored multiple CD4+ T cells in close proximity
with CD138+ PB clusters in the red pulp and bridging channels
(Figure S5A) and a higher fraction of Ki67+ proliferating cells in
the GC and T cell zones, with an elevated ratio of proliferating
cells to CD4+ T cells (Figures 5I–5K and S5B). Notably, this
ratio was significantly reduced in Dnase1l3!/!Ifnar1!/! spleens
(Figure 5K). Thus, IFN-I is necessary for the maintenance of
ExFO B and T cell responses that drive autoreactivity in
Dnase1l3!/! mice.
Next, we investigated the effect of IFN-I on B cell differentia-

tion into PBs in vitro. Splenic B cells were activated with anti-
IgM and anti-CD40 in the presence of interleukin-4 (IL-4) and
increasing doses of IFN-a, which induced a dose-dependent
expression of Sca-1 and CD69 on the resulting CD138+ PBs
(Figures S5C and S5D). A similar pattern of activation and
responsiveness to IFN-a was observed between B cells from
WT and Dnase1l3!/! mice, which were used interchangeably.
Purified carboxyflurescein succinimidyl ester (CFSE)-labeled B
cells from Ifnar1+/+ or Ifnar1!/! mice were left unactivated (UA)
or activated (A) with anti-IgM, anti-CD40, and IL-4 with or without
IFN-a for 3 days. The proliferation and differentiation of CFSE-
labeled B cells into CD138+ PB were comparable between
Ifnar1+/+ and Ifnar1!/! mice in the absence of IFN-a but were
increased by IFN-a in IFNAR-proficient B cells (Figures 5L–5O
and S5E). The enhancing effect of IFN-a was not observed
when B cells were stimulated by lipopolysaccharide (LPS) in
the presence of IL-4 (Figures S5F and S5G). Consistent with pre-
vious reports (Le Bon et al., 2001; Le Bon et al., 2006), these data
suggest that IFN-I may directly facilitate antigen-receptor-driven
B cell differentiation into PBs, supporting the observed role of
IFN-I in the ExFO-driven differentiation of autoreactive B cells.

pDCs Facilitate ExFO Anti-dsDNA Responses through
IFN-I
Having established the role of IFN-I in anti-DNA reactivity in
Dnase1l3!/! mice, we tested the role of IFN-I-producing pDCs
by reducing the dosage of the pDC-specific transcription factor
TCF4 (Cisse et al., 2008; Sisirak et al., 2014).Dnase1l3!/!Tcf4+/!

mice on pure 129 background had reduced percentages of

(C and D) Frequency of anti-dsDNA and anti-Nuc Ab-forming cells (AFCs) determined by ELISpot (C) and percent change in serum anti-dsDNA or anti-Nuc IgG

titers determined by ELISA (D) in 6-month-old WT mice (open) or Dnase1l3!/! mice treated with PBS (gray) or cyclophosphamide (cyclo; red).

(E) Change in serum titers of anti-dsDNA or anti-Nuc IgG in 6-month-oldDnase1l3!/!mice after one dose (100 mg/mouse; intraperitoneally [i.p.]) of treatment with

IgG2a isotype control (gray) or anti-CD20 Ab (red) at 2 weeks and upon a second dose of a similar treatment at 4 weeks.

(F) Image of ELISpot plate representative of two experiments with twomice per experiment. Shown are two serial dilutions of anti-dsDNA and anti-Nuc AFCs from

total splenocytes of >6-month-old WT and Dnase1l3!/! mice OR from flow-sorted plasmablasts (PBs), GC B cells (GC), follicular activated B cells (FOA), and

naive follicular B cells (FO) from >6-month-oldDnase1l3!/!mice. SortedGC, FOA, and FO cells were activated for 2 hwith 5 mg/mL anti-CD40 + 1 mg/mL LPS and

plated onto DNA or Nuc-coated ELISpot plates.

(G) Percentage of clonotypes in each repertoire that contain >3 positively charged amino acids (AA) within the CDR-H3 region in FO, PB, GC, and IgG+B cells from

WT (open), Dnase1l3!/!-1 (red), and Dnase1l3!/!-2 (salmon).

(H and I) Percentage of clonotypes that use the V-gene IGHV1–5 (H), and V-gene IGH5–17 (I) in the indicated B cell subsets and mice.

(J) Mean isoelectric point of the CDR-H3 region among the clonotypes that use the V-gene IGH5-17. Each point represents one clonotype. Error bars represent

the mean and SD of all clonotypes in each group.

(K) Flow analysis of the fraction of CD62L!PSGL-1loExFO Th cells among splenic B220!TCRb+CD4+ T cells of WT and Dnase1l3!/! mice at the indicated ages.

(L and M) Representative flow plots of pre-gated splenic B220!TCRb+CD4+ cells with low ExFO Th cells shown within the gate (L); quantitation of the fraction of

ExFO Th cells (M) from >6-month-old WT, Dnase1l3!/!, and Dnase1l3!/!Cd40lg!/! mice.

For (B)–(E), (K), and (M), symbols represent individual mice, and bars indicate median. *p % 0.05, **p % 0.01, ***p % 0.001, and ****p % 0.0001.

See also Figure S3.

ll
Article

1028 Immunity 53, 1022–1038, June 16, 2020



A B C

D E F

G H I

J K

Figure 4. Autoreactivity and Autoimmune Manifestations in Dnase1l3–/– Mice Are Facilitated by IFN-I Signaling
WT, Dnase1l3!/!, Ifnar1!/!, and Dnase1l3!/! Ifnar1!/! mice were examined for Abs at the indicated ages or at the 12-month endpoint.

(A and B) Serum anti-dsDNA (A) and anti-Nuc (B) IgG titers determined by ELISA.

(C and D) ELISpot analysis of the number of anti-dsDNA (C) and anti-Nuc (D) AFCs in BM or spleen cells.

(E) Images of HEp-2 cells stained with sera to detect ANAs (representative of nR 5 per strain). Scale bars, 100 mm. Pie charts with numbers indicate distribution of

ANA reactivity patterns in mice from each group.

(F) Quantitation of ANA fluorescence intensity.

(legend continued on next page)
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pDCs compared to Tcf4+/+Dnase1l3!/! littermates (Figure S6A),
which was also shown to be accompanied by profoundly
impaired IFN-I production (Cisse et al., 2008). As expected, B
cell subsets, including naive CD23hi CD21lo FO B cells and
CD23lo CD21hi IgMhi marginal zone (MZ) B cells, were compara-
ble toWT (Figures S6B and S6C). The induction of Sca-1 expres-
sion on B and T cells was rescued in Dnase1l3!/! Tcf4+/! mice
(Figures S6D and 6E), suggesting a global decrease of IFN-I
production. Similar to IFNAR1 deficiency, pDC impairment
in Dnase1l3!/! mice caused a significant reduction of anti-
dsDNA and anti-Nuc IgG titers starting at 5–6 months of age
(Figures 6A and 6B). Accordingly, splenic anti-DNA AFCs were
also significantly reduced in 1-year-old Dnase1l3!/!Tcf4+/!

mice (Figure 6C), concomitant with reduced expansion of
CD138+ PBs in ExFO regions (Figures 6D and 6H) but normal
GC B cell numbers (Figure S6F). Dnase1l3!/!Tcf4+/! mice also
showed a tendency toward reduced ANA; although the effect
was variable, the ANA pattern showed a higher propensity for
dual nuclear and cytoplasmic staining (Figures 6E, 6I, and 6J).
The reduction in anti-dsDNA titers was further confirmed
by CLIFT, wherein only two out of seven sera from
Dnase1l3!/!Tcf4+/! mice were positive compared to five out of
seven samples from Dnase1l3!/! mice at a 1:25 dilution (Fig-
ure 6F). A similar reduction of anti-dsDNA titers and a shift
toward cytoplasmic ANA staining was observed after the treat-
ment of Dnase1l3!/! mice with anti-SiglecH monoclonal Ab
(mAb), which inhibits IFN-I production by pDCs (data not shown).
All other manifestations of autoimmunity were abolished in
Dnase1l3!/!Tcf4+/! mice, including splenomegaly (Figure 6K),
T cell activation (Figure S6G), glomerular deposition of C3 and
IgG (Figure S6H), and increased size of kidney glomeruli (Figures
6G and 6L). Overall, pDC impairment by Tcf4 haplodeficiency
phenocopied the loss of IFN-I signaling in Dnase1l3!/! mice,
suggesting pDCs as the primary source of pathogenic IFN-I.

Immunofluorescence staining of Dnase1l3!/! spleens re-
vealed the accumulation of B220lo SiglecH+ pDCs near the
clusters of CD138+ PBs at the border of T cell zones, with
frequent juxtaposition of the two cell types (Figure S6I).
Although short of a formal proof, these data suggest that
some pDCs are located in the ExFO region and may directly
interact with proliferating PBs. Finally, we activated primary
pDCs to produce IFN-a with the TLR9 ligand CpG-A
(Figures S6J and S6K) and tested their effect on B cell
differentiation. CFSE-labeled B cells from Dnase1l3!/! or
Dnase1l3!/!Ifnar1!/! mice were stimulated for 3 days with
anti-IgM, anti-CD40, and IL-4 in the absence or presence of
CpG-A-stimulated pDCs. CpG-A-stimulated pDCs signifi-
cantly increased the proliferation and differentiation of acti-
vated B cells into CD138+ SSChi PBs, and this effect
was abolished by IFNAR1 deficiency (Figures 6M, 6N, S6L,
and S6M). We confirmed that IFNAR1 was expressed on
activated B cells (Figure S6N), IFN-a was detectable in the

co-culture supernatant only when pDCs were activated with
CpG (Figure S6O), and CD69 was not upregulated on
IFNAR1-deficient B cells (Figure S6P). Collectively, these
data suggest that pDCs, via the production of IFN-I, directly
facilitate anti-DNA responses driven by ExFO B cell
differentiation.

Endosomal TLR Signaling Drives Anti-DNA Reactivity
and SLE-like Disease
The observed contribution of pDCs, along with the essential
requirement for MyD88-dependent signaling (Sisirak et al.,
2016), suggested the role of endosomal TLRs in anti-DNA
reactivity. Having excluded the sole contribution of TLR7,
we generated Dnase1l3!/!Tlr9!/! mice deficient in DNASE1L3
and the endosomal DNA sensor TLR9. Compared to
Dnase1l3!/! mice, these mice showed only a modest reduc-
tion of anti-Nuc Abs but similar titers of anti-dsDNA Abs (Fig-
ures 7A and 7B) and similar numbers of anti-dsDNA and anti-
Nuc AFCs (Figure 7C). Furthermore, CXCR3+ MHC-IIhi

CD138+ ExFO PB and ExFO Th cells were not reduced in
Dnase1l3!/!Tlr9!/! mice (Figures S7A and S7B), although a
significant reduction of GC B cells was observed (Figure S7C).
Total ANA titers in Dnase1l3!/!Tlr9!/! mice were not reduced
(Figures 7D); however, the pattern of ANA reactivity shifted to-
ward cytoplasmic or dual nuclear/cytoplasmic staining (Fig-
ure 7E). We also observed a significant decrease in immune
activation, including splenomegaly (Figure S7D) and expan-
sion of Ly6c! CD11b+ myeloid cells (Figures S7E and S7F).
Thus, TLR9 alone is largely dispensable for autoreactivity
but contributes to downstream consequences of DNASE1L3
deficiency.
To test whether the contribution of TLR9 might be partially

compensated by TLR7, we generated Dnase1l3!/! mice defi-
cient in both TLR7 and TLR9 (Dnase1l3!/!Tlr7!/!Tlr9!/!). Un-
like Dnase1l3!/!Tlr9!/! mice, Dnase1l3!/!Tlr7!/!Tlr9!/! mice
completely lost the reactivity to pure dsDNA in the CLIFT assay
(Figure 7F), all anti-dsDNA and anti-Nuc reactivity by ELISA
(Figures 7G and 7H), and anti-dsDNA and anti-Nuc AFCs (Fig-
ure 7I). This was accompanied by a near-complete loss of
ExFO Th cells and of CD138+ PB cells expressing CXCR3 (Fig-
ures 7J and 7K), in addition to the expected loss of GC B cells
(Figure S7G). Similarly, ANA reactivity was completely abol-
ished (Figures 7L and 7M), as was splenomegaly (Figure S7H)
and the expansion of CD11b+Ly6c! myeloid cells (data not
shown). Finally, increased glomerular size (Figures 7N and
7O) and the glomerular deposition of IgG and C3 (Figure S7I)
were fully rescued in Dnase1l3!/!Tlr7!/!Tlr9!/! mice at
the endpoint. Notably, these kidney manifestations were
partially reduced in Dnase1l3!/!Tlr9!/! and particularly in
Dnase1l3!/!Tlr7!/! mice (Figures 7N, 7O, and S7I), suggesting
independent contributions by both TLR9 and TLR7. Altogether,
these results reveal essential but partially redundant

(G–K) Images of kidney sections representative of R3 mice per group stained for IgG, (red) and C3 (green), and DAPI (blue). Scale bars, 40 mm (G). Images of

glomeruli fromH&E-stained kidney sections, representative ofR3mice per group. Scale bars, 20 mm (H). Quantitation of mean fluorescence intensity of C3 (I) and

IgG deposits (J) and size of R20 glomeruli per kidney section (K) from three or four mice per strain.

In (A)–(D) and (F), symbols represent individual mice. In (I)–(K), each symbol represents an individual glomerulus. All bars indicatemedian. NS, not significant; *p%

0.05, **p % 0.01, ***p % 0.001, and ****p % 0.0001.

See also Figure S4.
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contributions of TLR9 and TLR7 to autoimmunity driven by
extracellular DNA.

DISCUSSION

Dnase1l3!/! mice model the human genetic DNASE1L3 defi-
ciency that results in SLE and may be relevant for severe
sporadic SLE that is frequently associated with reduced extra-
cellular DNase activity (Bruschi et al., 2019). In addition to its
clinical relevance, the Dnase1l3!/! model manifests prominent
anti-dsDNA responses in the absence of additional pathogenetic
features such as lymphoproliferation, systemic inflammation, or
defects of antigen receptor signaling. Importantly, immunopa-
thology in Dnase1l3!/! mice comprises three distinct phases:
(1) initial breach of tolerance to DNA (1–3 months); (2) amplifica-
tion of anti-DNA Ab responses without reactivity to other self-an-
tigens (3–9 months); and (3) spreading of autoreactivity, immune
activation and immune complex deposition (9–12 months). This
separation of anti-DNA Ab responses from their consequences
or other confounding factors make Dnase1l3!/! mice an attrac-
tive reductionist model of DNA-specific reactivity in SLE.

We found that the ExFO pathway represented the predomi-
nant route of autoreactive B cell differentiation in Dnase1l3!/!

mice, generating short-lived AFCs that produced anti-Nuc and
anti-dsDNA Abs. ExFO B cell responses are generally associ-
ated with infections, rapidly generating Abs to protect against
pathogens (Cunningham et al., 2007; Finke et al., 2001).
Although the ExFO-generated PBs have been implicated in a
lymphoproliferation-driven model of autoreactivity (William
et al., 2002), long-lived plasma cells and the GC pathway leading
to them are thought to predominate in other models (Degn et al.,
2017; Hoyer et al., 2004). Our results do not rule out the role of
GC, which may be prominent at late stages of the disease
accompanied by broad autoreactivity (Sisirak et al., 2016) and
contribute to the generation of pathogenic Abs that synergize
with anti-dsDNA Abs to induce renal disease. Furthermore,
anti-dsDNA response in Dnase1l3!/! mice can be greatly
enhanced by additional genetic lesions that cause the expansion

of GCs (Weisenburger et al., 2018). Collectively, our analysis
suggests the ExFO pathway as the primary route of differentia-
tion of DNA-reactive B cells, which continuously generates
anti-DNA and can be amplified by additional factors that elicit
GC-derived plasma cells.
We found that autoreactivity and inflammation in Dnase1l3!/!

mice required CD40L signaling and were associated with the
expansion of CXCR4hiICOShi ExFO-Th cells (Odegard et al.,
2008), which was also CD40L dependent. This is consistent
with the role of T cells in general and ExFO-Th cells in particular
in other models of ExFO-driven autoreactive responses (Deng
et al., 2017; Sweet et al., 2011). Notably, a population of
T cells supporting ExFO B cell expansion in human SLE patients
has been described recently (Caielli et al., 2019). Together with
this and other descriptions of ExFO B cell differentiation in
human SLE (Jenks et al., 2018; Tipton et al., 2015), our data
emphasize the predominant role of the ExFO pathway in autoim-
munity, including in polyclonal B cell responses driven by DNA.
This is consistent with the dynamic nature of anti-dsDNA re-
sponses and may also explain the low efficiency of B-cell-
focused therapies, as these are often inefficient against PBs
(Hale et al., 2018). Indeed, a short 3-day treatment with the
anti-proliferative drug cyclophosphamide effectively reduced
anti-dsDNA titers, while a month-long treatment with B-cell-
depleting anti-CD20 Ab was required for a similar reduction.
Therefore, targeting actively proliferating short-lived PBs in lupus
patients with high anti-dsDNA titers represents an important
therapeutic goal (Soni and Reizis, 2018).
Given the critical role of IFN-I signaling in SLE pathogenesis

and specifically in GC-driven B cell autoreactivity (Domeier
et al., 2018), we tested the potential role of this pathway
in ExFO-driven anti-dsDNA responses. Our analysis in
Dnase1l3!/! mice revealed that IFN-I was dispensable for
the initial emergence of anti-dsDNA Abs but facilitated their
subsequent maintenance and amplification. Notably, IFN-I
was required for the optimal expansion of ExFO CD138+ B
cells and ICOShiExFO-Th cells. These data agree with
enhanced generation of short-lived PBs after overexpression

Figure 5. IFN-I Signaling Promotes ExFO B Cell Proliferation and Differentiation into AFCs
(A and B) Confocal images of half spleens representative of >4, 8- to 9-month-old WT, Dnase1l3!/!, and Dnase1l3!/!Ifnar1!/! mice, stained for CD169 (red) and

CD138+ (yellow). Scale bar, 1,000 mm (A).

