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ABSTRACT: 
 

Introduction: Deficiency of Adenosine deaminase 2 (DADA2) is a monogenic 

autoinflammatory disorder presenting a broad spectrum of clinical manifestations, 

including vasculitis, immunodeficiency and hematologic disease. The genetic mutations in 

ADA2 gene have been associated to an insufficient ADA2 activity leading to reduction in 

deamination of adenosine to deoxyadenosine, and a consequent accumulation of 

extracellular adenosine. The pathogenic mechanisms investigated so far have elucidated a 

skewed polarization from the M2 macrophage subtype to the proinflammatory M1 subtype 

with an increased production of inflammatory cytokines (TNF-α, Interferon IFN). More 

recently a chronic neutrophil activation and a dysregulation of NETosis, as process 

triggered by extracellular Adenosine, inducing TNFα secretion from Macrophages 

stimulated by NETs, has been implicated in the pathogenesis of DADA2. 

 

Objectives: The aim of the project is to dissect NETosis directly in neutrophils isolated 

from DADA2 patients and healthy controls (HDs), and to quantify suicidal and vital 

NETosis induced by several stimuli. To determine if NET epitopes can change depending 

from the inflammatory microenvironment and if protein composition of NETs is disease 

specific, we used quantitative proteomics approach to characterize NET proteins, released 

from neutrophils after different stimuli in DADA2 patients, HDs and nongenetic vasculitis. 

Moreover, we investigated the mechanisms of NETs removal. 

To verify if NETs can influence maturation or inflammatory phenotype of DCs, we 

characterized peripheral myeloid Dendritic cells (mDCs) and plasmocytoid DCs (pDC) in 

DADA2 patients and analyzed in vitro moDC maturation and cytokine production in 

presence of NETs. 

 

Methods: We analyzed and quantified both suicidal and vital NETosis by Imaging Flow 

Citometry (IFC): neutrophils isolated from peripheral blood from DADA2 patients and 

HDs were stimulated in vitro with different stimuli (PMA, Adenosine and LPS) to induce 

NETosis and were analyzed in the ImageStreamXMark II IFC equipped with a MultiMag 

system. We evaluated also NETs remnants and DNAse in the plasma samples by ELISA 

assay. We used quantitative proteomics approach to characterize NET proteins, released 
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from neutrophils after different stimuli in DADA2 patients, HDs and nongenetic vasculitis: 

LC-MS/MS analyses were conducted on Orbitrap Fusion Tribrid mass spectrometer and 

NET protein quantification was carried out using Label-Free Quantification method. 

We isolated monocytes from peripheral blood with microbeads and we generated moDC 

after culture stimulation with LPS/NETs. On the 7th day we analyzed by flow cytometry 

the phenotype and the markers of differentiation. Quantification of cytokines was 

performed by flow cytometry bead array.  

 

Results: We enrolled 14 patients with Adenosine Deaminase 2 deficiency diagnosis who 

underwent blood sampling at out Center, collecting also plasma samples from further 6 

genetically confirmed DADA2 patients enrolled by other Italian Pediatric Rheumatology 

Units.  

Neutrophils from DADA2 show a significant increased suicidal NETosis, identified as 

nuclear decondensation and Myeloperoxidase (MPO) colocalization with DNA, following 

PMA stimulation and we observed an increase also with LPS and Adenosine. Then we 

analyzed vital NETosis, identified as elongated shape of cells, nuclei polarized within the 

cell and not colocalized with MPO and we found an increased vital NETosis in DADA2 

neutrophils. Accordingly, plasmatic levels of circulating nucleosomes (NET remnants) 

were elevated in patients; DNAse levels were normal but the activity was reduced.  We set 

up experimental conditions for proteomic analysis of NETs, induced by PMA, Adenosine 

and TNFα, testing two patients, two HDs and two patients with non-genetic vasculitis: in 

total we identified 1770 proteins among which a hundred of proteins were significantly up 

or down-modulated in DADA2 NETs compared to controls NETs. 

DC phenotype in DADA2 patients result concordant with HD, as well as moDCs cytokine 

production after LPS stimulation. We observed a stimulatory effect of NETs towards 

induction of TNF alpha, IL-6 production and IP-10 from moDCs in both HD and DADA2.  

 

Conclusion: Our findings confirm a dysregulation in NETosis process in DADA2 patients, 

that can be induced by both LPS and adenosine. An increase of vital NETosis was also 

identified. Proteomic profile of NETs isolated from DADA2 is different from HD and 

PAN patients:  NETs are qualitatively different between HD and DADA2. NETs in 

DADA2 may therefore interact differently with innate immunity compartment, stimulating 

DCs to produce citokines, contributing to the typical inflammatory phenotype. 
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INTRODUCTION: 
	

1. Adenosine Deaminase 2 (ADA2) 

1.1 ADA2: Protein function and structure 
	
The ADA2 gene is located on chromosome 22q11.1 and encodes the ADA2 protein1.  

ADA2 is a dimeric enzyme that, similarly to its ADA1 isoform (a 40-kDa monomer), 

catalyzes the deamination of adenosine and 2'-deoxyadenosine into inosine and 

deoxyinosine respectively. 

The estimated molecular mass of ADA2 monomer is 67 kDa2; it displays 511 amino acid 

residues and presents characteristic structures such as an N-terminal signal sequence, N-

glycosylation sites, a disulfide bond, a dimerization domain, and a C-terminal catalytic 

domain3. 

ADA2 is also characterized by heparin binding. Docking experiments using model 

substrates predict that heparin binds in a positively charged area located in the region 

between two subunits of the ADA2 dimer3 . Proteoglycans, including heparin, are involved 

in binding of ADA2 to cell surfaces3. The importance of N-glycosylation for normal 

ADA2 function has been also demonstrated4. 

The ability of ADA2 to bind cell surface receptors is mediated by its dimerization 

domain3,5, which is structurally homologous with a family of adenosine deaminase growth 

factors6. 

ADA2 bears partial homology to ADA1, which functions mainly as a catalytic enzyme 

involved in purine metabolism.  

Both ADA1 and ADA2 have structurally similar non identical catalytic sites; this site is 

more open and more hydrophilic in ADA2 than that in ADA13. This reflects in the 

enzymatic properties: ADA2 has a 100-fold higher Michaelis - Menten constant for 

adenosine than ADA1 and has an acidic pH optimum of 6.9. The normal plasma adenosine 

concentration is 0.2 µmol L−1 at a neutral pH. Thus, the deaminase function of ADA2 

under physiologic conditions is limited and the relevance of the deaminating activity in the 

biological role of ADA2 remains partly unclear. This explains the predominant role of 
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ADA1 as the regulator of extracellular adenosine concentrations but points also to a 

potential role for ADA2, in addition to ADA1, in sites of inflammation and tumorigenesis 

where adenosine levels are higher6. ADA1 and ADA2 also differ in their sensitivity to 

adenosine deaminase inhibitors: erythro–9-2-hydroxy-3-nonyl adenine (EHNA) selectively 

blocks ADA1, allowing for discrimination of ADA1 versus ADA2 activity7. 

 

ADA2 is mostly expressed by monocytes undergoing differentiation into macrophages and 

dendritic cells. It is secreted in the extracellular space as homodimer5,6, whereas ADA1 is 

ubiquitously expressed on all cells and is the primary intracellular adenosine deaminase, 

functioning to reduce levels of adenosine in the intracellular space, as high levels are 

cytotoxic6. Deficiency of ADA1 due to loss of function mutations leads to increase T, NK 

and B cells apoptosis, associating with a severe combined immunodeficiency8.  

Both ADA1 and ADA2 seem to have non redundant roles in the immune system other than 

adenosine deamination5 , and lack of one enzyme is not compensated by the other9.  

ADA2 regulates the extracellular adenosine levels, which is known to play a role in the 

inflammatory response during acute conditions.  

Acute rise in adenosine is anti-inflammatory and renders tissue protective responses10. 

Adenosine exerts its physiological effects by engagement of adenosine receptors (AR); 

four G protein-coupled cell surface receptors are identified, namely A1, A2A, A2B and A3. 

Receptor activation triggers either a decrease (A1 and A3) or increase (A2A and A2B) in 

intracellular cyclic AMP, which then mediates a change in cellular activation. 

The varying effect of adenosine on cellular activity and local inflammation seems to be 

determined by the interplay between the local adenosine concentration, degree of cellular 

receptor expression, receptor type, and the receptor affinity; most of which can be affected 

by environmental. Depending on the concentration of adenosine in the microenvironment 

and the AR profile of the relevant cellular inflammatory infiltrate, adenosine can serve 

either a pro- or anti- inflammatory function11. Most of the anti-inflammatory effects seems 

to be mediated through A2A receptors12. 

1.2 Role of ADA2 in the immune system and pathophysiology 
 

Interestingly, numerous studies reported elevated levels of total ADA and specifically 

ADA2 in serum, pleural fluid, and cerebrospinal fluid (CSF) of patients infected by 

Mycobacterium tuberculosis (MTB), Brucella melitensis, as well as Listeria 
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monocytogenes13,14. Especially for the diagnosis of tuberculous pleural effusion, evaluation 

of pleural total ADA as well as ADA1 and ADA2 levels has shown to be useful15, 

particularly in the paucibacillary tuberculous pleural effusions. Even in low incidence 

populations, pleural fluid measurement of ADA showed a high negative predictive value 

and a good sensitivity16,17. Specifically, ADA2 is elevated in tuberculous pleural effusion 

and a reduction in ADA2 correlates with treatment response7,13. ADA2 is produced by live 

MTB-infected macrophages14 and ADA2 secretion during differentiation of monocytes 

into macrophages was decreased by IFN-gamma addition 5 . Moreover, the level of ADA2 

secretion by macrophages is regulated by IFN-gamma, suggesting the existence of a 

feedback mechanism for the regulation of ADA2 expression 5. 

Also, the increased ADA2 mRNA expression correlated positively with IL-6, TNF-alpha, 

and IL-1018. The authors concluded that ADA2 might be important for the regulation of the 

innate immune responses against MTB infection.  

On the viral side, plasma ADA2 has been used as a marker for HIV-1 seroconversion and 

HTLV infection19,20.  