(B) Total number of CD138+ spots per half spleen represented in (A). Each symbol represents half a spleen section

(C and D) Staining profiles of gated splenic CD19+CD138+ cells (CXCR3+MHC-IIhi ExFO B cells highlighted) (C) and frequencies of ExFO B cells (D) in >10-month-

old WT, Dnase1l3!/!, and Dnase1l3!/!Ifnar1!/! mice.

(E–H) Flow cytometric staining profiles of gated splenic CD4+ T cells (PSGL-1loCD62LloExFO Th cells highlighted) (E). Fraction of ExFO Th cells among splenic

CD4+ T cells (F), mean fluorescence intensity of ICOS (G), and CD40L (H) expressed in ExFO Th cells of 6- to 8-month-old WT, Dnase1l3!/!, and

Dnase1l3!/!Ifnar1!/! mice.

In (C)–(H), wherever applicable, symbols represent individual mice, and bars indicate median.

(I–K) Confocal images of spleen sections representative of three >8-month-old WT, Dnase1l3!/!, and Dnase1l3!/!Ifnar1!/! mice stained for Ki67+ proliferating

cells (red), CD4+ T cells (green), and IgD+ B cells (blue). Scale bars, 200 mm (I). Quantitation of total number of Ki67+ spots per half spleen represented in Fig-

ure S5B. Each symbol represents half a spleen section (J). Ratio of mean fluorescence intensity of Ki67 versus CD4 within a region of interest (ROI) marking CD4+

T cell zones, excluding GC areas, from spleen sections represented in Figure S5B. Each symbol represents a single ROI (K).

(L–O) Flow cytometric analysis of proliferation and differentiation of B cells upon in vitro activation with anti-IgM and anti-CD40 in the presence or absence of IFN-

a. Shown are representative flow plots from four independent experiments of purified CFSE-labeled unactivated (UA) or activated (A) B cells from Ifnar1+/+ or

Ifnar1!/! mice cultured for 72 h in the absence (0 ng/mL) or presence of 2 ng/mL of IFN-a. The cells in the gates indicate CFSElo proliferating B cells, with (upper

gate) or without (lower gate) CD138 expression (L) or CD138+SSChi B cells (M), under the indicated conditions. Fraction of CD138+ proliferating (N) and

CD138+SSChi blasting (O) B cells. Each symbol represents an independent experiment.

Error bars showmean ± SD. Two-way ANOVA followed by Tukey’s multiple comparison test was used to compare different treatments within a genotype, or two-

way ANOVA followed by Sidak’s multiple comparison test was used to compare different treatments between the two genotypes. NS, not significant; *p% 0.05,

**p % 0.01, ***p % 0.001, and ****p % 0.0001. See also Figure S5.
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of IFN-I in lupus-prone mice (Mathian et al., 2011) and estab-
lish the role of endogenous IFN-I in the ExFO pathway. In vitro,
IFN-I enhanced B cell differentiation into CD138+ PBs that
was driven by BCR and CD40 signaling, but not by LPS, which
presumably mimics B cell responses driven by bacterial path-
ogens. Thus, continuous activation of self-reactive B cells by
antigenic self-DNA, alongside costimulatory signals from
T cells, makes B cells responsive to IFN-I-mediated differenti-
ation into AFCs and therefore may be particularly important
for auto-Ab responses in SLE.

Although the responsiveness of human pDCs to self-DNA
(Barrat et al., 2005; Caielli et al., 2016) and the important role
of murine pDCs in several SLE models (Rowland et al., 2014; Si-
sirak et al., 2014) are well established, the mechanism of pDC
activity in SLE remains unclear. Furthermore, pDCs appear
dispensable in certain models of SLE-like autoreactivity such
as Wiskott-Aldrich syndrome deficiency (Sawai et al., 2018).
We found that the functional impairment of pDCs phenocopied
IFN-I blockade, including the impairment of ExFO-driven anti-
DNA responses prior to the abrogation of all downstream
pathology. The production of IFN-I by pDCs in vivo has been
difficult to detect in this or any other SLE model, likely because
of its low and/or transient nature. Nevertheless, in addition to ge-
netic evidence, we were able to show that activated pDCs
facilitated CD40-driven PB differentiation in vitro, and this effect
was IFN-I dependent. Together with similar observations for hu-
man pDCs in vitro (Jego et al., 2003), these results underscore
the emerging role of pDCs as essential IFN-I producers in SLE.
They further support Ab-mediated depletion or functional impair-
ment of pDCs as a viable and potentially specific therapeutic
strategy in SLE (Barrat and Su, 2019).

Autoreactivity in Dnase1l3!/! mice is independent of STING-
dependent cytosolic DNA sensing and is completely dependent
onMyD88 (Sisirak et al., 2016). We found that the loss of the sole
known endosomal DNA receptor, TLR9, had no major effect on
anti-dsDNA response as noticed in another Dnase1l3-deficient
mouse strain (Weisenburger et al., 2018) and caused a minor
albeit significant reduction of immune activation. However, the
loss of TLR9 in the absence of TLR7 completely abrogated au-
toreactivity and pathology, suggesting that TLR9 promoted

anti-DNA response yet its pathogenic function was partially
compensated by TLR7. The mechanism of such compensation
may include a functional competition between the two receptors,
whereby TLR9 deletion creates a hyperactive TLR7 (Fukui et al.,
2009). This scenario is consistent with the observed shift in auto-
Ab reactivity by ANA staining pattern as also observed in other
SLE models (Christensen et al., 2006; Nickerson et al., 2010).
Another possible mechanism includes the ability of TLR7 to
recognize both RNA and DNA degradation products such as
guanosine and deoxyguanosine, respectively (Shibata et al.,
2016). Indeed, the self-antigen in DNASE1L3 deficiency and
presumably other SLE forms comprises chromatin in apoptotic
microparticles (Nielsen et al., 2011; Pisetsky et al., 2011; Sisirak
et al., 2016), which are likely to contain DNA and RNA and their
degradation products. Irrespective of the mechanism, the
synergistic yet partially redundant role of TLR9 and TLR7 in
anti-DNA autoreactivity is consistent with (1) the redundancy
between the two receptors in an Ab-independent kidney inflam-
mation driven by monocytes (Kuriakose et al., 2019) and (2)
the requirement for endosomal TLR sensing, but not TLR9 alone,
in DNA-driven autoimmunity in Dnase2-deficient mice (Pawaria
et al., 2015). Our results help reconcile the neutral or even path-
ogenic effects of deleting TLR9 alone in several SLE models
(Celhar et al., 2012; Christensen and Shlomchik, 2007; Sharma
et al., 2015) with the emerging pathogenic role of TLR9 in human
SLE (Barrat et al., 2005; Caielli et al., 2016). Collectively, our
analysis of autoreactivity driven by extracellular DNA supports
a prominent role for ExFO B cell differentiation into AFCs that
requires endosomal TLR signaling and is facilitated by pDCs
and IFN-I.
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Figure 6. Functional Impairment of pDCs in Dnase1l3–/– Mice Ameliorates Autoreactivity and Disease
WT,Dnase1l3!/!, andDnase1l3!/!micewith monoallelic deficiency of Tcf4 (Dnase1l3!/!Tcf4+/!) were examined for Abs at the indicated ages or at the 12-month

endpoint.

(A and B) Serum anti-dsDNA IgG (A) and anti-Nuc (B) IgG titers by ELISA.

(C) Frequency of anti-dsDNA AFCs in the spleen by ELISpot.

(D) Spleen sections stained for CD138+ cells (red) and follicular B cells (blue). Representative of three or more mice per group. Scale bars, 40 mm.

(E) ANA assay images (representative of seven mice per group). Scale bar, 100 mm.

(F) CLIFT assay for anti-dsDNA IgG (representative of five mice per group). Scale bar, 20 mm.

(G) Glomeruli from H&E-stained kidney sections (representative of three mice per group). Scale bars, 20 mm.

(H) Intensity of CD138 fluorescence in R4 images of spleen sections from the indicated mice.

(I and J) Quantitation of ANA fluorescence intensity (I) and distribution of ANA reactivity patterns (J) in seven mice per indicated group.

(K) Spleen weights of indicated mice at the endpoint.

(L) Quantitation of the size of R20 glomeruli per kidney section from three mice per group. Each symbol represents an individual glomerulus; bars indicate

median.

(M and N) Purified CFSE-labeled B cells from Dnase1l3!/! or Dnase1l3!/!Ifnar1!/! mice were left unactivated (UA), activated with anti-IgM + anti-CD40 (A), or

activated with anti-IgM + anti-CD40 in the presence of unstimulated pDCs (A+ pDCs), 1 mMCpG-A (A+ CpG-A), or pDCs stimulated with 1 mMCpG-A (A+ pDCs+

CpG-A) for 72 h, after which the B cells were analyzed for proliferation and differentiation using flow cytometry. Gating strategy (M) and quantitation (N) of

CFSEloCD138+ proliferating B cells.

Error bars show mean ± SD from four independent experiments (symbols). NS, not significant; *p % 0.05, **p % 0.01, ***p % 0.001, and ****p % 0.0001.

See also Figure S6.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

V450- anti-mouse CD19 (1D3) BD Biosciences Cat # 560375; RRID:AB_1645269

PE/Cy7 anti-mouse CD4 (RM4-5) eBioscience Cat # 25-0042-82; RRID:AB_469578

APC-anti-mouse CD4 (GK1.5) eBioscience Cat # 17-0041-81; RRID:AB_469319

BV711-anti-mouse CD4 (RM4-5) BioLegend Cat # 100549; RRID:AB_11219396

PE anti-mouse CD11b (M1/70) eBioscience Cat # 12-0112-81; RRID:AB_465546

FITC anti-mouse CD11c (N418) eBioscience Cat # 11-0114-82; RRID:AB_464940

AF700 anti-mouse CD44 (IM7) BD PharMingen Cat # 560567; RRID:AB_1727480

APC anti-mouse CD44 (IM7) eBioscience Cat # 17-0441-83; RRID:AB_469391

PeCy7 anti-mouse CD69 (H1.2F3) eBioscience Cat # 25-0691-81; RRID:AB_469636

PE anti mouse PD-1 (29F.IA12) BioLegend Cat # 135205; RRID:AB_1877232

BV605 anti-mouse ICOS (C398.4A) BioLegend Cat # 313537; RRID:AB_2687078

PE anti-mouse CD162 (PSGL-1) (2PH1) BD PharMingen Cat # 555306; RRID:AB_395719

BV711 anti-mouse CD40L (MR1) BD Bioscience Cat # 740685; RRID:AB_2740371

PE anti-mouse CD138 (281-2) BD PharMingen Cat # 561070; RRID:AB_2033998

PEy7 anti-mouse CD138 (281-2) BioLegend Cat # 142514; RRID:AB_2562198

FITC anti-mouse CD62L (MEL-14) eBioscience Cat # 11-0621-82; RRID:AB_465109

PerCP/Cy5.5 anti-mouse CD25 (PC61) BioLegend Cat # 102029; RRID:AB_893291

Pacific Blue anti-mouse B220 (RA3-6B2) BioLegend Cat # 103227; RRID:AB_492876

BV605 anti-mouse B220 (RA3-6B2) BioLegend Cat # 103243; RRID:AB_11203907

Alexa Fluor 488 anti-mouse FOXP3 (FJK-16S) eBioscience Cat # 53-5773-82; RRID:AB_763537

FITC Rat and mouse T and B cell activation

antigen (GL-7)

BD PharMingen Cat # 562080; RRID:AB_10894953

APC anti-mouse IgD (11-26c.2a) BioLegend Cat # 405714; RRID:AB_10643423

FITC anti-mouse IgM (II/41) eBioscience Cat # 11-5790-81; RRID:AB_465244

PerCP/Cy5.5 anti-mouse Sca-I (D7) eBioscience Cat # 45-5981-82; RRID:AB_914372

PE/Cy7 anti-mouse Sca-I (D7) eBioscience Cat # 25-5981-81; RRID:AB_469668

AF700 anti-mouse MHC-II (M5/114.15.2) eBioscience Cat # 56-5321-82; RRID:AB_494009

PE/Cy7 anti-mouse Ly6G (1A8) BioLegend Cat # 127617; RRID:AB_1877262

APC anti-mouse Ly6C (HK1.4) eBioscience Cat # 17-5932-82; RRID:AB_1724153

PE anti-mouse Ki67 (16A8) BioLegend Cat # 652403; RRID:AB_2561524

PE anti-mouse IFNAR (AR1-5A3) BioLegend Cat # 127312; RRID:AB_2248800

PerCP-eFluor 710 anti-mouse CXCR4 (2B11) eBioscience Cat # 46-9991-80; RRID:AB_10670192

BV711 anti-mouse Siglec-H (440c) BD Bioscience Cat # 747671; RRID:AB_2744232

FITC goat anti-mouse C3 Immunology Consultants

Laboratory Inc

Cat # GC3-90F-Z

FITC rat anti-mouse kappa (187.1) SouthernBiotech Cat # 1170-02; RRID:AB_2794663

PE goat anti-mouse IgG F(ab)’ Polyclonal eBioscience Cat # 12-4010-82; RRID:AB_11063706

Biotin anti-mouse IgG polyclonal eBioscience Cat # 13-4013-85; RRID:AB_466650

Biotin anti-mouse IgM (II/41) eBioscience Cat # 13-5790-81; RRID:AB_466674

Biotin anti-mouse IgD (11-26c (11-26) eBioscience Cat # 13-5993-81; RRID:AB_466859

Biotin anti-mouse CD19 (1D3) eBioscience Cat # 13-0193-82; RRID:AB_657656

Biotin anti-mouse CD93 (AA4.1) eBioscience Cat # 13-5892-81; RRID:AB_466766

Biotin anti-mouse CD5 (53-7.3) eBioscience Cat # 13-0051-81; RRID:AB_466338

Biotin anti-mouse Ly6G (1A8) BioLegend Cat # 127603; RRID:AB_1186105

Biotin anti-mouse Ter-119 (TER-119) eBioscience Cat # 13-5921-81; RRID:AB_466796

(Continued on next page)
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Biotin anti-mouse CD41 (MWReg30) BioLegend Cat # 133930; RRID:AB_2572133

Biotin anti-mouse NK1.1 (PK136) eBioscience Cat # 13-5941-81; RRID:AB_466803

Biotin anti-mouse TCRb (H57-597) eBioscience Cat # 13-5961-81; RRID:AB_466818

Biotin anti-mouse CD3ε (145-2C11) BioLegend Cat # 100303; RRID:AB_350220

Biotin anti-mouse CD11b (M1/70) eBioscience Cat # 13-0112-81; RRID:AB_466358

Biotin anti-mouse CD24 (M1/69) eBioscience Cat # 13-0242-81; RRID:AB_466396

Biotin anti-mouse F4/80 (BM8) eBioscience Cat # 13-4801-81; RRID:AB_466656

Biotin anti-mouse CXCR5 (2G8) BD Biosciences Cat # 551960; RRID:AB_394301

Biotin anti-mouse IgG2a/2b (R2-40) BD Biosciences Cat # 553398; RRID:AB_394836

Biotin anti-mouse CD43 (eBioR2/60) eBioscience Cat # 13-0431-82; RRID:AB_466439

Alkaline phosphatase conjugated goat

anti-mouse IgG

Jackson Immunoresearch Cat # 115-055-071; RRID:AB_2338535

Mouse IgG-UNLB (Unconjugated) normal

mouse serum

SouthernBiotech Cat # 0107-01; RRID:AB_2732898

Goat Anti-Mouse IgG-UNLB SouthernBiotech Cat # 1010-01; RRID:AB_2794121

TruStain FcX anti-mouse CD16/32 (93) BioLegend Cat # 101319; RRID:AB_1574973

BV421 anti-mouse CD183 (CXCR3-173) BioLegend Cat # 126529; RRID:AB_2563100

InVivomAb mouse IgG2a isotype control (C1.18.4) Bio X Cell Cat # BE0085; RRID:AB_1107771

Purified mouse-anti-CD20 (5D2) Genentech, Inc. NA

F(ab)’2 fragment goat anti-mouse IgM, m

chain specific

Jackson ImmunoResearch Cat # 115-006-075;AB_2338474

LEAF purified anti-mouse CD40 BioLegend Cat # 102810; RRID:AB_312943

Chemicals, Peptides, and Recombinant Proteins

Nucleosome antigen, calf thymus Arotec Diagnostics Cat # ATN02

Deoxyribonucleic acid, calf thymus Calbiochem Cat # 2618

Poly-L-lysine solution Sigma Aldrich Cat # P8920-100ML

Non-Fat Dry Milk LabScientific Cat # M-0841

Pierce Diethanolamine Substrate Buffer (5X) Thermo Scientific Cat # 34064

Phosphatase substrate Sigma Aldrich Cat # S0942-200TAB

ANA substrate slides Antibodies Incorporated Cat # 15-123

Crithidia luciliae sensitive (anti-dsDNA) indirect

immunofluorescence test

Euroimmun Cat # FA 1572-1010-1

ELISPot plates Millipore Cat # MSIPS4W10

Fetal Bovine Serum Sigma Aldrich Cat # F0926-500

VECTOR Blue alkaline phosphatase (Blue AP)

substrate kit

Vector Laboratories Cat # SK-5300

EDTA Fisher Cat # BP24821

Neutral Buffered Formalin (10%) Thermo Scientific Cat # 22-050-104 (5701)

Ethanol, Absolute Fisher Scientific Cat # BP2818-500

Tissue Plus O.C.T. Compound Thermo Fisher Scientific Cat # 23-730-571

Acetone Fisher Scientific Cat # A18-1

DAPI (4’,6 Diamidino 2 Phenylindole, Dilactate) Thermo Fisher Scientific Cat # D3571

Paraformaldehyde 4% in PBS Thermo Fisher Scientific

(Alfa Aesar)

Cat # J19943-K2

Cyclophosphamide monohydrate (CYTOPAC) Sigma Aldrich Cat # C7397-1G

20-deoxy-ethyryluridine (EdU) Carbosynth Cat # NE08701

Recombinant mouse IFNa1 (carrier free) BioLegend Cat # 751804

ODN2216 (CpGA) Invivogen Cat # Tlrl-2216-1

Recombinant mouse IL-4 protein R&D systems Cat # 404-ML-010

RPMI medium 1640 with L-glutamine GIBCO Cat # 11875-119

(Continued on next page)
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L-glutamine 200mM Thermo Fisher Scientific Cat # 25030-164

Beta-mercaptoethanol Sigma Aldrich Cat # 444203-250ML

Penicillin-Streptomycin 10,000U/ml GIBCO Cat # 15140122

RBC lysis buffer BioLegend Cat # 420301

Live/Dead fixable aqua dead cell stain Thermo Fisher Scientific Cat # L34965

Bovine serum albumin Sigma Aldrich Cat # A9647-100G

Sucrose Sigma Aldrich Cat # S0389-1KG

LPS-EK Ultrapure Invivogen Cat # Tlrl-peklps

Trizol LS reagent Ambion Cat # 10296028

Streptavidin PerCP/Cy5.5 Thermo Fisher Scientific Cat # 45-4317-82; AB_10311495

Streptavidin PE/Cy7 Thermo Fisher Scientific Cat # 25-4317-82; AB_10116480

Prolong Diamond antifade Thermo Fisher Scientific Cat # P36961

CellTrace CFSE cell proliferation kit Thermo Fisher Scientific Cat # C34554

Critical Commercial Assays

Click-iT EdU Alexa Fluor 647 Thermo Scientific Cat # C10419

Flow Cytometry Assay Kit

RNeasy Mini Kit QIAGEN Cat # 74104

SuperScript IV First strand synthesis system Thermo Fisher Scientific Cat # 18091050

FastStart high fidelity PCR system Roche Applied Science N/A

Lumikine mIFNa bioluminescence ELISA kit Invivogen Cat # lumi-mifna

Streptavidin microbeads Miltenyi Biotec Cat # 130-048-101

FOXP3/transcription factor staining buffer set eBioscience Cat # 00-5523

Deposited Data

VH repertoir sequencing data N/A SRA PRJNA630283; https://www.ncbi.

nlm.nih.gov/sra/PRJNA630283

Experimental Models: Organisms/Strains

Mouse: WT: C57BL/6J The Jackson Laboratory Stock # 000664;

RRID:IMSR_JAX:000664

Mouse: WT: 129SvEvTac Taconic Farms Model # 129SVE-F or 129SVE-M;

RRID:IMSR_TAC:129sve

Mouse: Dnase1l3!/! [B6NCrl.Cg-

Dnase1l3tm1c(KOMP)Wtsi/TwinMmucd]

Taconic animal repository Model TF2732;

RRID:MMRRC_065348-UCD

Mouse: Cd40lg!/! [B6.129S2-Cd40lgtm1Imx/J] The Jackson Laboratory Stock # 002770;

RRID:IMSR_JAX:002770

Mouse: Tlr7!/! [B6.129S1-Tlr7tm1Flv/J] The Jackson Laboratory Stock # 008380;

RRID:IMSR_JAX:008380

Mouse: Ifnar1!/! [B6.129S2-Ifnar1tm1Agt/Mmjax] The Jackson Laboratory Stock # 032045-JAX;

RRID:MMRRC_032045-JAX

Mouse: Tcf4+/![B6;129-Tcf4tm1Zhu/J] The Jackson Laboratory Stock No: 013598; RRID:MGI:3040597

Mouse: C57BL/6J-Tlr9M7Btlr/ Mmjax The Jackson Laboratory MMRRC Stock No. 34329-JAX/CpG11;

RRID:MMRRC_034329-JAX

Oligonucleotides

VH Forward Primers Primer (50 - > 30)

mVH-Fwd1 GAKGTRMAGCTTCAGGAGTC Sigma Aldrich N/A

mVH-Fwd2 GAGGTBCAGCTBCAGCAGTC Sigma Aldrich N/A

mVH-Fwd3 CAGGTGCAGCTGAAGSASTC Sigma Aldrich N/A

mVH-Fwd4 GAGGTCCARCTGCAACARTC Sigma Aldrich N/A

mVH-Fwd5 CAGGTYCAGCTBCAGCARTC Sigma Aldrich N/A

mVH-Fwd6 CAGGTYCARCTGCAGCAGTC Sigma Aldrich N/A

mVH-Fwd7 CAGGTCCACGTGAAGCAGTC Sigma Aldrich N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Boris
Reizis (boris.reizis@nyulangone.org).

Materials Availability
All animal strains are available from repositories described above. No new animal strains or reagents were generated.

Data and Code Availability
VH repertoire sequencing data have been deposited in the NCBI SRA database accession codePRJNA630283.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse strains
All experiments were performed in accordancewith the animal protocol approved by the Institutional Animal Care and use committee
of Columbia University and NewYork University. All themouse strains were on a C57BL/6 background and C57BL/6J (Stock 000664)
mice were used as WT controls unless otherwise mentioned. As described previously (Sisirak et al., 2016), mice with a targeted
germline disruption of Dnase1l3 with Dnase1L3LacZ (Dnase1l3!/!) were purchased from Taconic Animal repository (Model
TF2732) and backcrossed onto C57BL/6 or 129SvEvTac for > 10 generations and the colonies were maintained in house.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

mVH-Fwd8 GAGGTGAASSTGGTGGAATC Sigma Aldrich N/A

mVH-Fwd9 GAVGTGAWGYTGGTGGAGTC Sigma Aldrich N/A

mVH-Fwd10 GAGGTGCAGSKGGTGGAGTC Sigma Aldrich N/A

mVH-Fwd11 GAKGTGCAMCTGGTGGAGTC Sigma Aldrich N/A

mVH-Fwd12 GAGGTGAAGCTGATGGARTC Sigma Aldrich N/A

mVH-Fwd13 GAGGTGCARCTTGTTGAGTC Sigma Aldrich N/A

mVH-Fwd14 GARGTRAAGCTTCTCGAGTC Sigma Aldrich N/A

mVH-Fwd15 GAAGTGAARSTTGAGGAGTC Sigma Aldrich N/A

mVH-Fwd16 CAGGTTACTCTRAAAGWGTSTG Sigma Aldrich N/A

mVH-Fwd17 CAGGTCCAACTVCA GCARCC Sigma Aldrich N/A

mVH-Fwd18 GATGTGAACTTGGAAGTGTC Sigma Aldrich N/A

mVH-Fwd19 GAGGTGAAGGTCATCGAGTC Sigma Aldrich N/A

VH Reverse Primers (50 - > 30)

mVH-Rev-IgG CCARKGGATAGACHGATGGGG Sigma Aldrich N/A

mVH-Rev-IgA TGGTGGGATTTCTCGCAGAC Sigma Aldrich N/A

mVH-Rev-IgM GCAGGAGACGAGGGGGAAGA Sigma Aldrich N/A

Software and Algorithms

ImageJ https://imagej.nih.gov/ij/ RRID: SCR_001935

CTL Immunospot analyzer http://www.immunospot.com/

ImmunoSpot-analyzers-software

RRID: SCR_011082

Adobe Photoshop CC2018 https://www.adobe.com/products/

photoshop.html

RRID: SCR_014199

Adobe Illustrator CC2018 https://www.adobe.com/products/

illustrator.html

RRID: SCR_010279

FLowjo v10 Treestar Inc RRID: SCR_008520

GraphPad Prism 7 Graphpad Inc RRID: SCR_002798

Imaris https://imaris.oxinst.com/packages RRID: SCR_007370

Keyence BZ Analyzer software https://www.keyence.co.jp/

products/microscope/fluorescence-

microscope/bz-8100/models/bz-h1a/

RRID: SCR_017205

Slidepath Gateway digital pathology Leica Microsystems RRID: SCR_005597
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Breeding pairs of wild-type (WT), Cd40lg!/! [002770 - B6.129S2-Cd40lgtm1Imx/J], Tlr7!/! [008380 – B6.129S1-Tlr7tm1Flv/J], Tlr9!/!

[034329-JAX C57BL/6J-Tlr9M7Btlr/Mmjax] and Ifnar1!/! [032045-JAX B6.129S2-Ifnar1tm1Agt/Mmjax] mice were purchased from
Jackson Laboratories (Bar Harbor, ME) and bred andmaintained in house.Dnase1l3!/!mice on a pure B6 background were crossed
with Cd40lg!/!, Tlr7!/!, Tlr9!/!or Ifnar1!/! to generate Dnase1l3!/!Cd40lg!/!, Dnase1l3!/!Tlr7!/!, Dnase1l3!/!

Tlr9!/!and Dnase1l3!/!Ifnar1!/! mice respectively. Dnase1l3!/!Tlr7!/! and Dnase1l3!/!Tlr9!/!mice were bred to generate
Dnase1l3!/!Tlr7!/!Tlr9!/! triple deficient strain. All the double and triple deficient mice were bred and maintained in house.
Dnase1l3!/! mice on a pure 129Sv background were crossed with Tcf4+/! animals (Zhuang et al., 1996) on pure 129SvEvTac
(129Sv) background to generate Dnase1l3!/!Tcf4+/! mice and bred and maintained in house. 129SvEvTac mice (Taconic farms)
were used as WT controls for this cohort.

METHOD DETAILS

Serology: Ig and autoantibody titers
Relative titers of anti-dsDNA, anti-Nucleosome in sera were measured by ELISA. Briefly, Nunc-Immuno maxisorp 96 well flat
bottom plates were coated with 50 ml/ well of 0.01% poly-L lysine (Sigma Aldrich) for one hour at RT, washed with PBS and coated
with 50 ml/ well of 10 mg/ml calf-thymus DNA (Calbiochem) or 1 mg/ml calf-thymus nucleosomes (Arotec diagnostics) in PBS, over-
night at 4"C. Excess antigen was washed off using 2-3 washes with PBS. Antigen-coated plates were blocked with 250 ml/ well of
PBS with 4% non-fat dry milk (NFDM) for 3h at RT. Blocked plates were washed once with PBS and coated with diluted serum in
PBS and incubated overnight at 4"C. Unbound serum antibodies were washed off with 3 washes of PBS + 1% NFDM. The bound
IgG was detected using a 1:1000 dilution of goat anti-mouse IgG-AP-conjugate (Jackson Immunoresearch) diluted in PBS + 1%
NFDM. Unbound secondary antibody was washed with PBS+ 1% NFDM and developed using diethanolamine substrate buffer
(Thermo Fisher Scientific, 34064) and PNPP phosphatase substrate tablets (Sigma Aldrich, SIGMAS0942). For relative quantitation
of antigen-specific IgG titers, serum from an anti-DNA or anti-Nuc positive animal was used as a standard using serial double
dilutions. O.D. at the lowest serum dilution was arbitrarily assigned a value of 100 U/ml. Standard curve was plotted as O.D. at
405nm versus antigen concentration (U/ml). Relative IgG titers of samples were calculated using the straight-line equation and
multiplied with the dilution factor. In all ELISA assays, in each plate, controls and test samples were run together and analyzed using
the same standard curve.
Total serum IgG titers were determined by coating the ELISA plates with 5 mg/ml mouse IgG (Southern Biotech) and probing the

bound serum antibody with anti-mouse IgG-AP (Jackson Immunoresearch).

ANA analysis
For detection of ANA and assessment of ANA staining patterns, HEp-2 human tissue culture substrate slides (Antibodies Incorpo-
rated, Davis, CA) were coated with sera at a 1:50 dilution in PBS for 1h at RT in a hydrated chamber and probed with rat anti-mouse
k- FITC conjugate (Southern Biotechnologies Associates, Birmingham, AL) at a 1:200 dilution. Immunofluorescence images were
captured using a Keyence BZ-X710 fluorescence microscope at 20X magnification. The color intensity of images was enhanced
slightly using Adobe Photoshop CC (Adobe Systems, San Jose, CA) or ImageJ. This was necessary for better visualization and
was carried out consistently between all images while maintaining the integrity of the data. Immunofluorescence intensity was
quantitated using ImageJ 1.51 s image processing and analysis software (NIH, USA).

Crithidia luciliae Immunofluorescence test – CLIFT
Crithidia luciliae is a protozoan routinely used in the clinic as a substrate to specifically detect antibodies to pure dsDNA (without
proteins). A positive test shows staining of the kinetoplast of the protozoan, while staining for basal body or nucleus or both without
it, is considered a negative test. The substrate was purchased from Euroimmun (Lubeck, Germany). Serum samples from 12-month-
old mice were tested at 1:25 dilution. Anti-dsDNA binding was detected using rat anti-mouse Igk-FITC conjugate (Southern Biotech-
nologies Associates, Birmingham, AL). Fluorescence images were acquired using a Zeiss Ax10 fluorescence microscope at 63X
magnification and processed using ImageJ software.

ELISpot
ELISpot plates (Millipore, Ref#MSIPS4W10;Multiscreen HTS) were coatedwith 0.01%poly-L lysine for 1h at RT, followed by coating
with 100 mg/ml calf thymusDNA (Sigma Aldrich) or 10 mg/ml calf thymus nucleosomes (Arotec diagnostics) overnight at 4"C. Blocked
with PBS + 5% FCS for 2-3h at RT. Freshly isolated splenocytes or BM cells were resuspended in freshly prepared warm 15% RPMI
1640 media + antibiotics + 1mM L-glutamine at 20 3 106 cells/ ml. 1x106 total cells were plated on the top wells and serially double
diluted (1:2). ELISpot plates were then incubated for 18h at 37"C with 5% CO2. Washed with PBS + 1% FCS to remove the cells
and probed with a 1:500 dilution of goat anti-mouse IgG AP (Jackson Immunoresearch) for 3-4h at 4"C. After washing, plates
were developed using the Vector Blue AP Substrate Kit III (Vector Labs). Spots were captured and counted using ImmunoSpot
S6 Analyzer (Cellular Technology Limited, Shaker Heights, OH). For analysis of total IgG-secreting AFCs, ELISPot plates were coated
with goat anti-mouse IgG (SouthernBiotech) at 5 mg/ml and blocked with PBS + 5% BSA. Plates were washed with PBS + 1% BSA
and probed with a 1:500 dilution of goat anti-mouse IgG AP (Jackson Immunoresearch).

ll
Article

Immunity 53, 1022–1038.e1–e7, June 16, 2020 e5



Flow cytometry
Cell suspensions of peripheral blood, mesenteric and inguinal lymph nodes or splenocytes were subjected to red blood cell lysis,
washed and resuspended in staining buffer (1% FCS + 2%BSA + 1mM EDTA in PBS). Cells were stained with indicated cell surface
markers. For intracellular staining, cells were surface stained and subsequently fixed and permeabilized using FOXP3 intracellular
staining kit (eBioscience) and stained with anti-FOXP3-FITC conjugate. EdU positive cells were stained with Click-iT EdU Alexa Fluor
647 Flow cytometry assay kit (Thermo Fisher Scientific # C10424), as per instructions. Samples were acquired using Attune NxT
(Thermo Fisher) flow cytometer and analyzed using FLowJo software version 9 or 10 (Tree Star).

Kidney histopathology
For imaging of kidneys, we use at least 4-5 mice per genotype that are closest to the average values of anti-DNA titers and
spleen weight for that genotype. One half from each kidney was fixed with 10% neutral formalin for 24h at RT, and stored in 75%
ethanol and subsequently embedded in paraffin. 5 mm thick sections were stained with Hematoxylin and Eosin and captured using
the PerkinElmer Vectra multispectral imaging system at 40X magnification and glomerular size was analyzed using Slidepath soft-
ware (Leica Biosystems digital image hub).

Immunofluorescence analysis of kidney and spleen sections
For imaging of the spleens and kidneys we use at least 4-5 mice per genotype that are closest to the average values of anti-DNA
titers and spleen weight for that genotype. One half from both kidneys were frozen in OCT (Tissue Tek). 5-10 mm thick kidney sections
were fixed using chilled acetone for 10 min. Sections were stained with DAPI, goat anti-mouse IgG-PE conjugate (eBioscience)
and goat anti-mouse C3-FITC conjugate (Immunology consultant’s Laboratory Inc., Oregon). Images were captured using Keyence
BZ-X710 fluorescence microscope at 40X magnification. Immunofluorescence intensity was quantitated using ImageJ 1.51 s image
processing and analysis software (NIH, USA). The color intensity of images was enhanced slightly using Adobe Photoshop CC
(Adobe Systems, San Jose, CA). This was necessary for better visualization and was carried out consistently on whole images of
control and test sections.

Spleen were either frozen in OCT and then sectioned and fixed using chilled acetone or were fixed in 4%PFA overnight followed by
8-10 hours of dehydration in 30% sucrose, after which they were frozen in OCT for cryosectioning. 5-10 mm thick spleen sections
were stained with indicated anti mouse Ab-conjugates: GL-7-FITC, IgD-APC, CD138-PE, CD169-APC, Ki67-PE, CD4-FITC/ APC,
SiglecH-APC and B220-FITC. Images were captured using Keyence BZ-X710 fluorescence microscope at 4X or 20X magnification
or using the Zeiss 880 confocal microscope, maintained by NYU Langone Health’s Microscopy Laboratory. Scanning of whole
sections was achieved using ZEN imaging software– tile and stitch functions. All images were acquired with similar functions. Image
analysis was done using Bitplane’s Imaris version 9.2.0. Quantification of in situmean fluorescence intensity sum of CD138 staining
was determined using isosurfacing function with subtraction of background staining of spleen capsule. Quantitative analysis of total
number of CD138+ or Ki67+ spots per half spleen represented, were calculated by rendering CD138+ or Ki67+ cells with spots using
Imaris image analysis software.

Cyclophosphamide treatment
Ten 6-mo-oldDnase1l3!/!mice were bled on day 0 to get pretreatment serum titers of anti-dsDNA and anti-Nucleosome antibodies.
5 mice each were subsequently injected intraperitonially with equal volume of either PBS or 500 mg cyclophosphamide monohydrate
(CYTOPAC, Sigma Aldrich) reconstituted in PBS per mouse for three consecutive days. Mice were rested for 4 days. Subsequently
mice were treated with 1 mg EdU (Carbosynth) intravenously for 12 h after which they were euthanized.

Anti-CD20 treatment
Serumwas collected from five-month-old Dnase1l3!/! female mice (pretreatment). Subsequently they were injected (i.p) with 100 mg
of anti-mouse CD20 (clone 5D2), a kind gift fromGenentech, or an IgG2a isotype control antibody (C1.18.4, Bio X cell, cat # BE0085),
#every 15 days for a month. Serumwas collected after twoweeks of each treatment. Mice were euthanized at six-months of age and
spleen was analyzed for AFCs and cellular populations.