Moreover, increased levels of ADA2 mRNA are found upon Epstein Barr virus-infection 

of B cells21. Therefore, myeloid cells have increased expression and secretion of ADA2 

during activation and during inflammatory response2. Likewise, increased ADA2 levels are 

found in plasma samples obtained in chronic inflammatory conditions, eg, Crohn’s disease, 

juvenile rheumatoid arthritis and systemic lupus, chronic active hepatitis and liver cirrhosis 

with ADA2 levels correlating with diseases activity22–25. 

 

The exact significance of the increased ADA2 levels in these conditions still needs to be 

elucidated, but these data hinted at some potentially critical function of ADA2 in the 

regulation of immune responses in humans26. Adenosine acts as an immunosuppressive 

signal and prevent excessive inflammatory response27,28. Thus, the abnormal of ADA 

activity would lead to the abnormal adenosine concentration in vivo, which influence the 

immunity homeostasis. As the imbalance of immune homeostasis are both the important 

driving factor and feature of autoimmune diseases, thus, there should be an association 

between abnormal of ADA activity and autoimmune diseases26. 

More recently, Lee et al29 explored ADA2 levels in a wide cohort of pediatric 

rheumatologic patients: the authors suggested that ADA2 elevation beyond the upper limit 

was largely restricted to systemic juvenile idiopathic arthritis (sJIA) with concomitant 
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macrophage activation syndrome (MAS), and could be therefore utilized as biomarker of 

MAS in sJIA, potentially reflecting direct stimulation of monocytes and macrophages by 

cytokines implicated in MAS.  

High serum ADA2 activity is associated with increased stages of liver fibrosis in NAFLD30. 

Lately, Tiwari et al31 found  that ADA2 promotes the production of PDGF-B in ex vivo 

human hepatic spheroids that mimic the physiological microenvironment of human 

hepatocytes and Kupffer cells. This indicates a paracrine loop where infiltrative monocytes 

magnify the pro-fibrotic signal by engaging Kupffer cells via ADA2.  

Chronically increased adenosine levels however promote tissue fibrosis and injury by 

creating a proinflammatory milieu10. Thus, lack of ADA2 causes impairment of adenosine 

catabolism which leads to chronic inflammation. 

 

Innate immunity in DADA2 patients 

 

Patients with ADA2 deficiency have skewed monocyte differentiation, with increased 

proinflammatory M1 macrophages and relatively decreased anti-inflammatory M2 

macrophage subsets1 . This polarization of the monocyte macrophage population is felt to 

cause a release of proinflammatory cytokines and lead to downstream tissue damage1,7. 

Kaljais et al32 showed an increase in CD16+ monocyte subset in those patients with 

decreased percentages of monocytes in PBMCs.  Authors32 also demonstrate that ADA2 

activates monocytes by depleting extracellular adenosine. These results suggests that in the 

absence of ADA2, the immune system of DADA2 patients has to be adjusted to produce 

more pro inflammatory cytokines, such as TNF-a, to compensate the immunosuppressive 

effect of the extra- cellular adenosine. Although this could be beneficial in combating 

pathogens during bacterial and viral infections, it may have negative side effects, such as 

damage to blood vessels and strokes, due to the excessive production of pro-inflammatory 

cytokines33 .  

Notably, Watanabe et al.34 analyzed CD14+ monocytes subpopulations of DADA2 patients 

through single cell RNA sequencing (scRNA-seq), identifying a higher frequency of 

nonclassical monocytes compared with the healthy donors and an up-regulation of M1 

macrophage markers. Such an increase in nonclassical monocytes has previously been 

described as characteristic of other chronic inflammatory diseases35. Indeed, nonclassical 

monocytes are a prominent source of TNF-α compared with classical monocytes36,37. In 
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this respect, these findings are in line with the aforementioned role of TNF-α. Strikingly, 

there were no differences when comparing transcriptomes of any particular patient with all 

other patients. Assuming that there were no significant differences between the 

transcriptomes of monocytes of DADA2 patients with a hematologic phenotype versus a 

nonhematologic phenotype, this may suggest that the explanation for the bone marrow 

failure observed in DADA2 is to be sought elsewhere38. Comparing the transcriptomes of 

DADA2 monocytes with healthy control monocytes, several differentially expressed genes 

were identified: while the majority of these genes was up-regulated, a down-regulation of 

several genes coding for ribosomal proteins, including RPS10, RPS28, RPS29, RPL26, 

mutated in Diamond Blackfan anemia, was found in DADA2 monocytes. Although this 

finding may provide insight into the pathogenesis of pure red cell aplasia in DADA2 

patients, the patients in this cohort did not present anemia at the time of the study38. 

Yap and collegues39 recent  in-depth immune phenotyping confirmed  that  DADA2 

patients exhibited significantly reduced proportions of classical monocytes (CD14+ CD16-

)  and increased proportions of intermediated (CD14+ CD16+ )  and nonclassical (CD14-  

CD16+) monocytes .  

The authors underlined also that CD169/SIGLEC1 was expressed at similar levels on 

classical, intermediate and nonclassical monocyte subsets present in healthy donors, its 

level of expression was found to be twofold higher on all subsets of ADA2-deficient 

monocytes. 

The increased CD169/ SIGLEC1 expression is in line with reported evidence of 

upregulated type I IFN signaling in DADA2. Interestingly, increased expression of 

SIGLEC-1 on myeloid cells has been implicated in viral dissemination in models of HSV1 

and CMV infections, among other viruses40. Further study of the effect of increased 

SIGLEC-1 expression on the observed viral infections in DADA2 may shed light on the 

intriguing coalescence of the type I IFN signature and susceptibility to viral infection.  

Authors showed also increased SIGLEC-1 expression on monocytes from heterozygous 

carriers is consistent with the clinical observation that some carriers of pathogenic ADA2 

mutations exhibit signs and symptoms compatible with DADA2, although the carriers 

tested in the work were reportedly asymptomatic. 

Kaljias et al32 underlined that ADA2 binds to neutrophils, monocytes, NK cells. A 
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reduction in absolute number of NK cells and neutrophils,  was observed  in DADA2 

patients41. DADA2 patients were also found39 to have significantly lower proportions of 

MAIT, NKT and mature CD56 dim CD57-NK cells, but increased proportions of 

immature CD56 bright NK cells.  

The role of Dendritic cells (DCs) in DADA2 patients has not yet been investigated 

thoroughly. ADA2 is highly expressed in dendritic cells42, which secrete ADA2 

continuously5.  Yap and collegues39 DCs immune-phenotyping in DADA2 patients showed 

that while ADA2-deficiency does not impact overall numbers and proportions of dendritic 

cells, it does alter the distribution of myeloid DCs (mDCs) subsets, with a significantly 

increased proportions of CD16+CD1clo/− DCs in DADA2 patients. These DCs or 

nonclassical like monocytes have potent T cell stimulatory capacity and produce 

proinflammatory cytokines upon TLR stimulation by TNF-α, IL6, IL12. Thus, these cells 

may play a role in maintaining the inflammatory state observed in DADA2. In addition, 

reduced proportions of mDCs may be associated with the overall defect in T and B cell 

immune responses observed in vivo in these patients. 

ADA2 and neutrophils  

Neutrophils express receptors for adenosine which can have profound effects on their 

function43.  Neutrophils generate and release adenosine at sites of inflammation, and 

adenosine can either activate or inhibit various neutrophil functions44. For example, 

adenosine-mediated stimulation of A1 and A3 ARs on neutrophils promotes chemotaxis 

and phagocytosis43,45,46, whereas stimulation of A2A and A2B receptors dampens 

neutrophil responses by inhibiting respiratory burst and granule release47,48. 

Adenosine can regulate neutrophil function44,49. Submicromolar concentrations of 

adenosine can stimulate high-affinity A1 and A3 receptors to promote neutrophil 

chemotaxis toward inflammatory stimuli. Activation of A2A and lower-affinity A2B 

receptors on neutrophils with increasing concentrations of adenosine can inhibit neutrophil 

adhesion and migration across the endothelial cell barrier. These findings have been used 

to promote the hypothesis that increasing concentrations of adenosine may shift the 

neutrophil away from proinflammatory and toward anti-inflammatory responses; however, 

this concept is likely an oversimplification. For example, activation of both low- and high-

affinity ARs can inhibit release of proinflammatory  cytokines from activated neutrophils 
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(A2A and A1 receptors) 43,50or inhibit degranulation (A2A and A3 receptors)48,51–53. 

Deficient levels of ADA2 were previously demonstrated to lead to marked upregulation of 

neutrophil expressed gene transcripts, chronic activation of neutrophils and increased 

expression of myeloperoxidase in peripheral blood mononuclear cells that may lead to 

endothelial damage33. Belot and colleagues33 suggest that the vasculitis seen in ADA2 

deficiency may be an indirect effect resulting from chronic and marked activity of 

neutrophils. 

Carmona-Rivera et al54 in 2019 described a possible pathogenic role of neutrophils and a 

mechanism involving the NETosis process in the tumor necrosis factor (TNF)-α release 

from macrophages. 

DADA2 patients present an higher proportion of a subset of neutrophils known as low-

density granulocytes (LDGs), which have been implicated in the pathogenesis of vasculitis, 

at least in part, through the formation of neutrophil extracellular traps (NETs)55.  

This increased proportion of circulating LDGs prone to spontaneous NETs formation was 

observed during active disease in DADA2, and significantly reduced after remission 

induction by anti–TNF therapy. In vivo evidence demonstrated NETs and macrophages in 

affected gastrointestinal tissue from patients with DADA2 (immunofluorescence study on 

bioptic tissue).  

Adenosine was demonstrated to trigger NETs formation, examined with confocal 

microscopy, by engaging A1 and A3 adenosine receptors (ARs) and through reactive 

oxygen species (ROS)– and peptidylarginine deaminase (PAD)–dependent pathways. 

Female patients presented displayed a significantly greater percentage of neutrophils 

displaying high expression of A1AR receptors compared with male patients with DADA2, 

therefore presenting more prone to NETs formation. Adenosine-induced NET formation 

was inhibited by recombinant ADA2, A1/A3 AR antagonists, or by an A2A agonists.  