Sorting of B cell subsets
Plasmablasts (PB): CD19+ B220+/! SiglecH- TCRb- CD138hi; Germinal center B cells (GC): CD19+ B220+ SiglecH- TCRb- CD138-

CD38- GL-7hi ; Naive Follicular B cells (FO): CD19+ B220+ SiglecH- TCRb- CD138- CD38+ GL-7- CD44- Sca1- ; Follicular activated
B cells (FOA): CD19+ B220+ SiglecH- TCRb- CD138- CD38+ GL-7- CD44hi Sca1hi and class-switched B cells (IgG+): CD19+ B220+

SiglecH- TCRb- IgD- IgM- IgG2a/2b+ were sorted from total splenocytes of > 6 mo old WT or Dnase1l3!/! mice using the BD
FACSAria III Sorter. Sorted cells were used for ELISPot analysis or BCR repertoire analysis.

BCR sequencing and analysis
VH Sequencing
Sorted B cell subsets FO, PB, GC and IgG+were lysed in TRIzol!Reagent (Invitrogen) and total RNAwas extracted and purified using
the RNeasyMini Kit (QIAGEN). cDNAwas synthesized from 500 ng total RNA using the SuperScript IV First-Strand Synthesis System
(Invitrogen). Variable heavy (VH) transcript was amplified with a multiplex primer set (primer details in Key Resources Table) using
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FastStart High Fidelity PCR System (Roche) under the following conditions: 2 min at 95C; 4 cycles of 92C for 30 s, 50C for 30 s, 72C
for 1min; 4 cycles of 92C for 30 s, 55C for 30 s, 72C for 1min; 22 cycles of 92C for 30 s, 63C for 30 s, 72C for 1min; 72C for 7min; hold
at 4C, and sequenced by 2x300 paired-end Illumina MiSeq.
Bioinformatic Analysis
Raw 2x300 reads were trimmed depending on sequence quality using Trimmomatic (Bolger et al., 2014) and annotated using MiXCR
(Bolotin et al., 2015). Sequences withR 2 reads were grouped into clonotypes by clustering those withR 95% CDR-H3 amino acid
identity (Edgar, 2010). CDR-H3 characteristics were analyzed using custom Python scripts.
Statistics
p values for the analysis of positively charged amino acids within the CDR-H3 and V-gene usage were determined using Fisher’s
Exact test. p values for the analysis of the mean CDR-H3 isoelectric point and hydrophobicity were determined using Student’s t
test or Mann-Whitney U test.

In vitro B cell proliferation/ differentiation assay
Naive B cells were MACS-purified by negative selection from splenocytes of WT, Dnase1l3!/!, Ifnar1!/! or Dnase1l3!/!Ifnar1!/!

mice using CD43 microbeads. Purified B cells were labeled with 3 mM Cell trace CFSE (Invitrogen), in PBS+ 2% BSA for 10 mins
at RT. CFSE labeled cells were washed twice with PBS and subsequently suspended in RPMI + 10% FBS + 2mM L-glutamine +
10 mM b-Mercaptoethanol and plated in round bottom 96 well plates at a concentration of 0.5x106 cells/ well in 200 mL media. Cells
were either left unactivated or activatedwith: (1) 5 mg/ml anti-IgM (Jackson Immunoresearch) + anti-CD40 (LEAF-purified, BioLegend)
and 5 ng/ml recombinant mouse IL-4 (R&D systems) OR (2) 1 mg/ml LPS (LPS-EK Ultrapure, InvivoGen) + 5 ng/ml recombinant
mouse IL-4. Unactivated (UA) and activated (A) B cells were supplemented or not with recombinant mouse IFNa1 (BioLegend) at
indicated concentrations. B cells were analyzed for activation, proliferation and differentiation after 3 days of culture.

pDC purification
RBC lysed splenocytes or bone marrow cells of Dnase1l3!/! mice were resuspended in RPMI + 10% FCS and were allowed to
adhere to sterile tissue culture treated 100 mm petriplates for 1h at 37"C after which adherent cells were discarded. Floating cells
were resuspended at 10 x106 cells in 90 mL of wash buffer and labeled with the following cocktail of biotinylated antibodies: Anti-
IgG, anti-IgM, anti-IgD, anti-CD19, anti-CD93, anti-CD5, anti Ly6G, anti-Ter119, anti-CD41, anti NK1.1, anti-TCRb, anti CD3, anti
CD11b, anti-CD24 and anti-F4/80 each at 1: 200 dilution for 20mins at 4"C. Labeled cells were washed and stained with Streptavidin
microbeads for 20 mins at 4"C. Unlabeled cells were collected by negative selection. Up-to 45%–50% pure pDCs (B220lo SiglecH+

CD11clo) could be routinely identified by flow cytometry.

pDC, B cell co-culture assay
pDCs were purified from Dnase1l3!/! BM cells using MACS negative selection (described above) and B cells were purified from
Dnase1l3-/ or Dnase1l3!/!Ifnar1!/! mice by negative selection using CD43 microbeads and were labeled with cell trace CFSE.
0.5 3 106 purified B cells per well were left unactivated (UA) or activated (A) with 5 mg/ml anti-IgM (Jackson Immunoresearch) +
anti-CD40 (BioLegend) and 5 ng/ml recombinant mouse IL-4 (R&D systems). Activated B cells were cultured in the presence of
#2x104 purified unactivated pDCs (A + pDCs) OR treated with 1 mg/ml CpGA (ODN 2216, InvioGen) (A + CpG) OR co-cultured
with #2x104 purified pDCs activated with 1 mg/ml CpGA (A + pDCs + CpGA). Cells were co-cultured for three days after which B
cells were analyzed for activation, proliferation and differentiation by flow cytometry and supernatant was analyzed for IFNa produc-
tion by ELISA.

IFNa ELISA
Purified BM or splenic pDCs at various concentrations were left unstimulated or stimulated with 1 mg/ml CpGA (ODN 2216, InvioGen)
for 18h and supernatant was collected. Supernatants were collected from pDC + B cells cocultures as described above. Secreted
IFNa in culture supernatants was measured using mouse IFN-alpha bioluminescence ELISA kit (InvivoGen) following manufacturer’s
instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Comparisons betweenmultiple groups were performed by one-way ANOVA followed bymultiple comparisons analysis, Tukey’s test,
unless otherwisementioned. Comparisons between two groups were performed by non-parametric Student’s t test withMann-Whit-
ney analysis. P values less than or equal to 0.05 were considered significant and significancewas assigned according to the following
breakdown: *p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. Graph Pad Prism software versus 7 or 8 was used for all statistical
analysis.
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ABSTRACT 

Obesity is a global health issue affecting 13% of the world population. The development of metabolic 

syndrome and complications associated with obesity are attributed to the chronic low-grade 

inflammation that occurs in metabolic tissues such as the visceral adipose tissue (VAT). Recently, cell-

free self-DNA (cfDNA), which accumulates systemically in obese individuals, was shown to contribute 

to VAT inflammation and consequently to development of metabolic syndrome. While 

deoxyribonucleases (DNASEs) regulate endogenous levels of cfDNAs, no study has evaluated their 

functions in obesity-mediated inflammation.  

Objective. We aimed to define DNASE1L3 role in the regulation of cfDNA immunostimulatory potential 

during obesity and whether its dysregulation plays a role in VAT inflammation in obese subjects.  

Methods. Dnase1l3 deficient and wild type control mice were fed with a normal and high fat diet 

during 13 weeks and their body weight gain, metabolic parameters and hepatic function were 

evaluated at regular intervals. At endpoint, VAT inflammation was determined by flow cytometry and 

the extent of VAT expansion and liver steatosis were quantified by histology. Plasma level of cfDNA 

was measured by quantitative PCR, while DNASE1L3 expression in peripheral blood mononuclear cells 

(PBMCs) was assessed by flow cytometry-based fluorescence in situ hybridization (Flow-FISH), in 

healthy and obese individuals. Finally, the total DNASEs activity of our cohort of patients was evaluated 

by single radial enzyme-diffusion (SRED) and a new DNASEs activity assay based on the PicoGreen dye. 

Results. Using a mouse model of diet induced obesity, we showed that Dnase1l3 deficiency 

exacerbated i) weight gain, ii) metabolic syndrome, iii) hepatic steatosis, and iv) VAT inflammation. 

Plasma cfDNA levels were higher in obese individual and positively correlated with severity of obesity. 

While the expression of DNASE1L3 was not modulated in obese patients, plasma DNASEs activity was 

decreased compared to healthy controls. 

Conclusion. Therefore, DNASE1L3 plays an important role in the regulation of obesity-associated 

inflammation and metabolic syndrome in vivo. In addition, DNASE function is impaired in obese 

individuals likely contributing to the alteration of systemic cfDNA levels. Validation of these results 

could lead to the development of new therapeutic tool, long-awaited in obesity, based on strategies 

that reconstitute of enhance DNASE1L3 activity. 
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INTRODUCTION 

Obesity is a major public health issue affecting 13% of the world's population, or more than 650 million 

people (Tremmel et al., 2017). Its prevalence has tripled between 1975 and 2016 and affects both 

developed and emerging countries. Obesity is commonly associated to the development of metabolic 

syndrome, which is a cluster of conditions including increased blood pressure, high blood sugar, excess 

body fat around the waist, and abnormal cholesterol or triglyceride levels. Obesity-associated 

metabolic syndrome represents a major risk factor for developing multiple chronic diseases such as 

type 2 diabetes (T2D), cardiovascular diseases, non-alcoholic steatohepatitis (NASH), neuropsychiatric 

diseases, severe coronavirus disease 2019 (COVID-19) and cancers (Yanovski and Yanovski, 2002), 

which together account for more than 5 million deaths worldwide each year (Yanovski and Yanovski, 

2002). Since the COVID-19 pandemic these numbers are probably underestimated (K Y et al., 2021). 

Therefore, obesity has far-reaching consequences for life expectancy, quality of life as well as 

healthcare costs. 

A critical role for both the immune cell infiltration into the VAT and the ensuing VAT chronic low-grade 

inflammation called metabolic inflammation or “metaflammation” was established in the 

development of obesity-associated metabolic syndrome (McNelis and Olefsky, 2014). Mainly, anti-

inflammatory M2-like macrophages present in the lean VAT switch toward a proinflammatory M1-like 

phenotype in the VAT of obese individuals and contribute to obesity pathogenesis through their 

production of pro-inflammatory cytokines, such as tumor necrosis factor (TNF)-α and interleukin 1 (IL-

1)-β (McNelis and Olefsky, 2014). These cytokines directly inhibit insulin signalling and lead to 

cardiovascular and metabolic complications related to obesity. However, targeting either TNF-α 

(Bernstein et al., 2006) or IL-1β (van Asseldonk et al., 2011) showed only a marginal impact on obese 

patients’ clinical outcomes. Furthermore, recent single-cell Ribonucleic Acid sequencing (scRNAseq) 

studies have revealed a higher complexity of macrophages beyond the classic M1/M2 distinction in 

the VAT of obese individuals and mice (Jaitin et al., 2019). Thus, understanding the mechanisms 

involved in this metaflammation has become a crucial issue in obesity research.  

Excess nutrient intake causes an accumulation of free fatty acids, cholesterol crystals (Shi et al., 2006), 

and impair intestinal permeability resulting in increased circulating levels of Lipopolysaccharide (LPS) 

originating from Gram-positive intestinal bacterial species (Amar et al., 2011). These lipids and 

bacterial molecules act as endogenous damage associated molecular patterns (DAMPs) and pathogen 

associated molecular patterns (PAMPs) respectively and stimulate pathogen recognition receptors 

(PRRs) including Toll-like Receptor (TLR)-4 and the NLR family pyrin domain containing 3 (NLRP3) 

inflammasome (Shi et al., 2006; Vandanmagsar et al., 2011; Wen et al., 2011). Their stimulation leads 
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to the production of inflammatory cytokines responsible for the VAT inflammation ultimately causing 

obesity-mediated complications (Holland et al., 2011; Vandanmagsar et al., 2011). 

Recently, multiple studies have shown that endogenous self-DNA, accumulate systemically in response 

to obesity, acts as a DAMP by activating PRRs involved in DNA sensing (such as TLR-9, cyclic GMP-AMP 

synthase (cGAS) and absent in melanoma (AIM)-2), and consequently exacerbates obesity-mediated 

inflammation and metabolic syndrome (Ganguly et al., 2018). Indeed, circulatory levels of endogenous 

cell-free (cf)DNA rise in obese individuals and mice exposed to high-fat diet (HFD) (Strissel et al., 2007; 

Garcia-Martinez et al., 2016; Nishimoto et al., 2016; Revelo et al., 2016). Forms and sources of such 

endogenous cfDNA are diverse and include i) microparticles (MPs) containing mitochondrial DNA 

(mtDNA) released by NASH affected hepatocytes (Garcia-Martinez et al., 2016), ii) neutrophils 

extracellular traps (NETs) which are fibres composed of DNA and antimicrobial peptides released by 

NETotic neutrophils (Revelo et al., 2016) and iii) genomic DNA (gDNA) and mtDNA released by 

apoptotic adipocytes (Nishimoto et al., 2016). The observation that circulatory cfDNA levels were 

positively correlated with the extent of VAT size, insulin resistance and liver damage in obese 

individuals (Garcia-Martinez et al., 2016; Nishimoto et al., 2016) further indicated that they contribute 

to the severity of obesity-induced metabolic syndrome. Hence, studies in mice and human have shown 

that the recognition of endogenous cfDNAs by macrophages and plasmacytoid dendritic cells (pDCs) 

via TLR-9 causes inflammatory responses contributing to the development of metabolic syndrome 

induced by obesity (Ghosh et al., 2016; Nishimoto et al., 2016; Revelo et al., 2016). Particularly, Ghosh 

et al. have shown that DNA released by VAT explant cultures isolated from obese patients was 

associated with high mobility group box 1 (HMGB1), and that this HMGB1-DNA complex activated TLR-

9 mediated type I interferon (IFN-I) production by pDCs (Ghosh et al., 2016). IFN-I consequently caused 

the switch of M2-like into M1-like macrophages (Ghosh et al., 2016) and participated in the depletion 

of regulatory T cells (Tregs) in the VAT (Li et al., 2021), which are both involved in VAT metaflammation. 

The later results are also consistent with studies indicating that genetic deficiencies of Tlr-9, Ifnar (IFN-

I receptor), Irf7 (Interferon regulatory factor 7) as well as specific pDCs ablation ameliorate the extent 

of metabolic syndrome in a mouse model of diet-induced obesity (Wang et al., 2013; Garcia-Martinez 

et al., 2016; Nishimoto et al., 2016; Revelo et al., 2016; Hannibal et al., 2017). In addition, obesity 

causes bacterial CpG DNA leakage from the gastrointestinal tract to the liver by modulating intestinal 

permeability which was shown to accelerate NASH pathogenesis in a TLR-9 dependent manner (Henao-

Mejia et al., 2012). The mtDNA released by hepatocytes and adipocytes during obesity also activates 

intracellular DNA sensors cGAS (Luo et al., 2018; Yu et al., 2018; Bai and Liu, 2019) and the AIM2 

inflammasome in macrophages (Bae et al., 2019), leading to the production of inflammatory cytokines 

and IL-1β respectively. The role of cGAS in obesity-mediated inflammation is further supported by 
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studies indicating that specific macrophage deficiency of STING (stimulator of interferon genes) which 

is essential for the transduction of cGAS-mediated signalling prevented NASH induced by HFD (Bai and 

Liu, 2019), while the in vivo role of AIM2 in obesity remains controversial (Gong et al., 2019). Therefore, 

endogenous DNA that accumulates during obesity plays a key role in the inflammation of metabolic 

tissues. Yet, how its abundance and immunostimulatory potential are regulated during obesity remains 

poorly understood.  

Multiple safeguard mechanisms are involved in the disposal of endogenous DNA to prevent aberrant 

immune activation and consequently the development of inflammatory and autoimmune syndromes. 

These protective mechanisms include circulatory (or extracellular) deoxyribonucleases (DNASEs) such 

as DNASE1 and DNASE1L3 which are respectively produced by exocrine and myeloid cells (dendritic 

cells (DCs) and macrophages) (Santa et al., 2021). Together both DNASEs account for all circulatory 

DNASEs activity (Napirei et al., 2009), but they display different specificities. DNASE1 preferentially 

digest “naked” DNA (Napirei et al., 2005) while DNASE1L3 digests membrane-encapsulated DNA 

(Wilber et al., 2002) either in its naked or nucleosome-bound form (Napirei et al., 2005). Nevertheless, 

Dnase1 deficiency in mice did not affect neither the levels of circulatory cfDNA nor its fragmentation 

profile (Cheng et al., 2018), while Dnase1l3 deficiency caused an abnormal accumulation of DNA-

associated to MPs and of larger DNA fragments (Serpas et al., 2019). Accordingly, the deficiency of 

DNASE1L3 in mice and humans led to the development of systemic lupus erythematosus (SLE) (Al-

Mayouf et al., 2011; Sisirak et al., 2016), which an autoimmune syndrome characterized by an aberrant 

production of DNA specific auto-antibodies, while DNASE1 involvement in SLE pathogenesis remains 

still debated (Kenny et al., 2019). Interestingly obesity was reported to represent a risk factor for SLE 

development (Tedeschi et al., 2017) and conversely SLE prone mice have shown an exacerbated 

obesity-mediated metabolic syndrome induced by HFD (Hanna Kazazian et al., 2019). Furthermore, 

studies in mice have revealed that HFD reduces circulatory DNASEs activity (Revelo et al., 2016). These 

results are in accordance with recent observations indicating that hypercholesterolemia impairs 

DNASE1 and DNASE1L3 activity both in mice and humans (Dhawan et al., 2021). However, treatment 

of obese mice with recombinant DNASE1 did not affect the development of metabolic syndrome 

(Revelo et al., 2016). This lack of DNASE1 therapeutic potential in obesity may be due to soluble 

mediators present in obese mice that block DNASE1 function and/or to its limited ability to only digest 

naked DNA. Given that DNASE1L3 is expressed in myeloid cells (Sisirak et al., 2016; Soni and Reizis, 

2018) present in metabolic tissues, has a unique function in disposing of multiple forms of DNA that 

accumulates during obesity (Sisirak et al., 2016; Jiménez-Alcázar et al., 2017), and is functionally 

impaired by excessive cholesterol levels (Dhawan et al., 2021), we postulated that it likely regulates 

endogenous DNA levels and its immunostimulatory potential during obesity.  
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We observed that Dnase1l3-deficiency increased the weight gain as well as exacerbated the metabolic 

syndrome induced by HFD-mediated obesity in mice. In the VAT of obese mice, we also found an 

increase in pro-inflammatory M1-like macrophages in absence of DNASE1L3, indicating that Dnase1l3 

deficiency aggravate metabolic tissues inflammation induced by obesity. Finally, we have shown that 

obese patients display elevated levels of circulatory cfDNA which were correlated with disease 

severity. In addition to the accumulation of circulatory cfDNA, obese patients also exhibited reduced 

circulatory DNASE activity. Thus, our study underlines an important role of DNASE1L3 in the regulation 

of endogenous DNA ability to contribute to obesity-mediated metaflammation and metabolic 

syndrome. 

 

METHODS 

Key Resources 

All the key resources, their origin, their specification as well as their concentration of usage are 

indicated in the Supplementary table 1. 

Animals 

Animal care and animal experimental procedures were done in accordance with the EU Directive 

2010/63/EU for animal care, and all the animal protocols (#20125 and #33484) were approved by the 

local ethics committee and the French ministry of research. The Dnase1l3-KO mice on C57BL/6J 

background (Dnase1l3LacZ/LacZ) were described previously (Sisirak et al., 2016). Age-matched wild-type 

(WT) control mice of the same backgrounds were used as controls and all mice (WT and Dnase1l3-KO) 

were co-housed during 15 days before the initiation of experiments. Twelve to 15 weeks-old mice were 

housed in groups of 5 animals in standard cages and maintained in a temperature- and humidity-

controlled facility under a 12:12 LD cycle (8:00 on), with ad libitum consumption of water and either 

standard rodent chow (standard Diet A03 or AIN93G AMF butter, SAFE, Augy, France) or HFD (60% of 

fat [260HF] or 45% of fat [246HF], SAFE, Augy, France) for 13 weeks. The number and the sex of mice 

used for the different experiments is further detailed in the figures’ panels and in the figures’ legends. 

Murine body weight, food intake and feeding efficiency measurements 

Mouse body weight and food intake per cage (expressed as g of food eaten daily) were recorded 

weekly during all the experiments. Twelve weeks after the initiation of HFD, mice were isolated in 

single cage to measure individual food intake during a period of 8 days. Feeding efficiency was 
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calculated as the ratio between cumulative body weight gain and cumulative caloric intake over the 

same period of time.  

Glucose tolerance test (GTT) and insulin tolerance test (ITT) 

At baseline, 6 and 12 weeks after the initiation of special diet, all mice were subjected to a GTT 

(intraperitoneal (i.p) injection of 10% D-(+)-Glucose at 1 g/kg) and mice fed with a 60% HFD were also 

subjected to an ITT (i.p injection of insulin at 0.75 U/kg). The animals were fasted for 6 h before the 

tests. Blood samples were taken from the tail vein at 0, 15, 30, 60, 90 and 120 min after the i.p 

injections of glucose or insulin.  

Body composition analysis  

Mouse body composition analysis was performed with the Echo Magnetic Resonance Imagery (MRI) 

(EchoMedical Systems, Houston, TX, USA) at 12 weeks as previously described (Binder et al., 2013). 

Murine plasma collection and analysis 

Mouse cheek blood samples (~100Pl) were collected 3 days after each GTT at baseline, 6 and 12 weeks 

after special diet initiation. Mice were fasted for 6 h and anaesthetised with isoflurane prior blood 

sampling. Blood glucose level was measured using a Accucheck performa glucometer (Roche diabetes 

care France). Total cholesterol (CT), low density lipoprotein-cholesterol (LDL), Triglyceride (Tg) and 

Alanine Aminotransferase (ALAT) were measured by Pentra C400 automated clinical chemistry 

analyzer (Horiba, France). Insulin concentration was measured using an ultrasensitive Enzyme Linked 

Immuno Sorbent Assay or ELISA (Crystal Chem Inc 90080). Insulin sensitivity was estimated by 

calculating the Homeostasis Model Assessment of Insulin Resistance (HOMA-IR: fasting insulin 

(mg/mL) x fasting glycemia (g/L)) / 405).  

Mouse tissue harvesting and isolation of immune cells 

At the endpoint, all mice were anaesthetised with isoflurane, euthanized by cervical dislocation and 

subjected to transcardial perfusion with 10 ml PBS. Subcutaneous adipose tissue (SAT), VAT 

(epididymal), and the liver were harvested, weighted and placed in cold media. AT samples were 

mechanically minced and digested (collagenase I-a 4 mg/mL) during 20 min at 37°C to obtain AT single 

cell suspension. This single cell suspension was further filtered through a 70 μm cell strainer and spun 

at 450 g for 5 min at room temperature (RT). The cell pellet containing the stromal vascular fraction 

(SVF) was then subjected to red blood cell lysis and washed in PBS and resuspended in flow cytometry 

staining buffer (4% BSA, 2 mM EDTA). Absolute cell numbers in the AT SVF were determined by the 

BD-Accuri C6 flow cytometer (BD-Biosciences)  
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Flow cytometry  

Prior to surface staining of the SVF of AT, FC receptors were blocked using an anti-CD16/32 antibody 

for 10 min at 4°C. Then specific surface antigens were stained with fluorescent labelled primary 

antibodies for 20 min at 4°C. The following antibodies were used: anti-CD8 APC, anti-CD11b APC-Cy7, 

anti-CD11c APC-Cy7, anti-TCR-β APC-eFluor 780, anti-CD64 BV605, anti-CD137 BV711, anti-Ly6G 

BV711, anti-F4/80 FITC, anti-CD4 FITC, anti-MHCII Pacific Blue, anti-Ly6C Pacific Blue, anti-CD11c PE, 

anti-B220 PE CF584, anti-CD301b PE-Cy7, anti CD45 PerCP-Cy5.5 and Zombie AmCyan for viability 

(Supplementary table 1). Upon staining cells were fixed using the Foxp3 Staining Buffer Set according 

to manufacturers’ instructions. Intra-cellular labelling with the anti-FoxP3 PE antibody was performed 

during 45 min at RT after fixation/permeabilization using the same kit. After washing the cells, samples 

were acquired on the Fortessa flow cytometer (BD Bioscience) and analyzed using FLowJo software 

version 10 (BD Bioscience). 

Histopathology  

Murine VAT, SAT and livers were fixed with 10% neutral formalin for 24h at RT (Sigma HT501128-4L), 

and stored in 70% ethanol and subsequently embedded in paraffin. Sections were stained with 

Hematoxylin and Eosin and captured at 40X magnification (Histology facility, Necker Hospital, Paris). 

Adipocytes perimeters and surfaces were quantified using software NDP View2Plus (Hamamatsu 

Photonics, France). Steatosis was quantified blindly to genotype by a single pathologist using QuPath 

bioimage analysis software (Bankhead et al., 2017) and a SLIC segmentation (sequence- and ligation-

independent cloning - (Achanta et al., 2012)), tool included in QuPath.  

Healthy donors (HD) and obese patients (OB) samples 

The data were collected under conditions of regular clinical care. The study was approved by the local 

Committee for the Protection of Persons (Bordeaux, France). All patients provided written informed 

consent after reading a complete description of the study. Included patients were aged between 18 

and 65 years and followed in the Nutrition Department of the Bordeaux University Hospital. They had 

severe obesity meeting the eligibility criteria for bariatric surgery (according to the guidelines of the 

French Health Authority: Body mass index or BMI >40 kg/m2 or >35 kg/m2 in the presence of 

complications susceptible to be improved by bariatric surgery). Anthropometric and biological data 

were collected (Supplementary table 2 and 3). Blood from sex- and age-matched healthy donors (BMI 

<30 kg/m2) were obtained from the local Blood Transfusion Center (Etablissement Français du Sang).  
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Pre-Analytical human blood sample processing  

Blood, collected in 7 ml EDTA tubes, was rapidly spun at 3500 g for 15 min (without brakes). Platelet-

poor plasma was gently collected and spun again at 3500 g for 15 min (without brakes) to obtain 

platelet-free plasma (PFP). PFP were stored at -80°C. Peripheral blood mononuclear cells (PBMCs) were 

isolated from the remaining blood by Ficoll gradient and used directly for flow cytometry. Briefly, the 

blood was diluted in PBS 1:2 and gently layered on top of the density gradient medium. After a 

centrifugation at 800 g for 20 min at RT without brakes the immune cells were recovered at the 

interface. Absolute PBMC numbers were determined by the BD-Accuri C6 flow cytometer (BD-

Biosciences)  

Circulatory cfDNA quantification 

As described in Zhang et al., 2009, we used 200Pl of PFP for the quantification of cfDNA. Twenty 

microliters of PFP were used to directly quantify cfDNA in the whole plasma fraction (WPF). The rest 

of the PFP was spun at 22,000 g for 30–60 min at RT to pellet the MPs. 150 µL of the supernatant was 

collected to constitute the soluble fraction (without MPs or MP- fraction) while the pellet was 

resuspended in 10 µL and constituted the MPs-associated fraction (MP+ fraction). One µL of the MP-

associated fraction was collected to quantify absolute MP counts. For that purpose, red blood cells and 

platelets specific surface antigens were stained with anti-human CD235a APC and CD41 APC 

respectively for 20 min at 4°C. The double negative population (MPs not originating from platelets or 

red blood cells) was quantified by flow cytometry after setting a threshold on forward scatter (FSC) at 

2500 to only limit the number of very small events corresponding to the electronic noise of the 

machine. The number of events obtained was corrected by the dilution factor. MPs were acquired on 

a BD Accuri™ C6 Plus Flow Cytometer (BD Biosciences). Then, the DNA was purified from these three 

fractions using a QIAamp DNA Blood Mini Kit (Qiagen). DNA concentration was quantified by 

quantitative Polymerase Chain Reaction (qPCR) using a CFX384 thermocycler (Bio-Rad TM). The 

specific primers used targeted ALU repetitive elements that are abundant in the genome and amplified 

a fragment of 200bp (ALU Fwd: AAAATTAGCCGGGCGTG and ALU Rev AGACGGAGTCTCGCTCTGTC). The 

cycling conditions were 95°C for 12 min, followed by 45 cycles at 95°C for 20 sec and 65°C for 50 sec 

56°C to anneal for 1 min, and 1 min of extension at 72°C as in (Zhang et al., 2009). The data were 

analyzed using Bio-Rad TM CFX Manager software (Bio-Rad TM). DNA levels were calculated according 

to a standard in each fraction.  
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PrimeFlow RNA Assay (Flow-Fish) 

Fresh PBMCs of obese patients and HD were used to perform the PrimeFlow RNA assay according to 

the manufacturer's instructions (Thermo Fischer Scientific). The probe specifically targeting the 

DNASE1L3 was designed by Thermo Fisher Scientific, and procedures used for the design and 

generation of the probes as well as the probe sequences are considered proprietary by the company 

(Thermo Fischer Scientific). A control probe targeting the mRNA of RPL13A which is ubiquitously 

expressed was also used to verify hybridization. The probes were conjugated to an APC fluorescent 

dye to allow detection by flow cytometry. Extracellular staining was also performed using the following 

antibodies: Anti-Human CD19 Pacific Blue, anti-CD4 SuperBright 600, anti-CD3 SuperBright 645, anti-

CD304 BV711, anti-HAL-DR BV785, anti-CD123 FITC, anti-CD16 PE-EF610, anti-CD11c PE, anti-CD141 

(BDCA3) PE-Cy7, anti-CD14 AF700, anti-CD1c (BDCA1) APC-Cy7, Zombie Amcyan for viability 

(Supplementary table 1). Data acquisition was performed using Fortessa flow cytometer (BD 

Bioscience LRSFortessa) and analyzed using FLowJo software version 9 or 10 (BD Biosciences). 

DNASEs activity measurement 

Plasma DNASEs activity was measured by Single Radial Enzyme Diffusion (SRED). Calf thymus DNA (1 

mg/mL) was dissolved in a solution containing 20 mM Tris HCL pH7.8, 10 mM MnCl2, 2 mM CaCl2 and 

ClearSight DNA stain. The solution was heated 10 min at 50°C and mixed with a solution containing 2% 

ultrapure agarose. The final solution was poured into a plate and left to solidify at RT for 1 h. After 

solidification, wells were made by using biopsy punches of 1,5 mm diameter and were spaced 2 cm 

apart. 10 µL of plasma samples were deposited in wells and the gel was incubated at 37°C during 16 h. 

After UV exposure, the total enzymatic activity, reflected by the size of the dark circle, was measured 

using MacBiophotonics ImageJ sofware. To quantify more precisely DNASEs activity in a high 

throughput manner we optimized the QuantiT-PicoGreen™ dsDNA assay (Thermo Fisher) which 

quantifies the amount of degraded DNA and converts it into absolute units of DNASEs activity based 

on standards of known concentration. For that purpose, 50 ng of calf thymus input DNA under 100 µl 

was incubated in presence of 25 µl of human plasma or known concentration of DNASE1 prepared in 

HBBSS buffer containing 5mM MgCl2. The assay was performed for 2h at 37°C and the enzymatic 

DNASEs activity was stopped by the addition of PBS containing 25mM EDTA. The amount of the 

remaining DNA was quantified by the QuantiT-PicoGreen™ dsDNA assay kit using the plate reader 

Varioskan™ LUX (Thermo Scientific) following the manufacturer protocol. The concentration of the 

DNA contained in the human plasma used for the DNASEs assay was also independently quantified by 

the QuantiT-PicoGreen™ dsDNA assay and subtracted from the digestion assay.  
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Statistical analyses 

Statistical analyses were performed using GraphPad Prism 9 software. First, sample normal distribution 

was assessed using the D'Agostino & Pearson omnibus normality test. Parametric statistics were used 

when distribution was normal using one-way ANOVA or t-test. For non-normal distribution, statistical 

validity was assessed with non-parametric test (Mann-Whitney or Kruskal–Wallis H test followed by 

multiple comparison of ranks when appropriate). Spearman rank correlation was used in data analysis. 

The statistical significance was set at p ≤ 0.05. All data are presented as means ± SD. 

 

RESULTS 

Dnase1l3 deficiency increases weight gain in mice fed with HFD  

To test the role of DNASE1L3 in the development of obesity, we compared the weight gain and 

adiposity of Dnase1l3-KO mice and control WT mice upon their exposure to HFD. For that purpose, 12 

weeks old male mice of each genotype were given ad libitum either a HFD containing 45% or 60% of 

fat during 12 weeks. WT and Dnase1l3-KO mice were also exposed to a chow (normal) diet (ND) 

containing 20% of fat as a control. First, we observed that mice exposed to both HFDs gained 

significantly more weight than mice on ND (Fig. 1A,D). Importantly, Dnase1l3-KO mice showed a 

significant weight gain compared to WT mice when exposed to both HFDs (45% or 60% HFD) (Fig. 1A, 

D). The weight gain of Dnase1l3-KO mice was starting to be significantly higher 6 weeks following the 

initiation of HFD (p<0.05) (Fig. 1B,E) and remained significantly more elevated than in WT mice over 

time (Fig. 1C,F). Indeed, after 12 weeks of HFD, Dnase1l3-KO mice gained 15% more weight than their 

WT counterpart (+12.4 ± 3.6 g vs +8.1 ± 3.1 g in Dnase1l3-KO and WT mice fed with 45% HFD and +19.4 

± 4.5 g vs +13.8 ± 1.2 g in Dnase1l3-KO and WT mice fed with 60% HFD, p<0.001) (Fig. 1C,F). Conversely, 

Dnase1l3-KO and WT mice fed with a ND showed no difference in body weight over time (Fig. 1A-C, 

1D-F). After 12 weeks of HFD and ND, individual epididymal (visceral) and inguinal (subcutaneous) AT 

were collected and weighed. Their mass was significantly increased in Dnase1l3-KO mice compared to 

WT mice fed with 45% HFD (p<0.001) while in mice fed a 60% HFD this difference was not significant 

(Fig. 1G and Fig. S1A-C). Elevation in AT mass in Dnase1l3-KO mice that were fed a HFD was 

accompanied with an increase in epididymal adipocytes perimeter and surface (Fig. 1H-J and Fig. 

S1D,E). Body composition, as evaluated by MRI, also showed an increase in the total fat mass (39.1 ± 

6.3% vs 26.1 ± 7.1%, p<0.001) and a decrease in total lean mass (43.7 ± 6.6% vs 56.7 ± 8.2%, p<0.001) 

in Dnase1l3-KO mice fed with 45% HFD when compared to WT mice on a same diet (Fig. 1K,L). Finally, 

to evaluate the mechanisms that may be responsible for the susceptibility of Dnase1l3-KO mice to gain 

more weight in response to HFD, we measured the cumulative food intake by cage until the end of the 



 

 

 
Figure 1: Dnase1l3 deficiency increases weight gain in mice fed HFD 

Wild-type (WT) and Dnase1l3-/- (KO) male mice were exposed to normal (ND) or high fat diet (HFD) for 12 weeks, 
starting at 12 weeks of age. HFD contained either 60% (A-C) or 45% of fat (D-O). (A, D) Weekly weight 
measurements of WT and KO mice fed an ND (circles) or HFD (squares). Cumulative body weight gain after 6 (B, 
E) and 12 (C, F) weeks of diet in the indicated mice. (G) Individual weights of epididymal adipose tissue (VAT) 
after 12 weeks of ND or HFD in the indicated mice. (H) Representative Hematoxylin and Eosin (H&E) staining of 
the VAT harvested after 12 weeks of ND or HFD of the indicated mice. Mean perimeter (I) and surface (J) of 30 
adipocytes per mouse from the VAT as measure by immunohistochemistry upon H&E staining. Proportion of fat 
(K) and lean (L) mass in WT and KO mice as determined by magnetic resonance imaging (MRI) after 12 weeks of 
diet. Cumulative food intake (M) and feed efficiency (N) measured per cage after 12 weeks of diet. The feed 
efficiency was calculated by the ratio of food intake to body weight gain. (O) Individual cumulative food intake 
after 8 days of isolation of individual mice in individual cages. Data were combined from two independent 
experiments with the indicated mouse numbers and presented as mean ± SD. Statistical significance was 
calculated by two-way ANOVA and indicated as follows: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 
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experiment and we observed no difference between all the experimental groups (Fig. 1M). The ratio 

of food intake to body weight gain, which correspond to the feed efficiency remained similar between 

WT and Dnase1l3-KO mice either fed a HFD or a ND (Fig. 1N). Furthermore, 1 week before endpoint, 

all the mice were isolated in individual cages to measure their individual food intake. In accordance 

with previous observations, individual food intake of Dnase1l3-KO and WT mice was similar 

independently of the diet (Fig. 1O).  