M1 macrophages incubated with NETs derived from patients with DADA2 showed NETs 

induced NF-kB nuclear translocation and released significantly greater amounts of TNF-α, 

a pivotal cytokine in DADA2. It was also noted that whereas agonistic activation of 

adenosine receptor A2A downregulated NET-induced secretion of TNF-a by macrophages. 

Furthermore, adenosine-induced NETs were not detected in neutrophils incubated with 

healthy control macrophage supernatants. In contrast, enhanced NET formation was 
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observed in adenosine-stimulated neutrophils incubated in the presence of supernatant 

from DADA2 macrophages, suggesting that ADA2 released from macrophages 

metabolized exogenous adenosine and decreased adenosine- induced NET formation. To 

corroborate whether this effect was specific to ADA2, recombinant ADA2 added to 

DADA2 neutrophils allowed a reduction in NET formation.  

 

Therefore, interactions between macrophages and neutrophils seem critical to regulate 

adenosine-mediated NET formation and highlight a potential mechanism whereby 

deficiency of ADA2 production by macrophages may contribute to dysregulation of 

adenosine-mediated NET formation in DADA2.  

This work underlined how NETosis may be the missing link that translates ADA2 

deficiency into macrophage activation and subsequent TNF-α production56. With a better 

understanding of the molecular events upstream of TNF-α production, we may uncover 

additional therapeutic options for DADA2.  

Adaptive immunity in DADA2 patients.  

Adaptive immunity has been investigated in DADA2 patients32,39,57–59. 

Kaljas and collegues32 analysis of CD4+ T-cell subset revealed that ADA2 specifically 

binds  B cells that do not express CD26, a receptor for ADA1, and regulatory T cells 

expressing CD39 and lacking the receptor for ADA1. Authors32 show that ADA2 binding 

to CD39+ Treg cells might inhibit Tregs activation by extracellular adenosine. Hence, 

ADA2 secreted by myeloid cells can bind to Tregs and block their immunosuppressive 

functions60. Furthermore, few studies39,61 identify  a significantly reduced proportion  of 

Treg cells: this finding could be involved in  the multiple auto-immune features, including 

cytopenia and auto-antibody production58, sometimes presented by DADA2 patients.  

Looking at T cell compartment, Schena and coauthors 57 showed an altered homeostasis in 

T-cell subsets in DADA2 patients, with a reduction of absolute number of both helper and 

cytotoxic subpopulations, and a significant increase of cTfh cell frequency, possibly 

secondary to the state of chronic inflammation. Importantly, DADA2 cTfh showed 

impaired IL-21 production that is the crucial cytokine for B-cell help function; the cited 

expansion of cTfh could be also the result of a compensatory mechanism for the defective 

IL-21 production. A further alteration affecting T cells in DADA2 patients was their 
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reduced expression of CD40L: interestingly, this defect was associated with impaired 

helper activity toward B-cell proliferation and differentiation to Immunoglobulin Secreting 

Cells, indicating also an alteration in the T–B cell interaction process.  

Yap and collegues39 identified an impaired differentiation of CD4+and CD8+memory T 

cells, accelerated exhaustion/senescence, and impaired survival and granzyme production 

by ADA2 deficient CD8+T cells. Although the generation of memory T cells is 

compromised of ADA2 mutations, differentiation of memory CD4+T cells to distinct 

effector fates remains intact. Consequently, there is a quantitative rather than qualitative 

effect of ADA2-deficiency on memory CD4+T cells. 

ADA2-deficiency exacerbates T cell differentiation, resulting in greater proportions of 

exhausted/senescent CD4+ and CD8+T cells. Unlike CD8+ T cells, survival, cytokine 

secretion and effector function of CD4+T cells were unaffected by ADA2 deficiency. 

Further cellular aberrations in DADA2 include increased proportions of CD4-CD8- αß+ 

TCR+cells1,61–63 consistent with an ALPS-like phenotype as well as reductions in 

frequencies of central and effector memory CD4+ and CD8+T cell subsets1,61. 

DADA2 patients were also found39 to have significantly lower proportions of  Vγδ2+T 

cells. Interestingly, Vγδ2 T cells are the most abundant γδT cells in peripheral blood of 

healthy individuals and display increased cytotoxicity against multiple viral and tumoral 

antigens64,65. Indeed, an inverse correlation between proportions of Vδ2+T cells and EBV 

reactivation has been observed following HSCT66,67. Taken together, it is likely that the 

senescent/exhausted phenotype and impaired production of cytolytic molecules by ADA2-

deficient CD8+ T cells, coupled with decreased frequencies of Vγδ2+T cells and an 

accumulation of less mature NK cells, contribute to refractory/recurrent viral infections in 

ADA2-deficient patients68–71. From a mechanistic perspective, ADA2 deficiency may lead 

to increased activation of A2A receptors, reducing T cell activation, in addition to reduced 

TCR signaling and lytic activity of cytototoxic lymphocytes72. 

A recent study59 performed combined single- cell RNA sequencing and single-cell TCR 

sequencing in order to profile T cell repertoires in 10 patients with DADA2. Although 

there were no significant alterations of T cell subsets, authors observed activation of both 

CD8+ and CD4+T cells. Previous studies described a lymphoproliferative phenotype in a 

subset of patients with homozygous c.G506A mutations (p.Arg169Gln) of the ADA2 gene, 

and in 2 patients, lymphoproliferation resembled T-LGL . Gain-of-function STAT3 
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mutations were identified in these 2 patients, with a T-LGL phenotype73. Despite that, Wu 

et al59 showed no clonal expansion of T cells: most TCRs were expressed at basal levels in 

patients and healthy donors. TCR usage was private to individual patients and not disease 

specific, indicating as unlikely a common pathogenic background or predisposition to a 

common pathogen.  

Regarding B cell compartment, Zhou et al1 showed that B cells from DADA2 patients 

present a defect in terminal maturation, and they are more prone to apoptosis; subsequent 

studies32 showed an impairment in CD19+CD25+ B cells. Schepp et al. observed a 

correlation between inflammation and impairment in B-cell function with a clinical 

improvement of immunoglobulin production by anti-TNF treatment, but this finding was 

not confirmed by a subsequent study39. This may reflect the requirement for TNF in 

establishing and maintaining the anatomical structure of B-cell follicles in mice74 , and/or 

the impact of TNF blockade on memory B cell maintenance in secondary lymphoid 

tissues75.  

Recent findings39,57 indicate that ADA2-deficiency compromises not only the generation 

and/or maintenance of the memory B cell pool, but also the ability of B cells to undergo Ig 

class switching.  

Schena and coauthors57 showed an expansion of CD21low B cells, considered innate like 

B cells, a B-cell compartment enlarged in patients with chronic infection, autoimmunity 

and in a subset of CVID patients. Accordingly, in the examined cohort, CD21low B cell 

expansion correlated with splenomegaly, suggesting to be a potential predisposing factor to 

autoimmunity. They also confirmed an impairment in DADA2 B cells in their ability to 

proliferate and differentiate, showing a DADA2 naıve B cells reduced capacity to respond 

to TLR 9 agonist, CD40L, and anti-human Ig stimulation, suggesting an intrinsic 

proliferation defect induced by ADA2 mutation.  Finally, authors present evidence that B 

cells have the ability to produce and secrete ADA2, and that ADA2 mutation critically 

affects its intrinsic deaminase activity. This finding suggests that it might act as autocrine 

factor for B-cell response in the periphery, regulating possibly the balance of 

adenosine/inosine ratio in the pericellular space. 

In Yap and colleagues work39, the absolute levels of CD38 and IgM expressed were 

significantly (~ twofold) higher on transitional, naïve and memory B cells from DADA2 
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patients than those from healthy donors. Analysis of peripheral B cell subsets indicate that 

ADA2 deficiency compromises B cell differentiation, resulting in B cell populations that 

are developmentally less mature than those in healthy donors. Overall DADA2 impacts on 

differentiation of peripheral naive B cells to memory B cells, as well as class switching in 

vivo and generating of IgA- secreting cells in vitro. Collectively, these data demonstrating 

an intrinsic maturation B cell defect due to ADA2-deficiency may explain the 

hypogammaglobulinemia and B cell lymphopenia characteristic of DADA2 patients. 

Direct B cells subsets evaluation of bone marrow of a DADA2 patient who did not receive 

any immunosuppressive treatment or anti-TNF agent revealed a block in B cell 

development in the bone marrow at the pro-B to pre-B cell stage: the aberrant distribution 

and phenotype of peripheral B cell subsets in ADA2-deficient patients likely result from a 

block in B cell development in the bone marrow, evidenced by an accumulation of pre-B 

cells and underdeveloped immature B cells.  

ADA2 and type I Interferon (IFN) 

Several authors describe in DADA2 patients an upregulation of type 1 interferon 

stimulated genes similar to that seen in systemic lupus erythematosus (SLE) and Aicardi 

Goutières syndrome33,76–78. Recently, Dhanwani and colleagues79 uncovered a previously 

unidentified immune-metabolic axis by which cells respond to purine nucleosides and 

trigger a type I interferon- β (IFN-β) response, finding that depletion of ADA2 stimulates 

IFN- β production by endothelial cells. Under conditions of reduced ADA2 enzyme 

activity, dAdo is transported into cells and undergoes catabolism by the cytosolic 

isoenzyme ADA1, driving intracellular accumulation of dIno. dIno is a functional immune 

metabolite that interferes with the cellular methionine cycle by inhibiting SAM synthetase 

activity. Inhibition of SAM-dependent transmethylation drives epigenomic 

hypomethylation and overexpression of immune-stimulatory endogenous retroviral 

elements that engage cytosolic dsRNA sensors and induce IFN- β. This work also supports 

the possible paracrine effect for IFN- β produced by vascular endothelium in driving TNF 

expression in M1 macrophages, known to be prevalent in DADA2 patients, thus reserving 

a major pathophysiologic role for the endothelium as a major source of intracellular ADA2 

activity. However, previous work has failed to show endothelial expression of ADA2 and 

identifies the monocyte as the predominant source of ADA21. Moreover, findings in 

patients with purine nucleoside phosphorylase deficiency are not in line with the in vitro 

studies reported in the cell lines38,80,81. Finally, the successful use of HSCT to cure ADA2 
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pleads against a predominant role of the endothelium in the pathophysiology of the disease 

and is more in line with a central role for a hematopoietic cell type, for example, the 

monocyte38. 

 

Watanabe et al34, performing single-cell RNA sequencing (scRNAseq) of CD14+ 

monocytes of DADA2 patients showed an up regulation of immune response pathways, 

including IFNα/β and IFNγ signaling, in all monocyte subtypes. The authors suggest that 

elevated IFNγ activates cell signaling, leading to differentiation into M1 macrophages 

from monocytes and release of TNFα. Authors additionally verify the predominance of a 

type II IFN signature as well as increased plasma concentrations of TNF-α, in line with the 

up-regulated pathways described. Similar changes in monocytic gene expression were 

observed in the untreated patient, suggesting that TNF-α inhibitors act downstream of 

these pathways and do not change the signature of the disease, or at least not sufficiently to 

change the transcriptome significantly. 

Wu et al59, performing combined single- cell RNA sequencing and single-cell TCR 

sequencing of T cell repertoires in patients with DADA2, recognized activation of IFN 

pathways (both IFNα/β and IFNγ signaling) as a signature of T cells and STAT1 as a hub 

gene in the gene network of T cell activation and cytotoxicity. Many functions of IFNγ 

have been ascribed to direct STAT1- mediated induction of immune effector genes. 

STAT1 activation could also be mediated by cross regulation of cellular responses to other 

cytokines and inflammatory factors82. Authors report that, overall, T cells in DADA2 

patients showed distinct cell–cell interactions with monocytes, as compared with healthy 

donors, and many of these ligand–receptor interactions likely drove up-regulation of 

STAT1 in both T cells and other immune cells in patients. The work therefore propose a 

mechanism of involvement of T cells and monocytes in pathogenesis of DADA2 such as 

activation of the IFN–JAK–STAT1 pathways by circulating IFNs as the core signature of 

T cells and monocytes activation.  

Nihira83 and colleagues report upregulation of both type I and type II interferon signaling 

and STAT1 in DADA2 patients, dissecting transcriptome and proteome analyses from 

patients PBMCs. Authors also show that levels of type-II interferon-related genes were 

lower after treatment with anti-TNF drugs (differently from Watanabe and collegues34), 

whereas IFN-α scores were not affected by treatment. 

Interestingly, Kaya Akca84 and colleagues, while screening serological markers in DADA2 
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and PAN patients, identified high plasma IL-18 levels observed in DADA2 patients with 

hematologic manifestations. Authors suggest that this finding may be associated with an 

activated IFNgamma pathway, and lack of response to anti-TNF treatment:  the IL18-IFN 

signatures may predict changes in the bone marrow microenvironment leading to red cell 

aplasia in DBA patients85. They also hypothesize that defining this pathway may not only 

predict a hematological phenotype but also guide treatment where antibodies to IFNgamma 

might represent a treatment option for this group of patients. 

Also Yap et al39 report increased  type I IFN signature in all patients of their study, but not 

in carriers. 

 

Finally, Deuitch et al86 recently observed up-regulation of identical pathways in whole 

blood transcriptomics of a set of DADA2 patients with severe phenotypes as well as versus 

controls.  Samples collected from patients prior to TNFi initiation revealed marked 

inflammation and vascular damage. Patients had significantly higher subsets of CD14+ 

inflammatory monocytes than those seen in healthy controls. Phosphorylation of STAT1 

was upregulated even in treated patient’s CD4+ cells upon IL-6 stimulation, and in 

monocytes following stimulation with IFNα or IFNγ. Total STAT1 was also mildly 

elevated. Gene expression analysis of whole blood samples from two untreated patients 

confirmed the upregulation of IFN-induced transcripts.  In addition, a strong NF-κB gene 

expression signature was detected in the RNA samples of untreated patients. This finding 

was confirmed in additional patients using RNASeq Intracellular cytokine staining was 

highly elevated at baseline and following LPS stimulation in primary monocytes of five 

patients. Consistent with previous findings1, authors report a substantial activation of 

endothelial cells and blood vessel damage in skin biopsies from patients with active 

disease. The majority of patients in this cohort were treated with TNFi given its 

effectiveness in reducing disease activity and risk of stroke87. With treatment, NF-κB and 

IFN inflammatory signatures were normalized.  

Notably, an up-regulation of the TNFR2 noncanonical NF-κB pathway genes including 

several ubiquitin/proteasome pathway genes was already found by Watanabe et al34,38.  

1.3 Clinical manifestations of Adenosine deaminase 2 deficiency (DADA2)  
	
Autosomal recessive mutations of the adenosine deaminase 2 (ADA2)-coding gene 

(previously CECR1-Cat Eye syndrome Chromosome Region 1 gene) are the cause of the 
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Deficiency of ADA2 (DADA2)1,88. DADA2 is currently listed within the 

autoinflammatory disorders group in the latest IUIS classification89,90, but may manifest 

with a broad spectrum of phenotypes, with an estimated carrier frequency of at least 1 in 

236 individuals, corresponding to an expected DADA2 disease prevalence of ~1 in 

222,000 individuals, according to a recent study91. 

 

DADA2 has been associated with a wide spectrum of clinical manifestations, 

encompassing both a rheumatologic and inflammatory phenotype and a complex 

hematological clinical picture such as bone marrow failure, aplastic anemia and 

autoimmune cytopenia, but also  immunodeficiency and lymphoproliferation58 have been 

observed. 

Lacunar and ischemic strokes associated with livedo reticularis and a clinical picture 

consistent with familial panarteritis nodosa (PAN)-like condition have been originally 

described1,88, despite important differences compared to PAN, particularly in term of 

higher incidence of neurological involvement such as stroke, soon became evident92,93.  

Case mortality is estimated to be around 8% 58,94, mainly  related to vasculopathy-

associated complications and infections.  

 

Vasculitis and vasculopathy  

Vascular manifestations are the predominant phenotype reported in most of the large 

series41,95–102. As discussed above, the disease may closely mimics PAN. The characteristic 

organ involvement includes cutaneous and neurological with renal and gastrointestinal 

manifestations described in fewer patients. Clinical manifestations are usually episodic and 

accompanied by fever and systemic inflammation1,88,101,102.  

The most frequent cutaneous manifestation is a livedoid rash1,88,102,103, that may be the only 

clinical manifestation in some patients95,100 . Other vasculitic cutaneous manifestations 

include cutaneous nodules including erythema nodosum88,101, Raynaud’s 

phenomenon88,104,105, ulcers102 and digital gangrene88,100. DADA2 was initially described as 

a vasculopathy as the cutaneous biopsies in the first description by Zhou et al.1 did not 

yield features of vasculitis, as few patients recently reported by Chasset et al103. Skin 

biopsies were found to have an interstitial dermal infiltrate of neutrophils and macrophages 

and perivascular lymphocytic infiltrate1. Subsequent series however have reported 

histopathologic features of vasculitis including fibrinoid necrosis of the vessel wall; 



	 21	

however, characteristic features are more likely to be present in biopsies of nodules and in 

deeper biopsies including the hypodermis103,106 . Skin biopsies in DADA2 may also show 

thrombosis of capillaries as seen in Sneddon’s syndrome103.  

The neurological involvement is common, rather a hall- mark and mostly is in the form of 

strokes with ischaemic strokes being more common than haemorrhagic1,101,102,107 . The 

ischaemic strokes are most often lacunar. Angiography of the cerebral vessels only rarely 

reveals stenosis or aneurysms108,109 .  

Several other central nervous system (CNS) manifestations including seizures102, 

headache41 ataxia41 ,internuclear ophthalmoplegia1,110 , intellectual disability111,112, 

behavioral abnormalities41 , vertigo41 and spinal cord involvement108,109,113 have been 

reported.  

Involvement of the peripheral nervous system may also occur. Cranial nerve palsies41,88, 

peripheral neuropathy101,102,114  and mononeuritis multiplex102,115 are less frequent but are 

well reported. Hearing and visual loss has also been reported in a few cases101,116,117 . 

Ocular manifestations include complete retinal artery occlusion102, reduction in choroidal 

thickness118, strabismus97, retinal vasculitis119, optic neuritis110,118, ptosis41, strabismus1 and 

rarely uveitis116,120and orbital pseudotumor121 . 

Other organ involvement includes gastrointestinal and renal and is similar to polyarteritis 

nodosa. Angiographic and histopathological changes typical of PAN are documented in 

many cases88,101,102. Mesenteric ischaemia leading to ischemic abdominal pain and bowel 

perforation has been reported and may be fatal102,116 . Renal involvement is usually 

manifest as hypertension101,102. Renal infarcts are documented on CT abdomen102; 

Wunderlich syndrome has also been described122.  

Testicular pain which is a characteristic symptom of classical PAN is reported in 11 

patients, and vasculitis was found on testicular biopsy in one patient88,102,108,123 . Pancreatic 

involvement in the form of pancreatic infarction and pancreatitis has also rarely been 

reported1,102 . Pulmonary haemorrhage is extremely rare but can occur and has been 

reported in 2 cases102,108. Cardiac involvement in the form of dilated cardiomyopathy41,101 

and coronary aneurysms88 are other rare manifestations. Temporal arteritis is reported in 

one patient124 .  

Close mimics of DADA2 related vasculitis include classical and cutaneous polyarteritis 
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nodosa88, Sneddon’s syndrome104,125 , antiphospholipid antibody syndrome126 and Aicardi 

Goutières syndrome33. Most patients with vascular manifestations fulfil the criteria of PAN 

or cutaneous PAN including angiographic and histopathologic features88,102 . CNS 

involvement is much more common in DADA2 than classical PAN102. In a recent 

sequence-based study, nine of 118 patients (7.6%) with PAN were identified as having rare 

non-synonymous variants in ADA2. These patients were younger at diagnosis although no 

other clinical differences were noted93.  