The vast majority of studies on the impact of HFD on obesity and the ensuing metaflammation are 

conducted in male mice because they are less exposed to hormonal and cyclical variations in estrogen 

and are more likely to rapidly develop complications of obesity (Marriott and Huet-Hudson, 2006; 

Singer et al., 2015). However, there are profound sex differences in adiposity and obesity-associated 

diseases in humans (Link and Reue, 2017), with women being more affected than man. Therefore, we 

also analyzed the impact of Dnase1l3 deficiency on diet-induced obesity using female mice. As shown 

in Fig. S1F-K, Dnase1l3-KO female mice, exposed for 12 weeks to 45% HFD, showed an increased 

weight gain and adiposity compared to HFD-fed WT mice. As with male mice, cumulative food intake 

of Dnase1l3-KO and WT mice was similar independently of the diet (Fig. S1L-M). Together, our results 

indicate that Dnase1l3 deficiency exacerbate weight gain and adiposity upon induction of obesity by 

HFD, independently of the sex of the mice and without impacting their feeding habits.  

 

Dnase1l3 deficiency exacerbates the development of metabolic syndrome induced by HFD 

We next assessed the impact of Dnase1l3 deficiency on the development of metabolic complications 

associated with obesity. First, we confirmed that WT and Dnase1l3-KO mice had similar fasting glucose 

levels and glucose tolerance right before initiating their special diets (Fig. S2). In line with the weight 

gain observed previously, WT and Dnase1l3-KO mice exposed 6 weeks to 60% HFD were more glucose 

intolerant than mice of both genotypes on ND (Fig. 2A-B). In mice exposed to 60% HFD, Dnase1l3-KO 

mice were showing a significantly higher glucose intolerance compared to their WT counterpart (Fig. 

2A-B). Furthermore, fasting blood glucose levels of Dnase1l3-KO mice were significantly higher than in 

WT mice fed with a 60% HFD (2.3 ± 0.4 vs 1.8 ± 0.4 mmol/L, p<0.05) (Fig. 2C). Insulin levels and the 

HOMA-ratio, corresponding to the extent of insulin resistance, followed the same trend (Fig. 2D-E). 

We also observed that Dnase1l3-KO mice were more insulin resistant than WT mice upon 60% HFD, 

since their circulating glucose levels was significantly less reduced in response to insulin injection (Fig. 

2F). Finally, 60% HFD also induced a hyperlipidaemia, particularly in Dnase1l3-KO mice as manifested 

by an elevation in circulatory total and LDL-cholesterol levels (Fig. 2G-H). We also evaluated these 

metabolic parameters in WT and Dnase1l3-KO mice 12 weeks after exposure to 60% HFD and ND 



 

 

 
Figure 2: Dnase1l3 deficiency accelerates the development of metabolic syndrome induced by HFD 

Metabolic profile of Dnase1l3-KO and WT mice exposed during 6 weeks to a 60% HFD (A-H) and 12 weeks to a 
45% HFD (I-O) and a chow diet as control. (A, I) Glucose tolerance tests (GTT) were performed by the 
intraperitoneal injection (IP) of a glucose solution (1 g/kg) and the evaluation blood glucose at the indicated time 
points by a glucometer. (B, J) Area under the curve of the GTT. (C, K) Fasting blood glucose levels as measured by 
a glucometer (D, L) Fasting insulin levels as evaluated by ELISA. (E, M) HOMA-ratio was calculated according to 
the formula: fasting glucose (mg/dL) X fasting insulin (µU/mL) / 405. (F) Insulin Tolerance Test (ITT) was 
performed upon IP insulin injection (0.75U/kg) and the measurement of blood glucose at different time points. 
(G, N) Circulatory total cholesterol levels and (H, O) LDL-cholesterol levels as measured by spectrophotometry. 
Data were combined from two independent experiments with the indicated mouse numbers and presented as 
mean ± SD. Statistical significance was calculated by two-way ANOVA and indicated as follows: *p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001. 
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(Fig.S3 A-G). At this later time point, 60% HFD induced the same degree of glucose intolerance (Fig. 

S3A-C) and insulin resistance (Fig. S3D-E) in WT and Dnase1l3-KO mice, but the hyperlipidaemia 

remained slightly more elevated in Dnase1l3-KO mice (Fig. S3 F-G). Therefore, our results indicate that 

the absence of DNASE1L3 accelerates the development of metabolic syndrome induced by obesity.  

To further address whether Dnase1l3 deficiency accelerates metabolic disorders induced by obesity, 

we exposed Dnase1l3-KO and WT mice to a 45% fat containing HFD. This diet closely mimics the 

western diet and was reported to induce development of metabolic syndrome with a slower kinetics 

than the 60% HFD (Takahashi et al., 1999). In accordance with these previous observations, six weeks 

of exposure to a 45% HFD were not sufficient to lead to metabolic complications (Fig. S3H-N). Yet 12 

weeks of exposure to a 45% HFD significantly worsen glucose intolerance (Fig. 2I-J) and insulin 

resistance (Fig. 2K-N) of Dnase1l3-KO mice only, without effectively affecting the levels of circulatory 

lipids (Fig. 2M-N). Together these results confirm that Dnase1l3 deficiency accelerates the occurrence 

of a metabolic syndrome in mice exposed to a HFD. 

Not all obese individuals are at equal risk for obesity-induced metabolic diseases. Although obesity is 

more common in women, they seem to be relatively protected from its metabolic impact (Meyer et 

al., 2006; Barrett-Connor, 2009). Therefore, we wondered if Dnase1l3 deficiency could have a different 

impact on glucose tolerance and insulin resistance in female mice. Even though female mice exposed 

to a 45% HFD gain more weight than mice on ND, they were protected from metabolic syndrome since 

they did not develop any glucose intolerance nor insulin resistance, unlike males (Fig. S4). Therefore, 

Dnase1l3 deficiency exacerbates the weight gain of female mice upon exposure to HFD, but female 

mice as women appear to be resistant to metabolic syndrome irrelevant of DNASE1L3 presence or 

absence. 

 

Dnase1l3 deficiency exacerbates the development of HFD-induced liver steatosis  

Obesity often causes a spectrum of liver abnormalities, known as non-alcoholic fatty liver disease 

(NAFLD), characterized by an increase in intrahepatic triglyceride content (i.e. steatosis) with or 

without inflammation and fibrosis (i.e. steatohepatitis). We next assessed the impact of Dnase1l3 

deficiency on the liver damage associated with obesity. We used ALAT as a marker of ongoing liver 

malfunction. After only 6 weeks of HFD (either 45% or 60% HFD) there is an increase in circulatory 

ALAT levels specifically in Dnase1l3-KO mice (Fig. 3A,D). WT mice fed with both HFDs and mice on ND 

showed similar ALAT values to those measured at baseline (Fig. 3A,D and Fig. S2G). The liver mass 

appeared to be increased in WT and Dnase1l3-KO mice fed a 60% HFD compared to mice fed a ND, 

while it was not impacted by a 45% HFD diet (Fig. 3B,E). Finally, with the software-assisted analysis of 
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Figure 3: Dnase1l3 deficiency exacerbates the development of HFD-induced steatosis 

Liver pathology of Dnase1l3-KO and WT mice exposed 6 to 12 weeks to 60% HFD (A-C, G) and 45% HFD (D-F, H) 
and a chow diet as control was evaluated. (A, C) ALAT levels after 6 weeks of diet exposure as measured by 
spectrophotometry. (B, E) Individuals weights of livers measurer after 12 weeks of diet exposure. (C, F) Semi-
automated quantification of hepatic steatosis (%) by pathologist blinded to genotypes and experimental 
conditions. (G, H) Representative liver section after Hematoxylin and Eosin staining of each group. Data were 
combined from two independent experiments with the indicated mouse numbers and presented as mean ± SD. 
Statistical significance was calculated by two-way ANOVA and indicated as follows: *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001. 
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histological sections of liver we were able to quantify hepatic steatosis. These analyses were performed 

by a single pathologist blinded to genotype and numerically assisted with quPath software to obtain a 

better uniformity and comparability of samples between experiments. A 60% HFD induced a hepatic 

steatosis in obese mice that is more severe in Dnase1l3-KO mice compared to WT mice (Fig. 3C,G). 

Interestingly, in mice fed with 45% HFD, hepatic steatosis was only increased in Dnase1l3-KO mice (Fig. 

3F,H). These results suggest that Dnase1l3 deficiency accelerate the onset of obesity-associated hepatic 

disorders. 

 

Dnase1l3 deficiency increases VAT immune infiltration and inflammation in obese mice 

During obesity, the VAT is highly infiltrated by immune cells that acquire a pro-inflammatory 

phenotype. Particularly, anti-inflammatory M2-like macrophages that are abundant in the lean WAT 

switch to pro-inflammatory M1-like macrophages in the obese WAT. Such M1-like macrophages were 

shown to contribute to “metaflammation” induced by obesity. This inflammatory state is directly 

linked to insulin resistance and complications associated to obesity (Lumeng et al., 2007). To evaluate 

the impact of Dnase1l3 deficiency on this metaflammation induced by obesity, we analyzed by flow 

cytometry the immune compartment (CD45+ cells) in the SVF obtained from VAT of WT and Dnase1l3 

KO mice subjected or not to HFD (Fig. S5). As expected, mice fed during 12 weeks with a 60% HFD 

showed elevated absolute counts of leucocytes (Fig. 4A) and CD11b+ and CD64+ macrophages (Fig. 4C). 

We next analysed either the anti-inflammatory M2-like profile (CD301b+ cells) or pro-inflammatory 

M1-like profile (CD11c+ cells) of the macrophages present in the SVF of VAT (Fig. 4B). CD11c+ M1 like 

macrophage frequency (Fig. 4D), counts (Fig. 4E) and the ratio of M1 to M2 macrophages (Fig. 4F) were 

significantly enriched in the SVF of VAT of mice that were subjected to 60% HFD. In addition to 

macrophages, T cells, B cells, DCs, monocytes and granulocytes (Fig.S5) in the SVF of VAT, were 

increased upon 60% HFD (Fig. S6 A-G). We did not observe any significant difference in the overall 

immune cell infiltration neither in the activation and/or inflammatory profile of all the analysed 

immune cells between WT and Dnase1l3-KO mice fed for 12 weeks with a 60% HFD (Fig. 4A-F and Fig. 

S6A-N). Therefore, after 12 weeks of 60% HFD the VAT immune infiltrate as well as its inflammatory 

profile is not significantly affected by the absence of DNASE1L3. This observation is in accordance with 

our previous results showing that Dnase1l3 deficiency exacerbated metabolic disorders induced by the 

60% HFD only 6 weeks after the initiation of the diet but not at 12 weeks after the diet initiation. These 

data suggest that the obesity induced by 12 weeks of 60% HFD is too excessive to see any impact of 

Dnase1l3 deficiency on the overall metabolic and inflammatory profile. Therefore, we performed the 

same experiment using an HFD containing 45% of fat, which is inducing a milder weight gain and 



 

 

 
Figure 4: Dnase1l3 deficiency increases macrophages infiltration and their switch toward and M1 pro-

inflammatory profile in the white adipose tissue of obese mice 

Mice were fed with 60% HFD (A-F), 45% HFD (G-L) or standard diet as controls. After 12 weeks mice were 
euthanized and leucocytes from the stromal vascular fraction (SVF) of the VAT of obese (square) and lean (circle) 
WT and Dnase1l3-KO mice were analysed by flow cytometry. (A, G) Absolute numbers of viable CD45+. (B, H) 
Representative plots and frequency of macrophages (CD45+ CD11b+ CD64+ cells) showing either the 
proinflammatory M1-like (CD11c+ cells) or the anti-inflammatory M2 like (CD301b+ cells) phenotype. (C, I) 
Absolute number of viable total macrophages identified as CD45+ CD64+ and CD11b+ cells. (D, J) Percentage of 
M1-like macrophages identified as CD45+ CD64+ CD11b+ and CD11c+ cells out of total macrophages. (E, K) 
Absolute numbers of M1-like macrophages. (F, L) Ratio of the percentage of M1 to M2-like macrophages. Data 
were combined from two independent experiments with the indicated mouse numbers and presented as 
mean ± SD. Statistical significance was calculated by two-way ANOVA and indicated as follows: *p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001. 
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metabolic syndrome and it is doing so with a slower kinetics. We observed that after 12 weeks of 

feeding with a 45% HFD, only Dnase1l3-KO mice showed a significant increase in the number of CD45+ 

in the SVF of the VAT (Fig. 4G). As CD45+ cells were elevated, most immune cells (Fig. S6J-P) including 

macrophages (Fig. 4I) were also significantly increased in the SVF of the VAT of Dnase1l3-KO mice 

subjected to a 45% HFD. We further analysed macrophages (Fig. 4H) and observed that in comparison 

to WT mice, Dnase1l3-KO mice accumulated more proinflammatory M1-like macrophages (Fig. 4J-L). 

As in male mice, weight gain in HFD-fed Dnase1l3-KO female mice is accompanied by an increase in 

pro-inflammatory M1 macrophages and a decrease in anti-inflammatory M2 macrophages in the VAT 

(Fig. S7A-F) which could potentially accelerate the onset of complications in these mice. Together, our 

results indicate that Dnase1l3 deficiency accelerates the onset of metaflammation in the VAT in 

response to HFD which could explain the earlier onset of metabolic complications observed in these 

mice. 

 

Obese patients show an accumulation of circulatory cfDNA 

Recent studies have reported an increase in circulatory cfDNA in obese patients (Garcia-Martinez et 

al., 2016; Nishimoto et al., 2016). However, the form (free vs associated to MPs) of such circulatory 

cfDNA that accumulate in obese individuals remains poorly characterized. Furthermore, circulatory 

cfDNA levels are controlled by extracellular DNASEs, including DNASE1 and DNASE1L3. Particularly 

DNASE1L3 was shown to play an important role in the regulation of DNA levels associated to MPs 

(Sisirak et al., 2016) and its fragmentation profile (Serpas et al., 2019). We therefore evaluated plasma 

cfDNA quantity and form in a cohort of obese individuals (n=26) and age- and sex-matched HD (n=27) 

detailed in Supplementary table 2. We used a quantitative PCR approach previously described (Zhang 

et al., 2009) to quantify the amount of circulatory gDNA, based on the amplification of ALU repetitive 

elements. We observed that obese patients show significantly more circulatory genomic cfDNA than 

HD (68.69 ± 22.39 vs 29.64 ± 10.7 ng/mL, p=0.024) (Fig. 5A). Importantly, circulatory genomic cfDNA 

levels positively correlated with BMI, insulinemia and HOMA-IR of obese patients and HD (Fig. 5B-D). 

On the other hand, we did not observe a significant correlation between cfDNA levels and patient 

fasting glycemia, ALAT and LDL-cholesterol levels (Fig. S8). We also measured circulatory genomic 

cfDNA levels in a longitudinal cohort (n=20) of obese patients before and 3 to 12 months after bariatric 

surgery (Supplementary table 3). We observed that weight loss after bariatric surgery is associated 

with reduced circulatory genomic cfDNA levels in obese individuals (4.7 ± 8.1 vs 2.0 ± 2.6 ng/mL, p 

=0.009) to quantities found in HD (1.5 ± 1.6 ng/mL) (Fig. 5E). We further studied 



RESULTATS 

 page 98 sur 173 
 

 

 

 

 

 

Figure 5: Obese patients show an accumulation of circulatory cell-free (cf)DNA  

(A) cfDNA levels in peripheral blood mononuclear cell (PBMC) of obese patients (OB) and healthy donors (HD) 
quantified by qPCR (Zhang et al., 2009). Correlation between cfDNA and BMI (B), cfDNA and Insulin level (C) and 
cfDNA and HOMA-IR (D) in HD and OB. HOMA-IR (Homeostasis Model Assessment of Insulin Resistance) was 
calculated by the formula: fasting glucose (mg/dL) X fasting insulin (µU/mL) / 405. (E) Circulating cfDNA levels in 
PBMC of OB before and 3 to 12 months after bariatric surgery. (F) percentage of soluble (MP-) and MP-associated 
fraction (MP+) of cfDNA in whole plasma fraction (WPF). (G) cfDNA levels in WPF, MP+ and MP- of OB and HD. 
(H) MPs levels in plasma of HD and OB. (I) Ratio of MP+DNA on MPs levels (MP+/MPs). Number of patients used 
(n) is indicated for each analysis. Data are presented as the mean ± SD. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 using 
Mann-Withney test and spearman rank correlation test. 
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circulatory gDNA levels that are either free or associated to MPs. For that purpose, we spun the plasma 

at high speed (22.103 g) and quantified gDNA in the soluble fraction (free) and in the pellet (MP-

associated). In obese patients, most (75%) of the circulatory gDNA was detected in the soluble fraction 

of the plasma while only a small proportion (25%) was found in the fraction enriched in MPs (Fig. 5F). 

Conversely, in HD circulatory genomic DNA was detected in the same proportion in the soluble and 

the MP-associated-fraction (52 and 48%). The increase of total cfDNA that we previously observed in 

mostly due to an accumulation of cfDNA in a soluble fraction (Fig. 5G). While the amount of genomic 

DNA in the MP enriched fraction remained similar between obese patients and HD (Fig. 5G), we 

consistently observed a significant reduction of MPs numbers in the plasma of obese patients (Fig. 5H). 

Therefore, we normalized the genomic DNA quantities detected in this fraction to the number of MPs. 

Despite this, the ratio DNA per MPs was similar between obese patients and HD (p=0.22) (Fig. 5I). Thus, 

obese patients show increased levels of circulatory cfDNA. This increase occurs mostly at the level of 

soluble DNA and appears to be associated to obesity severity.  

 

Obese patients show an impairment of circulatory DNASEs activity  

As mentioned previously, the levels of circulatory cfDNA are regulated by extracellular DNASEs, 

particularly DNASE1L3 (Sisirak et al., 2016). Consequently, the accumulation of plasmatic cfDNA in 

obese individuals reflects an impaired regulation of extracellular DNASEs expression and/or activity. 

Given that DNASE1L3 was previously reported to be highly expressed by haematopoietic cells such as 

dendritic cells and macrophages (Wilber et al., 2002; Sisirak et al., 2016), we measured its expression 

simultaneously in PBMC, from obese and healthy individuals by flow cytometry-based fluorescence in 

situ hybridization (Flow-FISH). This approach, based on an fluorescently-labelled (APC) oligonucleotide 

probe specific to the DNASE1L3 mRNA, was preferred due to the lack of antibodies targeting 

specifically DNASE1L3. In combination with classical flow cytometry antibodies we could identify the 

immune populations of interest (Fig. S9) and within those cells evaluate the mean florescent intensity 

(MFI) of the DNASE1L3 probe as a surrogate of its expression level. We first observed that among 

PBMC, DNASE1L3 mRNA is mainly expressed in plasmacytoid dendritic cells (pDCs) and nearly absent 

in other myeloid and lymphoid lineages (Fig. 6A). We next analyzed DNASE1L3 expression at the global 

level in PBMCs and observed that its expression is similar between obese patients and HD (Fig. 6C). 

Similarly, DNASE1L3 expression levels in different immune subsets are similar between obese 

individuals and HD (Fig. 6B). In addition to DNASE1L3 expression analysis, we measured DNASEs 

activity in the plasma of obese patients and HD using a single radial enzyme-diffusion (SRED) assay. For 

this 
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Figure 6: Obese patients show an impairment of circulatory DNASEs activity  
DNASE1L3 expression was measured simultaneously in most of the peripheral blood mononuclear cells (PBMCs), 
from obese patients (OB) and healthy individuals (HD), by flow cytometry-based fluorescence in situ hybridization 
(Flow-FISH). The MFI (Mean Florescent Intensity) of APC fluorochrome reflects the amount of DNASE1L3 mRNA. 
(A) The MFI of APC signal is plotted for each immune cell subpopulation of a HD and a OB representative of their 
respective groups. (B) MFI of APC signal (DNASE1L3 mRNA) in pDCs, DCs, monocytes, B cells, T cells and NK cells. 
(C) Global MFI of APC signal. (D) Quantification of total DNASEs activity by single radial enzyme-diffusion (SRED). 
Plasma from OB and HD is dispensed into a circular well in an agarose gel layer in which DNA is uniformly 
distributed. The diameter of the dark circle of hydrolyzed DNA correlates linearly with the activity of DNASEs. (E) 
Percentage of DNASE1 activity in the plasma of OB and HD measured by a new DNASEs activity assay based on 
the PicoGreen dye. A known quantity of dsDNA is incubated with increasing amounts of DNASE1 as standard and 
with the plasma of HD and OB. The amount of remaining dsDNA was measured by the PicoGreen assay and 
normalized to DNASE1 activity. Correlation between DNASEs activity and BMI (F) and circulatory DNA level (G) in 
HD and OB. Data are presented as the mean ± SD. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 using t-test or Mann 
Whitney test according to the normal or non-normal sample distribution and spearman rank correlation test. 
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assay, the plasma was dispensed into a circular well in an agarose gel in which DNA was uniformly 

distributed. As plasmatic DNASE degrades DNA embedded in the gel, dark circles form around the well 

and the diameter of these dark circles are directly correlated to total DNASEs activity. In the small 

number of analyzed individuals we observed a reduction of the overall DNASEs activity in obese 

individuals (Fig. 6D). Given that this method is difficult to extend to numerous patients and to quantify 

precisely we generated a new DNASEs activity assay based on the QuantiT-PicoGreen™ dsDNA assay 

aimed at measuring dsDNA levels. We placed dsDNA in presence of increasing amounts of DNASE1 as 

standard as well as in presence of the plasma of HD and obese individuals for 2h. Next, the amount of 

remaining dsDNA was quantified and normalized to DNASE1 activity. We observed that obese patients 

showed a significant reduction of global DNASEs activity in comparison to HD (Fig.6E). Furthermore, 

plasmatic DNASEs activity was inversely correlated to the BMI of the patients and their DNA levels (Fig 

6F, G). Thus, obesity affects DNASEs activity likely contributing to aberrant cfDNA accumulation. 

 

DISCUSSION 

Endogenous DNAs and their recognition by the innate immune system play an important role 

in the pathogenesis of obesity, but the mechanisms involved in their regulation during obesity 

remain poorly understood. We explored herein the function of an extracellular DNASE, called 

DNASE1L3, in the development of metaflammation and metabolic syndrome induced by 

obesity. Our results indicate that DNASE1L3 protects from obesity mediated-inflammation 

and metabolic complications likely by controlling endogenous DNA levels and their capacity 

to activate inflammatory responses.  

We first characterized the impact of Dnase1l3 deficiency on mice weight gain after their 

exposure to HFD. Our results showed that Dnase1l3 deficiency exacerbated HFD-induced 

weight gain and adiposity of the visceral and subcutaneous AT. Weight gain in Dnase1l3-KO 

mice occurred very rapidly after the introduction of the HFD (4-5 weeks) without affecting 

mice food intake. As weight gain is linked to an imbalance between calories intake (feeding) 

and energy expenditure (Grobe, 2017), we can extrapolate our results by concluding that the 

exacerbated weight gain of Dnase1l3-KO mice is probably secondary to a decrease in their 

energy expenditure. Nevertheless, it would be necessary to confirm this postulate by 

evaluating oxygen consumption (VO2), carbon dioxide production (VCO2), respiratory quotient 

(RER) (VCO2/VO2), and the physical activity of Dnase1l3-KO mice in comparison to WT mice 

fed both with a ND and HFD.  
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In addition to exacerbating weight gain, we observed that the deficiency of Dnase1l3 

accelerated the onset of glucose intolerance and insulin resistance in mice fed with a HFD. The 

development of these metabolic complications of obesity was previously linked to the 

metaflammation that occurs in the AT (McLaughlin et al., 2017). Indeed, an elevated 

production of inflammatory cytokines such as TNF-D�and IFN-I was reported, through the 

activation of canonical kinases (JNK, IKKβ) and transcription factors (AP1 and NF-κB), to 

interfere with insulin receptor signalling and to prevent insulin action on the regulation of 

extracellular glucose levels (Schenk et al., 2008). This is in accordance with our results showing 

an that Dnase1l3 deficiency also amplify AT inflammation in response to diet-induced obesity 

as manifested by an elevation in the representation of pro-inflammatory M1-like 

macrophages in the AT.  

DNASE1L3 was previously shown to control extracellular levels of DNA associated to MPs and 

its fragmentation profile (Serpas et al., 2019; Chan et al., 2020b). Aberrant accumulation of 

endogenous DNA in Dnase1l3-KO mice caused the development of systemic lupus 

erythematosus (SLE) (Sisirak et al., 2016). Particularly via TLR7/9 stimulation, endogenous 

DNA induced the production of IFN-I by pDCs contributing to SLE pathogenesis mediated by 

the absence of DNASE1L3 (Soni et al., 2020). Such immunostimulatory pathways involved in 

SLE development in Dnase1l3-KO mice were also recently reported to contribute to obesity-

mediated metaflammation and the ensuing metabolic syndrome (Ferriere et al., 2020). 

Indeed, multiple studies have shown that endogenous DNA originating from adipocytes and 

NETs accumulate during obesity and through TLR9 simulation, induce AT tissue inflammation 

(Nishimoto et al., 2016; Revelo et al., 2016). In addition, Ifnar deficiency and pDCs deletion 

was shown to protect mice from AT metaflammation induced by obesity (Hannibal et al., 

2017; Chan et al., 2020a). In humans, adipose tissues explants were shown to release self-

DNA associated with the nuclear protein HMGB1, which in turn stimulated pDC production of 

IFN-I in a TLR9-dependent manner (Ghosh et al., 2016). IFN-I derived from pDCs play and 

important role in polarizing macrophages toward a pro-inflammatory M1-like phenotype 

(Ghosh et al., 2016), and depleting AT Tregs (Li et al., 2021), which both contribute to AT 

inflammation. Therefore, the absence of DNASE1L3 during obesity most likely enhance 

endogenous DNA availability and ultimately its ability to exacerbate inflammatory responses 
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in a TLR9- and IFN-I-dependent manner. To conclusively confirm this hypothesis, it will be 

important to block TLR9 and/or IFN-I in Dnase1L3-KO mice fed with a HFD. 

The development of NASH in mice fed a HFD was also shown to at least partially depend on 

TLR9 activation. Indeed, hepatocytes from NASH livers were described to release MPs 

harbouring mtDNA that activated liver macrophage production of inflammatory cytokines 

through TLR9 (Garcia-Martinez et al., 2016). DNA originating from NETs also accumulate in 

the liver of mice and humans affected by NASH (van der Windt et al., 2018). Inhibition of NETs 

formation as well as digestion of NETs-DNA by DNASE1, ameliorated NASH development in 

vivo and prevented NASH evolution into hepatocellular carcinoma (van der Windt et al., 2018; 

Zhao et al., 2020). Given that NETs trigger inflammatory responses via TLR9 activation (Garcia-

Romo et al., 2011), it is likely that their role in NASH pathogenesis depends on TLR9 activation 

as well. In addition to TLR9, mtDNA derived from hepatocytes was shown to activate 

cGAS/STING pathway in liver macrophages and consequently to participate in NASH 

development during obesity (Luo et al., 2018; Yu et al., 2018). We have observed that 

Dnase1l3 deficiency aggravate NASH in response to HFD. While WT mice did not show any 

signs of liver steatosis upon 12 weeks of HFD containing 45% of fat, Dnase1l3-KO mice 

displayed increased circulatory levels of ALAT and of liver steatosis, indicating that DNASE1L3 

is key in controlling liver homeostasis in response to HFD. Since DNASE1L3 regulate the levels 

of DNA associated to MPs (Sisirak et al., 2016) and NETs (Jiménez-Alcázar et al., 2017) which 

are both forms of DNA found to contribute to NASH, its deletion may delay their disposal and 

thus enhance their capacity to stimulate liver inflammation which is key in NASH pathogenesis 

(Huby and Gautier, 2022). 

As we previously discussed, the absence of DNASE1L3 in mice and humans causes the 

development of SLE which is manifested by an aberrant production of anti-DNA auto-

antibodies (Al-Mayouf et al., 2011; Sisirak et al., 2016). Auto-immunity in response to 

Dnase1l3 deficiency affect both female and male individuals. Nevertheless, in male mice anti-

DNA antibodies autoreactivity is significantly lower than in female mice and ultimately causes 

a milder SLE with a longer kinetics, particularly in mice on a C576Bl/6 background (Sisirak et 

al., 2016; Soni et al., 2020). The impact of Dnase1l3 deficiency on metaflammation and the 

metabolic syndrome induced by obesity was done mostly in male mice, thus reducing any 

confounding impact of auto-immunity on our observations. In addition, when we quantified 
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anti-DNA autoantibodies, we did not observe a clinically significant elevation in their titers in 

males Dnase1l3-KO mice compared to their WT counterpart (SD Fig.10A-E). In females, only 

two Dnase1l3-KO mice had elevated levels of anti-DNA antibodies before the initiation of the 

HFD. However, all mice gained weight on this diet. Thus, antibodies do not appear to influence 

weight gain in these mice. After 12 weeks of HFD both male and female Dnase1l3-KO mice did 

not show a significant increase in anti-DNA anti-bodies in comparison to Dnase1l3-KO that 

were fed with ND (SD Fig.10A-E). While obesity induced by HFD was reported to exacerbate 

SLE pathogenesis in SLE-prone Tlr8 KO (Hanna Kazazian et al., 2019) and FcJRIIb KO 

(Udompornpitak et al., 2022) mice, it did not affect anti-DNA autoreactivity in Dnase1l3-KO 

mice. However, the impact of obesity on SLE features in Dnase1l3-KO should be further 

studied, particularly using mice that initially show similar extend of auto-reactivity towards 

DNA prior to the initiation of the HFD. 

For historical and economic reasons, mouse models of diet-induced obesity (DIO) most often 

use an HFD diet containing 60% fat. In experimental setting using this diet, we observed that 

Dnase1l3-deficiency increased glucose intolerance and insulin resistance after 6 weeks of diet 

while at endpoint (12 weeks after the initiation of HFD) these differences waned. Accordingly, 

at endpoint we did not find significant differences in AT tissue inflammation reflected by the 

accumulation of proinflammatory M1-like macrophages between WT mice and Dnase1l3-KO 

mice fed with a HFD. This is likely due to the fact that the massive fat intake using the 60% 

HFD causes a rapid onset obesity-mediated complications (Casimiro et al., 2021) and at late 

time points the impact of such diet on metabolic parameters and AT inflammation is too 

strong to observe any effects of Dnase1l3 deficiency. Conversely, when mice were place on a 

HFD containing 45% of fat, glucose intolerance, insulin resistance and AT tissue inflammation 

were significantly exacerbated in Dnase1l3-KO mice only after 12 weeks HFD initiation. This 

HFD containing 45% fat is related Western diet that are responsible for the current obesity 

pandemic (Speakman, 2019), and cause obesity-associated complication with a slower kinetics 

(Takahashi et al., 1999). Therefore, these results indicate that the absence of DNASE1L3, 

rather than exacerbating, accelerates the onset of metabolic disorders.  

Studies evaluating the impact of HFD on obesity are mostly performed with male mice because 

they are more likely to rapidly develop complications of obesity such as metabolic syndrome 

(Marriott and Huet-Hudson, 2006; Shi et al., 2006; Singer et al., 2015). However, patients who 
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undergo bariatric surgery are overwhelmingly female (Pratt et al., 2009). We therefore 

studied the impact of Dnase1L3 deficiency on obesity mediated metabolic syndrome and 

metaflammation upon their exposure to 45% HFD in female mice. As for male, female 

Dnase1L3-KO mice showed a significantly increased weight gain compared to WT mice. But, 

after 12 weeks of HFD they did not develop glucose intolerance nor insulin resistance. This is 

an accordance with the literature showing that females mice are less susceptible to HFD 

mediated metabolic disorders (Meyer et al., 2006; Barrett-Connor, 2009). AT inflammation 

and liver steatosis appeared to be more elevated in female Dnase1l3-KO mice compared to 

WT mice upon 12 weeks of HFD although not significantly. It was described previously that AT 

and liver inflammation in female mice takes a longer exposure to a HFD (~15 weeks) (Varghese 

et al., 2021) and thus in female mice Dnase1l3 deficiency may lower the threshold for the 

induction of metabolic tissue inflammation induced by HFD as well. These sex differences are 

largely related to the effects of estrogen (Palmer and Clegg, 2015). However, replacement 

therapy is not sufficient to prevent the risk of obesity-associated diseases, suggesting that 

other inherent differences between males and females are at work (Barrett-Connor, 2009; 

Riant et al., 2009), such an increase in AT Treg cells in female mice (Pettersson et al., 2012).  

We finally investigated the human relevance of our finding in Dnase1l3 deficient mice. We 

quantified circulating self-DNA levels in the plasma of obese patients and healthy donors. As 

previously described (Garcia-Martinez et al., 2016; Ghosh et al., 2016; Nishimoto et al., 2016), 

we showed that endogenous cfDNA levels were significantly increased in obese patients 

compared with healthy donors. Importantly, we observed that the levels of cfDNA were 

positively correlated with patient BMI and insulin resistance. In addition, bariatric surgery, 

which causes an important weight loss in obese patients, induced a significant reduction of 

circulatory cfDNA, to levels observed in healthy individuals. These observations support the 

hypothesis that in obese patients an aberrant accumulation of cfDNA contribute to obesity 

and its associated complications. Garcia et al. showed that patients with NAFLD induced by 

obesity display elevated levels of MP harbouring DNA which exhibited potent a 

proinflammatory potential through the stimulation of TLR9 (Garcia-Martinez et al., 2016). We 

therefore quantified circulating DNA in the MP fraction of obese patients’ plasma. We 

observed that cfDNA accumulating in our cohort of obese individuals was mostly contained in 

a soluble fraction which was depleted of MPs. While the MP fraction of the plasma contained 
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similar amounts of DNA between obese patients and healthy donors, the number of MP 

detected in the circulation obese individuals was significantly reduced.  

We have previously described that the main sources of DNASE1L3 in mice are myeloid cell 

including DCs and macrophages (Sisirak et al., 2016) while DNASE1 is mostly produces by 

exocrine cells (Napirei et al., 2004). In humans, transcriptomic data and recent studies have 

shown that DNASE1L3 is specifically expressed in pDCs, monocytes and monocyte-derived DCs 

(Inokuchi et al., 2020). Due to the current lack of antibodies specifically recognizing human 

DNASE1L3, we analyzed its expression in the PBMCs of obese patients and healthy controls by 

in situ hybridization based flow cytometry. We observed that DNASE1L3 expression is 

restricted to pDCs among PBMCs, however obesity did not affect its expression profile. These 

results suggest DNASE1L3 expression might be specifically regulated in immune cells within 

metabolic tissues affected by obesity and/or its activity may be negatively regulated by soluble 

factors induced by obesity. In accordance with these hypothesis, a recent study has shown 

that hypercholesterolemia negatively regulates DNASE1 and DNASE1L3 expression with the 

AT and the liver (Dhawan et al., 2021). Our results also indicate that the ability of the plasma 

from obese patients to digest target DNA was significantly reduced compared to healthy 

controls, and that the extent of this DNASEs activity reduction was correlated to the severity 

of obesity. These results suggest that circulatory DNASEs activity is impaired during obesity 

and such impairment contribute to obesity pathogenesis. Further studies are required to 

specifically address the impact of obesity on individual circulatory DNASEs including DNASE1 

and DNASE1L3. In patients with SLE, antibodies targeting either DNASE1 (Yeh et al., 2003) and 

DNASE1L3 (Hartl et al., 2021) activity were shown to inhibit their activity and contribute to 

disease severity. Given that obesity was also associated to an increase in autoantibodies 

toward self-DNA (Revelo et al., 2016; Dhawan et al., 2022), it is possible that obese individuals 

may develop anti-DNASEs autoreactivity as well. Moreover, Dhawan et al. showed recently 

that endoplasmic reticulum stress could be a causal factor leading to the alteration of the NET-

induced DNASEs response during atherogenic dyslipidemia (Dhawan et al., 2021). ER stress 

has been widely implicated in the pathogenesis of obesity and therefore could as well 

contribute in the impairment of DNASEs functions.  