A recent paper compared a pediatric cohort of PAN patients with DADA2 pediatric 

patients followed by a reference Center in Turkey127, where the carrier rate of DADA2, 

particularly for G47R mutation is high (estimated rate 1/500 8,127,128) . Authors report that 

the younger age at symptom onset, parental consanguinity, livedo reticularis, neurologic 

involvement (especially strokes), lymphopenia, and hypogammaglobulinemia were the 

distinguishing features among pediatric DADA2 patients, while thrombocytosis and 

panniculitis were more frequent in pediatric PAN patients. Neurologic, gastrointestinal, 

and cardiac involvement were more frequent among pediatric DADA2 patients, while 

constitutional symptoms and testis involvement were more common among pediatric PAN 

patients. The relapse rate was higher in PAN patients, while the mortality rate was higher 

among DADA2 patients. The treatment was based on corticosteroids and 

immunosuppressive drugs in PAN, while anti-TNF drugs were the primary therapy in 

DADA2127.  

Autoinflammation and autoimmunity  

Unexplained non-infectious episodes of fever are well documented in over half of the cases 

of DADA2. Flares of vasculitis are commonly accompanied by fever and elevation of 

acute phase reactants1,88,110. Other features that suggest an autoinflammatory syndrome 

include recurrent oral and genital ulcers105,129, musculoskeletal manifestations like 

arthralgia/arthritis and myalgias88, myositis76,130, recurrent episodes of abdominal pain and 

inflammatory bowel disease like enteropathy129,130. A Behcet’s disease like phenotype with 

fever, erythema nodosum and oral and genital ulcers was described in patients with 

DADA2 by van Well et al.129 

Fever and recurrent abdominal pain may closely mimic familial Mediterranean fever97.  

Renal amyloidosis was reported in two patients96,131. One of these had a concomitant 
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heterozygous mutation in MEFV gene but had no history of recurrent fever or other 

features of FMF131. Urticarial rashes have also been occasionally described110 .  

Autoimmune manifestations are rare. Autoimmune cytopenia is reported, including 

Coombs positive haemolytic anaemia and immune thrombocytopenia responsive to 

steroids41,61,71,98. A few patients were positive for antinuclear antibodies (ANA) or anti-

neutrophil cytoplasmic antibodies (ANCA)1,76,77,102. Antiphospholipid antibody positivity 

has also been reported occasionally1. Type 1 interferon signature similar to that seen in 

lupus and Aicardi Goutières has been reported in few series33,76–78,83,86. In one of these 

series, the siblings were positive for ANA and had some lupus-like features77 .  

Immunodeficiency  

Unlike the severe combined immunodeficiency found in ADA1 deficiency, DADA2 is 

associated with milder immunodeficiency, with immunological abnormalities detected 

mostly on screening. Humoral immunodeficiency is more common with low IgM levels 

being the most commonly reported abnormality. However, pan- hypogammaglobulinemia, 

decreased B cells, low class switched B cells, impaired vaccine responses, low NK cells 

and low number of T cells may also be found39,101,111,130. Recurrent infections were 

reported only in a minority of the patients, the most common being bacterial infections 95. 

Viral infections have also been reported indicating that the immunodeficiency is not 

limited to B cells68,70,71,130,132 .  

The presence of vascular manifestations in the presence of a CVID like immunodeficiency 

should be an indication to test for DADA2130,133. Two patients had chronic liver disease 

with portal hypertension, and liver biopsy showed nodular hyperplasia similar to that seen 

in CVID1,134 . Concomitant Interleukin 17 receptor A and ADA2 deficiency due to a 770-

kb deletion on chr22q11.1 encompassing both genes was reported in 2 siblings with 

recurrent mucocutaneous infections and chronic inflammation135. Trotta et al. reported a 

family of three siblings with recurrent bacterial and periodontal infections who had 

vasculitic flares following infections and may be a factor in pathogenesis although this has 

not been widely reported111 .  

Haematological manifestations  

Lymphopenia was the first documented cytopenia in DADA2 and is commonly seen in all 
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clinical phenotypes95. Anaemia may be seen in many patients and may be multifactorial102. 

A severe refractory anaemia resembling DBA and PRCA is reported in several 

patients97,136,137 . As compared to other patients with DBA, patients with DADA2 have 

subtle or no dysmorphic features, more lymphoproliferation and immunological 

abnormalities97 . Bone marrow failure (BMF) with neutropenia and pancytopenia are also 

rarely reported. The median age at presentation of PRCA/ BMF is very early at 0.5 years 

versus 5 years for vasculitis136 . The etiopathogenesis of cytopenia in DADA2 is not very 

clear, while a few represent autoimmune cytopenia; autoantibodies could not be 

demonstrated in most patients. ADA2 functions as a growth factor, and this may be 

responsible for the immunological and haematological manifestations of DADA2. It has 

been suggested that low levels of ADA2 are sufficient for normal haematopoiesis and 

patients with the most deleterious mutations leading to severe deficiency of ADA2 present 

with haematological manifestations97,136. Other rare manifestations such as myelofibrosis1 

and acute myeloid leukaemia41 and macrophage activation syndrome1,41,97 are seldom 

reported. 

Lymphoproliferation  

Hepatosplenomegaly and lymphadenopathy may be seen in DADA241 . An autoimmune 

lymphoproliferative syndrome (ALPS)–like phenotype has been also reported41,62,138,139. 

Two of these patients had increased double negative T cells62,139. A multicentric 

Castleman’s disease like presentation with lymphadenopathy, splenomegaly, 

thrombocytosis and elevated serum IL-6 levels in the absence of Human Herpes Virus-8 

(HHV-8) is reported140,141. Infection with Epstein Barr virus (EBV) with EBV-driven 

lymphoproliferation has also been reported70,132. Trotta et al. reported 2 patients of 

DADA2 with a CD3+ CD8+ T cell large granular lymphocytic (LGL) infiltration of the 

bone marrow. Clonal proliferation of Vβ was demonstrated by flow cytometry in one 

patient. Gain of function STAT3 mutations were detected in both; however, unlike usual T 

cell LGL leukemia, the mutations were not confined to the T cell LGL clone and were not 

uniformly expressed on all clonally expanded LGL cells111 . Persistence of LGL along with 

activation of phosphatidylinositol-3-phosphate kinase (PI3K) pathway has also been 

reported by Saettini et al142. Hodgkin’s lymphoma has been reported in 3 patients134,143.  
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DADA2 patients are mostly pediatric patients; adult-onset patients are only occasionally 

reported.  A recent review of this specific topic in literature showed that adult-onset 

patients seem to present mostly with vasculopathy and inflammation as major symptoms144, 

whereas hematological abnormalities are significantly less frequent.  These results were 

similar to the case series reported by Sharma et al102, who also found that adult-onset 

patients had fewer hematological abnormalities. These data suggest that adult-onset 

DADA2 patients have a relatively narrow phenotype range, with high similarity to classic 

PAN. Given that classic PAN mainly occurs in adults, differential diagnosis of adult-onset 

DADA2 from PAN might be essential but is challenging for physicians. Rama et al.107 

found that fever with neurologic and cutaneous features exhibited high predictability in 

distinguishing DADA2.  Significant cerebral vascular events are reported in up to 31.8% of 

adult DADA2 patients but only in 2–10% of PAN patients144,145 . Zhang and coauthors 

propose that DADA2 might be a major differential diagnosis in adult patients previously 

diagnosed with PAN, particularly if central vasculitis is prominent and hematological 

abnormalities and immunodeficiency are concomitant144. Because of its rarity, treatment 

recommendation for adult- onset DADA2 are scarce: patients with suggestive symptoms 

should be screened for DADA2, regardless of their age, as the treatment strategy for 

DADA2 emphasizes early control of inflammation with anti TNF and possibly HSCT144 

(see 1.4 Treatment). 

Also a French group146described recently a cohort of 12 adult DADA2 patients and 

compared them  with cases identified through a systematic literature review. The vascular 

presentation of DADA2 was more frequent in the adult diagnosis group, whereas the 

hematological presentation prevailed in the pediatric diagnosis group. Adults diagnosed 

with DADA2 vasculopathy seem to display more severe skin involvement but fewer 

strokes146. 

1.4 Genetic diagnosis, genotype-phenotype correlations and enzyme activity test 
 

ADA2 was purified in 2005 and determined to be encoded by the ADA2 gene (formally 

CECR1), located on chromosome 22q11.13,147. A variety of types of mutations have since 

been reported including missense, nonsense, splice site mutations, frameshift mutations, 

deletions, and copy number variations8,71,148. To date, approximately 125 unique disease- 

associated ADA2 variants have been described in the literature and the Infevers database. 

A recent study149 assess  an estimated carrier frequency of at least 1 in 236 individuals, 
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corresponding to an expected DADA2 disease prevalence of ~1 in 222,000 individuals. 

The carrier frequency for a specific mutation, Gly47Arg, is felt to be as high as 1:10 in 

Georgian-Jewish populations and 1:500 in Turkish populations128.Although ADA2 

mutations are found at a very low frequency in multiple ethnic groups, missense mutation 

(c.139G > A), p.Gly47Arg mutation has been the most widely reported95.  The Arg169Gln 

mutation is estimated to have a carrier frequency of 1:500 in northern European 

populations (Finnish and Dutch)41,111,128,150and 1:2100 in the general population92. This 

mutation has also been reported in other European populations including a German cohort 

with immunodeficiency and/or antibody deficiency and has been proposed to potentially 

have an association with a lympho-proliferative phenotype111,130. An Italian variant, 

Thr360Ala, has been identified as well151. Overall, patients with DADA2 have been 

identified globally, with reported ethnicities including Japan, Singapore, China, Morocco, 

Brazil, Middle East, Europe, and North America. 

Genetic testing, whether this is gene-targeted or comprehensive genomic testing, can help 

confirm the diagnosis. Many studies continue to use Sanger sequencing for targeted gene 

sequencing of the ADA2 gene (e.g., of all 10 exons of the gene) and/or to confirm the 

exact mutation within the gene after larger sequencing has been performed150 . Other 

studies have used next-generation sequencing as part of a broader approach, including 

whole exome (WES) or whole genome sequencing (WGS)152. Case studies with patients 

with low ADA2 activity and classic phenotypes but without identifiable mutations raise the 

question of mutations in introns or other non-coded parts of the gene151,153. Comprehensive 

genomic testing also allows for detection of other concurrent genetic mutations that could 

be confounding the diagnosis.  

Currently, there are no definitive criteria for diagnosis of DADA28,95.Genetic molecular 

testing for DADA2 is done either by conventional Sanger sequencing, NGS-based targeted 

panels, or exome sequencing, and may include a single nucleotide polymorphism (SNP) 

microarray to detect larger CNVs (> 10–25 kb). Multiplex ligation-dependent probe 

amplification (MLPA) analysis used for the detection of small genomic 

deletions/duplications or single exon CNVs (> 50 bp) is not part of routine testing for 

DADA2154.  

Deletions of variable lengths have been observed to encompass the ADA2 locus and to 
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associate with DADA2 symptoms, although breakpoints are uncharacterized yet147,153. 

Recently, Schnappauf and collegues154 described two families suspected to have DADA2 

but with  non-confirmatory genotypes, finding a homozygous 800-bp duplication 

comprising exon 7 of ADA2 was identified in a patient with features consistent with 

Diamond-Blackfan anemia. The duplication was missed by Sanger sequencing of ADA2, 

chromosomal microarray, and exome sequencing but was detected by MLPA in 

combination with long-read PCR sequencing. ADA2 enzymatic testing in blood samples 

was confirmatory for DADA2 and it has been found that patients have low (less than 5% 

of normal) or undetectable ADA2 catalytic activity depending on the genotype136. 

In 2020, Shinar155 and colleagues published  the ISSAID best practice Guidelines for the 

genetic diagnosis of Monogenic Autoinflammatory diseases, involving expert panels of 

both geneticists and clinicians expert on the subject.  Authors presented a referral-based 

decision tree for test scope and method (Sanger versus next-generation sequencing) and 

recommend on complementary explorations for mosaicism, copy-number variants, and 

gene dose. A genotype table based on the 5-category variant pathogenicity classification 

provides the clinical significance of prototypic genotypes per gene and disease. For ADA2 

deficiency, enzymatic activity test is recommended if the suspicion of a diagnosis is strong, 

in order to further guide the diagnostic approach.  

Noteworthy, a timely identification of the ADA2 enzymatic defect in the presence of a 

clinical phenotype clearly consistent with DADA2 should lead to a careful search for 

CNVs at the ADA2 locus, especially in genetically undefined patients often at risk for 

acute events7. 

Currently, the decision to screen for DADA2 is largely based on physician discretion8. 

Some have proposed screening PAN patients with early disease (under age 10), other 

family members with PAN, certain manifestations (skin, neurologic, cerebral, or bleeding) 

or resistant disease156. Gibson and collegues157 recently screened a population of 60 

children and adolescents with a diagnosis of PAN, cutaneous PAN, or unclassifiable 

vasculitis (UCV) from an international vasculitis registry, identifying nine children with 

DADA2. 

A North American cohort screening of 117 adult- onset PAN patients showed that over 3% 

of patients were homozygous or compound heterozygous for ADA2 gene mutations93, 
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whereas no DADA2 patients were identified in the granulomatosis with polyangiitis (GPA) 

and  microscopic polyangiitis (MPA) cohort (n = 1,107) .  

While the prevalence of DADA2 is low in adult-onset PAN, consideration could be made 

for screening those with a familial predisposition for PAN, arterial strokes, hematologic 

manifestations, or immunologic manifestations8.  

In a recent study, Jee and collegues149 characterized the functional impact of ADA2 

variants performing functional studies and in silico analysis on 163 ADA2 variants, 

including DADA2-associated variants and population variants identified in the Genome 

Aggregation Database. Functional studies of ADA2 variants revealed that 77 (91%) of 85 

of DADA2-associated variants reduced ADA2 enzymatic function by >75%. Analysis of 

100 ADA2 variants in the database showed a full spectrum of impact on ADA2 function, 

rather than a dichotomy of benign versus deleterious variants. Authors identified several in 

silico algorithms that effectively predicted the impact of ADA2 variants with high 

sensitivity and specificity, and confirmed a correlation between the residual function of 

ADA2 variants in vitro and the plasma ADA2 activity of individuals carrying these 

variants.  

Correlation studies revealed that carriers of variants that most profoundly alter ADA2 

function (R169Q, G47V, I93T, G358R) had the lowest plasma ADA2 activity. Carriers of 

hypomorphic variants that display greater residual function, including G47R and G47A, 

tended to show variable plasma ADA2 activity, and some were within the range of healthy 

controls. Authors elected to use 25% residual enzymatic activity as the cutoff to determine 

deleterious variants because >90% of DADA2- associated variants displayed residual 

activity under this threshold. Analysis of the 100 most common missense ADA2 variants 

in gnomAD illustrates that it is likely an oversimplification to assign variants 

dichotomously as benign versus pathogenic. Instead, the impact of these variants on ADA2 

function exists as a spectrum without a discrete cutoff and cannot be predicted by allelic 

frequencies. Loss of enzymatic activity is a common feature of DADA2-associated 

variants, and correspondingly, near-absent plasma ADA2 enzymatic activity is 

confirmatory for the diagnosis of DADA2 in patients.  

Phenotypic variability has been documented in patients with the same mutation including 

patients within a given family with the same mutation41,100. This indicates that there may 
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be environmental and epigenetic modifiers that influence the phenotype and severity, but at 

the moment data are limited.  

Attempts have been made to study the correlation between phenotype and genotypes95. 

Ozen et al.97 compared the genotypes between 14 patients with PAN like phenotype and 10 

patients with Diamond-Blackfan anaemia (DBA)/immunodeficiency phenotype and found 

a possible genotype-phenotype correlation in which dimerization domain mutations are 

associated with PAN-like phenotype and catalytic domain mutations are associated with 

haematological manifestations. ADA2 levels were similar between the two groups.  

By contrast, Gibson et al157 were not able to correlate genotype to phenotype in nine 

children diagnosed with DADA2, thus assuming that apart from the ada2 mutations other 

factors such as modifying genes, epigenetic modifications and possibly environmental 

factors are also involved in the pathogenesis of dada2 and disease expressivity. 

Lee et al.136 compared the genotypes of 152 patients with the phenotypes and ADA2 levels. 

Grouping patients into three categories depending on their phenotype revealed a 

predominance of missense variants in patients primarily presenting with vasculitis, 

whereas more deleterious variants such as nonsense or frameshift variants were more 

common in individuals with PRCA and BMF. The authors found that mutations leading to 

minimal residual activity of ADA2 were associated with severe haematological phenotype 

like pure red cell aplasia (PRCA) and DBA as compared to PAN phenotype which was 

associated with mutations with at least 3% enzymatic activity136. Enzymatic activity was 

assessed with an in vitro assay, using expression constructs reflecting all 53 missense, 

nonsense, insertion, and deletion genotypes from the analyzed patients across the DADA2 

spectrum.  Remarkably, variants associated with vasculitis exhibited a significantly higher 

residual ADA2 enzyme activity compared with variants observed in PRCA and BMF. If at 

least 1 of the 2 identified variants was associated with an elevated residual activity, 

patients tended to present with vasculitis and stroke. 

The establishment of genotype-phenotype correlations in DADA2 has important 

therapeutic implications158: treatment with TNF inhibitors has proven effective in 

controlling vascular inflammation and reducing the risk of strokes87 but seems to be less 

effective in patients with BMF and PRCA, and might even be detrimental given the 

increase in infection frequency seen in patients with BMF136.  
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Enzyme activity test:  

 

Several authors underlined the importance of performing a reliable ADA2 enzyme testing 

e to pursue a diagnosis even if the genetic tests results are not initially supportive: ADA2 

pathogenic variants may not be detected by conventional sequencing and genetic testing 

and may require the incorporation of additional diagnostic methods.  

Very few methods are currently available for the determination of ADA2 enzymatic 

activity in the literature. The majority of them are based on spectrophotometric assays for 

quantification of adenosine and inosine93,98,101 that suffer from lack of specificity if 

compared to chromatographic methods. 

An enzymatic assay from circulating monocytes has been previously described by Caorsi 

et al101 , which implies the purification of monocytes from fresh peripheral blood and very 

long incubation times before the activity of enzyme can be evaluated, and requiring freshly 

isolated monocytes.  The method was able to distinguish affected patients from healthy 

controls, detecting ADA2 activity in culture supernatants by HPLC assay. 

Enzyme activity testing level is largely based on the degree of inosine production from 

adenosine abstracts of patient plasma. Some study groups use the dried plasma spot 

method, where plasma is prepared from blood samples and applied to Guthrie filter 

cards130 . Filter cards are then dried and enzyme activity is determined via high- 

performance liquid chromatography1. 

Lee and collegues136 described two different assays: a previously-described automated 

spectrophotometric assay159, which quantifies the adenosine-dependent generation of 

ammonia in the presence of a selective inhibitor of ADA1, EHNA and a somewhat more 

sensitive HPLC-based method to directly quantify the conversion of adenosine to inosine 

(as described in Zhou et al1). With both assays, the activities of ADA1 and ADA2 were 

distinguished using the selective ADA1 inhibitor EHNA.  

Other authors93 described another spectrophotometric assay for the measurement of ADA2 

enzymatic activity, quantifying both inosine and hypoxanthine. The assay was compared to 

a CLIA-certified, HPLC-based method.  
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Bowers and colleagues160modified a commercially available ADA2 enzyme activity assay 

to enable higher throughput analysis of fresh, frozen and hemolyzed blood samples of 

children and adolescents. Authors observed that ADA2 enzyme activity, but not ADA2 

protein concentration, negatively correlates with age in a cohort of children and 

adolescents, stressing the importance of appropriate age-matched controls for assessing 

ADA2 enzyme activity in the clinical setting.  

Recently, Ito et al reported161 a dried blood spot (DBS)-based ADA2 activity colorimetric 

assay, modifying the enzyme-coupled method of Iwaki-Egawa162 , which requires no 

special equipment except for a microplate reader. Authors showed that ADA2 activity in 

DBS, stored either frozen or refrigerated, remained stable for at least 90 days. The method 

differentiates clearly between healthy controls and patients.  

Methods for measuring the total ADA activity in DBS have been reported163,164 . However, 

these methods cannot distinguish between each ADA isozyme.  

Notably, Cafaro et al165 described a novel enzymatic assay based on liquid 

chromatography- tandem mass spectrometry that allows the accurate determination of the 

ADA2 enzyme activity starting from very small amounts of plasma spotted on filter paper 

(DBS). The method allows significantly distinguishing healthy controls from affected 

patients and carriers. Notably, differently from other authors161 who described age-related 

differences in ADA2 activity, Cafaro and colleagues did not observe differences in enzyme 

activity between pediatric or adult control subjects.  