Although multiple lines of evidence have established that self-DNA recognition contribute to 

obesity-mediated pathogenesis, our study for the first show an important role for the 
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extracellular DNASE1L3 in regulation of self-DNA pathogenic potential in this context. 

DNASE1L3 appears to constitutes a “safeguard” mechanism by digesting self-DNA and 

preventing its ability to cause obesity-induced inflammation and the ensuing metabolic 

syndrome. These results define an entirely novel pathogenic loop at play in obesity and may 

also lead to the development of novel therapeutic tools that are critical for obese patients. 

Indeed, restoring or boosting DNASE1L3 activity may be of therapeutic benefit for obese 

individuals, by reducing the pro-inflammatory potential of self-DNA that accumulate during 

obesity. 
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Supplementary Figure 1: Dnase1l3 deficiency increases weight gain in mice fed HFD 

Individual weights of inguinal adipose tissue (VAT) collected from wild-type (WT) and Dnase1l3-/- (KO) male mice 
fed with 45% HFD (A). Individual weights of epididymal (B) and inguinal (C) AT collected from WT and KO male 
mice fed with 60% HFD. Mean perimeter (D) and surface (E) of 30 adipocytes per mouse from the VAT as measure 
by immunohistochemistry upon H&E staining from WT and KO male mice fed with 60% HFD. Female WT and 
Dnase1L3-KO mice at were fed a ND or a 45% HFD for 12 weeks, starting at 12 weeks of age. (F) Weekly weight 
measurements of mice of the indicated genotypes fed an ND (circles) or HFD (squares). Cumulative body weight 
gain after 6 (G) and 12 (H) weeks of diet. Proportion of fat (I) and lean (J) mass in the indicated mice as determined 
by magnetic resonance imaging (MRI). (K) Individual weights of VAT. (L) Cumulative food intake per cage after 12 
weeks of diet and (M) individual food intake after 8 days of isolation in individual cages. Data were combined 
from two independent experiments in each cases with the indicated mouse numbers and presented as mean ± 
SD. Statistical significance was calculated by two-way ANOVA and indicated as follows: *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001. 
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Supplementary Figure 2: Basal weight and metabolic profile of WT and Dnase1l3-KO male mice 

(A) Glucose tolerance test (GTT) were performed by an intraperitoneal (IP) injection of a glucose solution (1 g/kg) 
and the evaluation of blood glucose levels at the indicated time points by a glucometer. (B) Area under the curve 
of GTT. (C) Fasting blood glucose levels as measured by a glucometer. (D) Fasting insulin levels as measured by 
ELISA. (E) HOMA-ratio was calculated according to the formula: fasting glucose (mg/dL) X fasting insulin (µU/mL) 
/ 405. (F) Circulatory total cholesterol levels and (G) ALAT levels as measured by spectrophotometry. Data were 
combined from at least two independent experiments with the indicated mouse numbers and presented as mean 
± SD. Statistical significance was calculated by two-way ANOVA and indicated as follows: *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001.



 

 

 

 

Supplementary Figure 3: Dnase1l3 deficiency accelerates the development of metabolic syndrome induced by 

HFD 

Metabolic profile of Dnase1l3-KO and WT male mice exposed during 12 weeks to a 60% HFD (A-G) and 6 weeks 
to a 45% HFD (H-N) and a chow diet as control. (A, H) Glucose tolerance test (GTT) were performed by an 
intraperitoneal (IP) injection of a glucose solution (1 g/kg) and the evaluation of blood glucose levels at the 
indicated time points by a glucometer. (B, I) Area under the curve of GTT. (C, J) Fasting blood glucose levels as 
evaluated by a glucometer. (D, K) Fasting insulin levels as measured by ELISA. (E, L) HOMA-ratio was calculated 
according to the formula: fasting glucose (mg/dL) X fasting insulin (µU/mL) / 405. (F, M) Circulatory total 
cholesterol levels and (H, N) LDL-cholesterol levels as measured by spectrophotometry. Data were combined 
from two independent experiments each time with the indicated mouse numbers and presented as mean ± SD. 
Statistical significance was calculated by two-way ANOVA and indicated as follows: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 
0.001. 
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Supplementary Figure 4: Dnase1l3 deficiency exacerbates the development of HFD-induced metabolic 

syndrome and steatosis in female mice 

Metabolic profile of Dnase1l3-KO and WT female mice exposed during 12 weeks to a 45% HFD and a chow diet 
as control. (A) GTT (1 g/kg) and the evaluation of blood glucose levels at the indicated time points by a 
glucometer. (B) Area under the curve of GTT. (C) Fasting blood glucose levels as measured by a glucometer. (D) 
Fasting insulin levels as measured by ELISA. (E) HOMA-ratio. Liver pathology of Dnase1l3-KO and WT female mice 
exposed 12 weeks to 45% HFD (F) ALAT levels as measured by spectrophotometry. (G) Individual liver mass. Data 
were combined from two independent experiments with the indicated mouse numbers and presented as 
mean ± SD. Statistical significance was calculated by two-way ANOVA and indicated as follows: *p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001. 
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Supplementary Figure 5: Flow cytometry gating strategy of the visceral adipose tissue SVF 

Representative plots indicating the gating strategy for the analysis of immune cells infiltrating the SVF of the VAT. 
All cells were gated according to their morphology (FSC and SSC). Doublet and dead cells were then eliminated 
based on their SSC-Height/SSC-Area parameters and their expression of the fixable viability Zombie dye, 
respectively. Then immune cells were isolated as cell expressing CD45. Among immune cells, macrophages were 
identified as CD11b+ and CD64+ cells and further separated into M1-like (CD11c+) and M2-like (CD301b+) 
macrophages. Conventional DCs (MHC II+ and CD11c+) and plasmacytoid dendritic cells (pDCs, CD11c+ CD317+) 
were identified among immune cells negative for macrophage markers CD64 and F4/80. Monocyte (Ly6C+) and 
granulocytes (Ly6C+ and Ly6G+) were identified among total immune cells (CD45+) cells lacking B- (B220) and T- 

(TCRβ-) cell markers. Finally, CD4 and CD8 T cells were identified among total T cells (TCRβ+) and regulatory T cells 
(Tregs, FoxP3+) were identified within CD4 T cells.



 

 

 

 
Supplementary Figure 6: Immune cells populations are enriched in the visceral adipose tissue SVF of obese 

mice. 

Mice were fed with 60% HFD (A-G), 45% HFD (H-N) or standard diet as controls. After 12 weeks mice were 
euthanized and leucocytes from the stromal vascular fraction (SVF) of the VAT of obese (square) and lean (circle) 
WT and Dnase1l3-KO mice were analyzed by flow cytometry. (A, H) Absolute number of conventional dendritic 
cells (CD64- MHCII+ CD11c+ cells). (B, I) Absolute numbers of plasmacytoid dendritic cells (CD64- CD317+ CD11c+ 
cells). (C,J) Absolute numbers of T cells (TCRβ+ B220- cells). (D, K) Absolute numbers of B cells (TCRβ- B220+ cells). 
(E, L) Absolute numbers of regulatory in T cells (TCRβ+, CD4+, FoxP3+ cells). (F, M) Absolute numbers of 
granulocytes (TCRβ-, B220-, Ly6C+, Ly6G+ cells). (G, N) Absolute numbers of granulocytes (TCRβ-, B220-, Ly6C+, 
Ly6G- cells). Data were combined from two independent experiments with the indicated mouse numbers and 
presented as mean ± SD. Statistical significance was calculated by two-way ANOVA and indicated as follows: 
*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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Supplementary Figure 7: Dnase1l3 deficiency increases macrophages infiltration and their switch toward and 

M1 pro-inflammatory profile in the white adipose tissue of female obese mice 

Female mice were fed with 45% HFD or standard diet as controls. After 12 weeks mice were euthanized and 
leucocytes from the stromal vascular fraction of the VAT of obese (square) and lean (circle) WT and Dnase1l3-KO 
mice were analysed by flow cytometry. (A) Absolute numbers of viable CD45+. (B) Representative plots and 
frequency of macrophages (CD45+ CD11b+ CD64+ cells) showing either the proinflammatory M1-like (CD11c+ 
cells) or the anti-inflammatory M2 like (CD301b+ cells) phenotype. (C) Absolute number of viable total 
macrophages identified as CD45+ CD64+ and CD11b+ cells. (D) Percentage of M1-like macrophages identified as 
CD45+ CD64+ CD11b+ and CD11c+ cells out of total macrophages. (E) Absolute numbers of M1-like macrophages. 
(F, L) Ratio of the percentage of M1 to M2-like macrophages. Data were combined from two independent 
experiments with the indicated mouse numbers and presented as mean ± SD. Statistical significance was 
calculated by two-way ANOVA and indicated as follows: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 

 

 

 
Supplementary Figure 8: Obese patients show an accumulation of circulatory cell-free (cf)DNA  

Correlation between cfDNA isolated from peripheral blood mononuclear cells (PBMCs) of obese patients and 
their fasting glycemia (A), LDL-cholesterol level (B) or ALAT level (C). Data were presented as mean ± SD. The 
samples number (n) was indicated for each analysis. Spearman rank correlation was used in data analysis and 
significance was indicated as follows: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 
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Supplementary Figure 9: Gating strategy for the Flow Fish analysis 

Representative plots indicating the gating strategy for the analysis of immune cells in peripheral blood 
mononuclear cells (PBMCs) of obese patients (OB) and healthy donors (HD). All cells were gated according to 
their morphology (FSC and SSC). Doublet and dead cells were then eliminated based on their SSC-Height/SSC-
Area parameters and their expression of the fixable viability Zombie dye, respectively. T cells (CD3+), B cells 
(CD19+), monocytes (CD14+), NK cells (CD16+), pDCs (CD304+ and CD123+) were identified among viable cells. DCs 
(MHCII+ and CD11c+) were identified among CD3-, CD19-, CD14-, CD16- cells. 
 
 
 
 

 
Supplementary Figure 10: Anti-dsDNA levels in male and female mice  

Anti-DNA levels as measured by ELISA in male and female mice before (A, B) and after 12 weeks of HFD (C, D, E) 
feeding. Data were combined from two independent experiments with the indicated mouse numbers and 
presented as mean ± SD. Statistical significance was calculated by two-way ANOVA and indicated as follows: 
*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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Supplementary table 1: Key ressources table 
REAGENT or RESOURCE SOURCE IDENTIFIER CONCENTRATION (µg/mL)

Standard Diet A03 SAFE SAFE® DIET A03
AIN93G AMF butter SAFE SAFE® U8978 v177
260HF SAFE SAFE®U8978 v19
246HF SAFE SAFE®U8955 v19

zombie Aqua dye AmCyan BIOLEGEND Cat# 423102 NA
Anti-mouse CD16/32 (93) FISHER SCIENTIFIC Cat# 15246827 5
Anti-mouse CD8 APC (53-6.7) BD BIOSCIENCES Cat# 561093 1
Anti-mouse CD11B APC Cy7 (M1/70) FISHER SCIENTIFIC Cat# A15390 0,25
Anti-mouse TCR-β APC-eFluor 780 (H57-597) FISHER SCIENTIFIC Cat# 47-5961-82 1,33
Anti-mouse CD64 BV605 (X54-5/7.1) BIOLEGEND Cat# 139323 1
Anti-mouse CD 317 BV711 (BST2) (927) BD BIOSCIENCES Cat# 747604 1
Anti-mouse LY6G BV711 (1A8) BIOLEGEND Cat# 127643 0,5
Anti-mouse F4/80 FITC (BM8) BIOLEGEND Cat# 123108 5
Anti-mouse CD4 FITC (1/200) BIOLEGEND Cat# 116004 2,5
Anti-mouse MHCII PB (1/400) BIOLEGEND Cat# 116422 1,25
Anti-mouse Ly6C PB (HK1.4) BIOLEGEND Cat# 128014 5
Anti-mouse FOXP3 PE (150D) BIOLEGEND Cat# 320008 NA
Anti-mouse CD11c PE (N418) BIOLEGEND Cat# 117308 0,4
Anti-mouse B220 PE CF584 (RA3-6B2) BD BIOSCIENCES Cat# 562313 0,5
Anti-mouse CD301B PECy7 (URA-1) BIOLEGEND Cat# 146808 2
Anti-mouse CD45 PerCP Cy5,5 (30-F11) BD BIOSCIENCES Cat# 550994 0,25
Anti-human CD19 PB (HIB-19) BIOLEGEND Cat# 302224 1,25
Anti-human CD4 SuperBright 600 (SK3) FISHER SCIENTIFIC Cat# 63-0047-42 0,06
Anti-human CD3 SuperBright 645 (UCHT1) FISHER SCIENTIFIC Cat# 64-0038-42 0,25
Anti-human CD304 BV711 (12C2) BIOLEGEND Cat# 354534 0,5
Anti-human HLA-DR BV785 (L243) BIOLEGEND Cat# 307642 0,4
Anti-human CD123 FITC (6H6) BIOLEGEND Cat# 306014 1
Anti-human CD16  PE-EF610 (CB16) FISHER SCIENTIFIC Cat# 61-0168-42 0,25
Anti-human CD11c  PE (CB16) BD BIOSCIENCES Cat# 555392 NA
Anti-human CD141 (BDCA3) PECy7 (JAA17) FISHER SCIENTIFIC Cat# 25-1419-42 0,25
Anti-human CD14 AF700 (61D3) FISHER SCIENTIFIC Cat# 56-0149-42 0,5
Anti-human CD1c (BDCA1) APC-Cy7 (L161) BIOLEGEND Cat# 331520 1
Anti-human CD41  APC-Cy7 (HIP8) BIOLEGEND Cat# 303710 NA
Anti-human CD235a APC (REA175) MILTENYI BIOTEC Cat# 130-118-356 NA

D-(+)-Glucose SIGMA-ALDRICH Cat# D7528 1g/kg
Insulin Asparte - NOVORAPID NOVO NORDISK France 0,75UI/L
ISO-VET 100% OSALIA  1000 MG/G
Collagenase from Clostridium histolyticum SIGMA-ALDRICH Cat# C5138 4mg/ml 
Percoll® (Cytiva) SIGMA-ALDRICH Cat#  GE17-0891-01 80% / 40%
Formalin solution, neutral buffered, 10% SIGMA-ALDRICH Cat#  HT501128 0,1
RNAlater® SIGMA-ALDRICH Cat# R0901-500ML NA
Foxp3 Staining Buffer Set FISHER SCIENTIFIC Cat# 00-5523-00 NA
Double-stranded genomic DNA from E. coli K12 INVIVOGEN Cat# tlrl-ecdna 0.1µg/mL 
ssPolyU Naked INVIVOGEN Cat# tlrl-sspu 1µg/mL
Stimulatory CpG ODN2395, Class C INVIVOGEN Cat# tlrl-2395 3µg/mL
DOTAP Liposomal Transfection Reagent SIGMA-ALDRICH Cat# 11202375001 10 U/μl
Gibco™ RPMI 1640 Medium FISHER SCIENTIFIC Cat# 15460564 NA
ClearSight DNA Stain EUROMEDEX-BM Cat# EUH40501 NA
Calf Thymus DNA VWR Cat# J64400.03 1mg/ml
GoScript Reverse Transcription PROMEGA Cat# A5001 NA
GoTaq Master Mix PROMEGA Cat# M7132 NA

Ultra Sensitive Mouse Insulin ELISA Kit CRYSTAL CHEM INC Cat# 90080
RNeasy Lipid Tissue Mini Kit QUIAGEN Cat# 74804
RNeasy Kits QUIAGEN Cat# 74004
QIAamp DNA Blood Mini Kit QUIAGEN Cat# 51104
ELISA MAX™ Deluxe Set Mouse TNF-α BIOLEGEND  Cat# 430915
QuantiT™-PicoGreen™ dsDNA assay FISHER SCIENTIFIC  Cat# P11496

FlowJo TREESTAR
GraphPad Prism GRAPH PAD SOFTWARE
NDP View2Plus HAMAMATSU PHOTONICS
QuPath UNIVERSITY OF EDINBURGH
Bio-Rad TM CFX Manager software BIO-RAD TM
ImageJ sofware MACBIOPHOTONICS

Software and Algorithms

Animals Diets

Antibodies

Chemicals, Peptides, and Recombinant Proteins

Critical Commercial Assays
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Supplementary table 2: Obese patients and Healthy donors’ characteristics 

 

 

Supplementary table 3: Longitudinal cohort’s characteristics 

 
 

 

Variables N (%) / x(SD) Range N (%) / x(SD) Range

Age 41.2 (10.39) 23.0 - 56.0 38.7  (12.7 ) 18.0 - 61 .0

Gender

Female 21 (80.8) 20 (7 4.1)

Male 5 (19.2) 5 (25.9)

BMI 41.4 (4.8) 33.8 - 52.3 24.2 (0.7 )*** 18.7  - 29.3

BMI m ax 44.1  (5.3) 37 .0 - 53.0

Glycem ia (g/dL) 0.9 (0.09) 0.8 - 1 .1

Insulinem ia 22.1  (11 .7 ) 8.4 - 55.3

HOMA-IR 4.2 (3.0) 0 - 11 .7

NASH 6 (26)

CRP (m g/dL) 7 .7  (5.5) 1 .5 - 21 .8

Patients (n=26) Controls (n=25)

*** p<0.001

Variables N / x(SD) Range N / x(SD) Range

BMI before surgery  (kg/m ²) 41.8 (1 .3) 35.2 - 42.8 21.5 (1 .1) 19.6 - 23.8

BMI after surgery  (kg/m ²) 30.5 (1 .3) 22.8 - 33.2

Weight loss (%)  -27 .1  (1 .8)  -15.2 - -40.0

T im e to follow-up (m onths) 7 .7  (0.7 ) 3.0 - 12.0

Patients (n=20) Controls (n=14)