1.5 Treatment 
 

DADA2 clinical presentations are highly heterogeneous and managements require 

multidisciplinary cooperation8,95,166 . 

Initially, since the predominant described clinical phenotype was characterized by systemic 

inflammation with strokes and vasculitis, informations regarding the effectiveness of 

steroids, DMARDs and biologic therapies became available , mainly retrospectively1,88. 

Subsequently, together with broadening of the clinical spectrum, futherinformations were 

gathered, including several about the HSCT efficacy167. 
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Current medical management of DADA2 includes standard immunosuppression (single 

agents or combinations). Steroids were widely used in these patients, with variable success 

and often a steroid dependence with flares after tapering.  

In a patient of Turkish descendent, with  PAN-like phenotype and a Familial 

Mediterranean Fever associated mutation, answer to colchicine therapy has been 

reported96,97.  

DMARDs, such as methotrexate, azathioprine, calcineurin inhibitors, cyclophosphamide, 

mycophenolate mofetil and sirolimus  have all been employed with little success8,58,95. 

Among this category, only thalidomide, with its anti-TNF effect,  showed as an alternative 

treatment option in DADA2 in a multicentre Italian study151. This drug could be an 

alternative cost-effective treatment option for countries, which have limited access to 

biologic agents. However, thalidomide presents toxic effects on peripheral nervous system 

that need to be carefully monitored during the treatment, also because peripheral 

neuropathy could be part of DADA2 spectrum168.  

Unlike in standard care for stroke patients, it is recommended to discontinue treatment 

with acetyl salicylic acid and other anticoagulants as hemorrhagic stroke is a potential 

complication1. 

Anti IL-1 therapies seem to be ineffective in DADA2 patients, whereas Tocilizumab (anti  

IL-6 monoclonal antibody) was successfully used in a patient with Castelman disease140 

but did not protect other patients from relapse and possible further stroke 

events.100,119,147,156,169 

Rituximab treatment did not give substantial benefits170.  

Fresh-frozen plasma (FFP) as an enzyme replacement therapy was firstly suggested by the 

first two reports of the disease as a possible therapeutic option1,88.  A recent open-label 

pharmacokinetic study of FFP on 3 patients revealed no major safety concerns but little 

evidence of any durable effect on serum ADA2 levels, with a very rapid clearance of the 

exogenous ADA2 with a median half-life of only 6.4 h87.  

From the very beginning, anti TNF agents were reported as the mainstay for the treatment 

of these patients. The retrospective evidences from the initial reports1,88 were corroborated 

by subsequent studies and observations, particularly by the recent study by Ombrello et 

al87 , which showed a complete absence of stroke recurrence in 15/15 patients, who had a 
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cumulative total of 55 strokes before treatment, with a median duration of 47 months 

(range, 25 to 128). In addition, all of the patients weaned from corticosteroids after anti-

TNF therapy.  

Another retrospective study on a 31 DADA2 patients cohort corroborate this evidence171. 

The median event rate of central nervous system (CNS) and non-CNS ischemic events 

before anti-TNF treatment was 2.37 per 100 patient-months; compared with 0.00 per 100 

patient-months post-treatment (p< 0.0001). Paediatric vasculitis activity score (PVAS) was 

also significantly reduced. Despite that, within this cohort, 4 patients experienced a single 

ischemic event following anti-TNF treatment (1 CNS, 3 non-CNS). DADA2 features that 

persisted despite anti-TNF treatment in this group of patients were livedo racemosa, 

arthralgia), and headaches. 

So far, anti TNF treatment (together with HSCT) is the only treatment that has been 

demonstrated to have a preventive action towards stroke events87,95, despite Cooray et al 

results indicate an ongoing need for corticosteroids in some patients after institution of 

anti-TNF emphasizing that TNF blockade is not completely effective for all individuals171.   

Anti TNF therapy seems to be extremely beneficial on the inflammatory features of the 

disease, such as hepatic involvement87 and proteinuria97.  Efficacy on livedo seems to be 

more controversial: in Ombrello cohort, livedo racemosa was present in all 15 patients 

prior to anti-TNF initiation and persisted despite treatment although patients/families 

would report subjective improvement ; on the contrary, in other case series an amelioration, 

at least partial , has been reported78,151,169. In Cooray et al171 cohort a mild livedoid rash is 

reported to be the main persisting feature despite anti TNF treatment.  

Effectiveness of anti-TNF treatment on the inflammatory and vasculitis-related 

manifestations is also supported by biological data, showing a decrease in TNF-alpha  

secretion from monocytes after 1-month period of anti-TNF treatment151,  whereas anti 

TNF treatment seems  to be incapable to revert ADA2 activity, which remained low in  

patients after more then 6 months of treatment with clinical remission, as showed by Ozen 

et al97.  

Deuitch et al86recently observed up-regulation of IFN pathways in whole blood 

transcriptomics of a set of  DADA2 patients. Samples collected from patients prior to TNFi 

initiation revealed marked inflammation and vascular damage, confirming the upregulation 
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of IFN-induced transcripts and a strong NF-κB gene expression signature. With treatment, 

NF-κB and IFN inflammatory signatures were normalized and immunostaining of post- 

treatment skin, lung and brain biopsies showed intact blood vessels, minimal perivascular 

TNF and resolution of inflammatory myeloid cell infiltrates. Treatment with TNF-

inhibitors rescued the impairment of M2 differentiation as demonstrated by improved cell 

morphology and a markedly higher number of M2 macrophages in cell cultures. Authors 

therefore provide evidence that TNFi both reduces systemic inflammation and improves 

endothelial integrity in the blood vessels, which can renew and remain intact in the absence 

of inflammatory insult, preventing further strokes, provided TNFi is maintained. These 

data suggest that vasculitis in DADA2 is reversible as long as inflammation is suppressed.  

In Watanabe et al34 work, single-cell RNA sequencing (scRNAseq) of CD14+ bead-sorted 

monocytes was performed in 14 DADA2 patients, 13 of whom were on a TNF-α inhibitor 

when samples were collected. Similar changes in monocytic gene expression were 

observed in the untreated patient, suggesting that TNF-α inhibitors act downstream of 

these pathways and do not change the signature of the disease, or at least not sufficiently to 

change the transcriptome significantly. Nihira83 et al, dissecting transcriptome and 

proteome analyses from patients PBMCs, report that levels of type-II interferon-related 

genes were lower after treatment with anti-TNF drugs (differently from Watanabe and 

collegues34), whereas IFN-α scores were not affected by treatment. 

 

Although anti-TNF drugs seem to have a pivotal role in the treatment of this condition, 

particularly regarding the inflammatory features, the long-term effect and safety of 

biologic drugs remain to be further elucidated87,95. Unfortunately, recent papers underlined 

how, in a small proportion of patients, vasculopathy may persists despite anti TNF 

treatment171,172. 

 

Regarding choice of anti-TNF agent, patients who had been initially started on infliximab 

commonly developed infusion reactions, requiring a switch to adalimumab or etanercept. 

This is a recognised complication, likely related to development of anti-drug antibodies 

against this human-mouse chimeric monoclonal antibody173. Although less of an issue for 

adalimumab and etanercept, anti-drug antibodies may limit treatment effectiveness and 

remains an ongoing concern for these agents173 , particularly since anti-TNF treatment in 

DADA2 is lifelong. It should be also noted that the addition of disease-modifying 
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antirheumatic drugs (DMARDs) may help to improve drug longevity171,174.  

Furthermore, despite anti-TFN alfa monoclonal antibodies have been reported as 

promising drugs, they are usually only minimally or not effective treating haematological 

manifestations. 

In fact, regarding the reversal of cytopenia, the results are often less clear: effectiveness is 

only anecdotally reported175–177, whereas most common is a lack of response to anti TNF 

treatement with a possible increase of concomitant infectious risk171,172,178,179. 

In patients with documented hypogammaglobulinemia and a clinical immunodeficiency, 

antibiotic and antiviral treatment together with immunoglobulin substitution have been 

usually employed130. 

The need to treat asymptomatic patients with ADA2 mutations and/or absent ADA2 

activity and the duration of anti-TNF therapy are still debated at the moment. Since the 

disease could manifest itself also with a sudden severe manifestation, such as strokes or 

gastrointestinal involvement151,169 could be considerated more cautious to administer anti 

TNF also in asymptomatic subjects and to prolong the treatment if well tolerated, 

considering also the usual disease course and a realistic understanding of the future risk of 

vasculitic injury171. This need to be weighed against the long-term concern of loss of anti-

TNF efficacy from anti- drug antibodies, or other, as yet undefined, mechanisms. 

Hematopoietic stem cell transplantation (HSCT) has been postulated since 2014 by Zhou 

et al as a potential definitive treatment for DADA2 patients, given that monocytes and 

macrophages, the main producers of ADA2, are derived from the bone marrow1. Soon 

after the first reports, several cases where described in which HSCT demonstrated to be 

effective reverting the clinical phenotype and restoring ADA2 activity61,180–182 .  

Hashem et al described thoroughly, firstly in 2017183 and then recently updated in 2021167, 

a multinational cohort (Europe and North America) of 30 patients with genetic mutation of 

ADA2 who received 38 HSCT from 12 countries between 2000 and 2020.  

Plasma ADA2 enzyme activity normalized in 16/17 patients tested.  The hematological and 

immunological phenotypes resolved, and no central nervous system vascular events or new 

vascular events were noted after HCT; this finding may indicate that the vasculopathy in 

DADA2 is mainly due to ADA2 defects in hematopoietic cells rather than vascular 

endothelial cells184. 
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Further evidences are needed to expand the indication of HCT for DADA2 patients with 

long-term administration of biologics when HCT can become safely done with 

sophistication of conditioning and pre- and post- HCT management.  

Future possibility of treatment could be a gene therapy approach: DADA2 presents all the 

ideal characteristics (autosomal recessive, affection of the hematopoietic compartment, 

well corrected by HSCT) of a disease that could be efficiently treated through this new era 

approach. Several research groups are working to make it possible.185 

2. NETosis 
	
NETs are the fibrous assembly networks from nuclear and granular components protruding 

from the membrane of activated neutrophils, which constrain and kill bacteria 

extracellularly186. 

NETs are composed of neutrophilic granules and nuclear components comprising 

citrullinated histones and highly decondensed chromatin fibers186,187.  

 

2.1 Mechanisms and different types of NETosis 
	
The process of release of these chromatin fibers is called NETosis. NETs can be induced 

by both infectious and non-infectious (monosodium uric acid crystals, cholesterol crystals, 

autoantibodies, and immune complexes) stimuli. To date, three types of NET formation 

processes have been reported188,189.  The most classic and best-described type was 

proposed by Brinkman in 2004186, during which nuclear DNA is released along with the 

destruction of the polymorphonucleate-PMN nuclear membrane. In this process, PMNs 

recognize the stimulus first; then PMNs activate PAD4, which elicit histone deamination 

and release ROS using calcium pools inside and outside the cells190. Autosomes and 

heterosomes separate subsequently, leading to the disappearance of the typical lobulated 

nucleus. Cytoplasm and nucleus mix as the nuclear membrane is lysed. Finally, the cell 

membrane breaks down, and NETs are released to the extracellular environment. This 

process is promoted by ROS and lasts for 2–4 h. In 2009, Yousefi et al191. reported that 

PMNs could generate NETs with mitochondrial DNA. Firstly, PMNs are primed with 

granulocyte/macrophage colony-stimulating factor (GM-CSF), then short-term toll-like 

receptor 4 (TLR4) or complement factor 5a (C5a) receptor stimulation is applied. Unlike 

the classic formation, PMNs stay alive after NETs are released. The process takes less time 
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and requires less stimuli. ROS formation is also required for this kind of formation. 

In 2012, another special NET formation was discovered to be induced by Staphylococcus 

aureus. During this procedure, nuclear DNA is stored in vesicles and released through 

budding without nuclear membrane dissolution192. Mitochondrial DNA barely constitutes 

NETs. Finally, the chromatin is released out of the cell. The whole process takes 5–60 min, 

faster than the classic one. Moreover, this type of NET formation is independent of the 

oxidant mechanism. Similar to the one reported by Yousefi et al191, PMNs remain alive. 

This process has been named “vital NETosis”, does not involve cell death and is very rapid. 

NETs may play an important role in autoimmunity as molecules released during NET 

formation can often become autoantigens193. Neutrophils and NETs are found in high 

concentrations at inflammatory sites in various autoimmune conditions. Impaired clearance 

of NETs, a higher concentration of NETs, or interactions of NETs with other immune cells 

could be pivotal in the breakdown of self-tolerance. 

During the process of NETosis, the externalization of neutrophilic proteins, histones, and 

decondensed chromatin could provide a source of self-antigens leading to the development 

of autoimmunity that can lead to different rheumatic diseases194 . 

NETs can lead to the perpetuation of inflammation and can also activate the adaptive 

immune system. In addition, NETs can activate the complement system and 

inflammasomes and can act as damage-associated molecular patterns (DAMPs)195. NETs 

directly trigger antibody production by human memory B cells, triggering B cell activation 

in a Toll-like receptor 9 (TLR9)–dependent manner196. 

Similarly, NETs can also activate plasmacytoid dendritic cells (pDCs), which are the 

leading producers of IFNs. Self-nucleic acids are rapidly degraded in the extracellular 

environment. 

However, some antimicrobial peptides like LL37 and human neutrophil peptide (HNP) can 

form complexes with NET DNA, which can upregulate the recognition of DNA by pDCs 

and increase the production of IFN- α, caspase-1, and inflammasome formation197,198. 

Lazzaretto et al199 reported NETs alone as noninflammatory, whereas immunomodulatory 

effects were noted in the presence of LPS with significant upregulation of IL-1β secretion, 

and a marked suppression of other LPS-induced factors including vascular endothelial 

growth factor (VEGF) in both DCs and macrophages. 

 

2.2 NETosis in Autoimmune diseases 
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Accelerated NET formation due to proinflammatory macrophages is identified in adult-

onset Still’s disease (AOSD) and MSU crystal–exposed macrophages200,201. Similar to the 

activation of pDCs, NETs can directly prime T cells (by T cell receptor signaling) by 

reducing their activation threshold. This priming can induce T cell responses to specific 

antigens and even suboptimal stimuli202,203. NETs containing citrullinated peptides are 

internalized by fibroblasts in rheumatoid arthritis, and NET peptides are presented to the 

local T cells. This leads to pathogenic autoimmunity and subsequent cartilage damage204. 

NETs formation plays a substantial role in the pathogenesis of lupus and is known to be a 

central source of SLE autoantigens55,205,206. Patients with lupus have a subgroup of low-

density granulocytes (LDGs), a subset of neutrophils with an increased propensity for 

spontaneous NET formation. 

In addition, they also possess heightened proinflammatory responses (IL-6, IL-8, TNF), 

altered phagocytic capacity, enhanced ability to synthesize type I interferons, and can kill 

endothelial cells207–209. Matrix metalloproteinases (MMP)-9 externalized by lupus LDGs 

during NET formation can impair murine aortic endothelium–dependent vasorelaxation 

and can induce endothelial cell apoptosis.  

In SLE, endothelial dysfunction could also be caused by activation of endothelial matrix 

metalloproteinases (MMP)-2 by MMP-9 contained in NETs208. 

The predominant form of NETosis implicated in SLE seems to be vital NETosis, as 

recently reported by Van Dam210 et al. NETs formation seems to have a pivotal role also in 

vasculitis211 and particularly in the pathogenesis of antineutrophil cytoplasmic antibody 

(ANCA)–associated vasculitis (AAV), where suicidal NETosis appears predominant. 

Patients with AAV possess elevated levels of NETs in the circulation, and dysregulated 

NETosis has been implicated in the generation of myeloperoxidase -MPO -ANCA and 

subsequent development of vasculitis210. ANCAs can activate neutrophils, which can 

further induce the formation of NETs. This excessive NET formation can damage the 

endothelial cells due to the cytotoxic effect of the NET-related release of histones and 

MMPs193,212–216. 

NETosis has been implicated also in activation of synoviocytes in patients with RA217, 

upregulating the production of proinflammatory cytokines and amplifying joint 

inflammation, but is also increased in gout218, Juvenile Dermatomyositis219,220 and 

Kawasaki disease221. 

 

Recently, Riff et al222 studied the role of adenosine A1 and A2A receptors in involvement 
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of autoimmune diseases, through evaluation of adenosine regulation by NETosis in vitro 

and  using two murine models of autoimmune diseases: Type I diabetes mellitus (T1DM), 

induced by low-dose streptozotocin and pristane-induced systemic lupus erythematosus 

(SLE).  The authors showed that A1 R enhances and A2A R suppresses NETosis. In 

addition, in both models, A1 R-KO mice were predisposed to the development of 

autoimmunity:  the acute elimination of lymphocytes and reduction of DNA release due to 

NETosis depends on A1 R desensitization and long-term suppression of A2A R.  

 

2.3 NETosis in Autoinflammatory diseases  
 

NETs could be also possibly implicated in the pathogenic process of few monogenic 

autoinflammatory dieseases. 

Namely, Apostolidou223 and colleagues suggest that two additive events may occour for 

triggering the Familial Mediterranean Fever (FMF) attack:  the production of IL-1β by 

PMNs and its release through NETs. At the same time NETs, homeostatically, 

downregulate further NETosis, facilitating the resolution of attack. Compensatorly, lower 

basal autophagy of PMNs may protect from crises by attenuating the release of pro-

inflammatory NETs. PMNs from patients released NETs decorated with IL-1β during 

disease attacks. On the other hand, PMNs from patients during remission were resistant to 

inflammatory stimuli that induce NET release in PMNs from control subjects. Lower basal 

autophagy levels were identified in PMNs during remission, while induction of autophagy 

facilitated NET release, suggesting that autophagy is involved in the regulation of NET 

release. During the resolution of attacks, inhibition of NET formation by negative feedback 

mechanism was also observed. Anti-inflammatory agents, colchicine and DNAse I 

inhibited IL-1β production in PMNs and IL-1β activity in NETs, respectively.  

Another disease in which the role of NETs have been investigated is Pyogenic Arthritis, 

Pyoderma gangrenosum and Acne (PAPA) syndrome224.  

In this study, authors showed an increase of circulating LDGs in PAPA subjects, with an 

enhanced dis NET formation of PAPA neutrophils and LDGs compared to control 

neutrophils. PAPA sera exhibit impaired NET’s degradation and was corrected with 

exogenous DNase1. Recombinant human IL-1β induced NET formation in PAPA 

neutrophils but not in healthy control neutrophils, where NET formation is induced by 
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PAPA serum and this effect is inhibited by the IL-1 receptor antagonist, anakinra. NETs 

from PAPA neutrophils and LDGs stimulate IL-6 release in healthy control macrophages. 

NETs are detected in skin biopsies of PAPA patients in association with increased tissue 

IL-1β, IL-8 and IL-17. Furthermore, LDG gene signatures are detected in PAPA skin. The 

authors conclude that PAPA syndrome seems to be characterized by an imbalance of NET 

formation and degradation that may enhance the half-life of these structures in vivo, 

promoting inflammation. Anakinra ameliorates NET formation in PAPA and this finding 

supports a role for IL-1 signaling in exacerbated neutrophil responses in this disease. The 

study also highlights other inflammatory pathways potentially pathogenic in PAPA, 

including IL-17 and IL-6, and these results may help to guide new therapeutic approaches 

in this severe and often treatment-refractory condition.  

Finally, it is known that NLR family pyrin domain containing 3 (NLRP3) mutations are 

associated with Cryopyrin-Associated Periodic Syndrome (CAPS) spectrum.  Munzer and 

colleagues225 investigated  the interaction between NETosis process and the NLRP3 

inflammasome assembly. Authors establish that under sterile conditions the canonical 

NLRP3 inflammasome participates in NETosis. They show apoptosis-associated speck-

like protein containing a CARD (ASC) speck assembly and caspase-1 cleavage in 

stimulated mouse neutrophils without LPS priming. PAD4 seem to be needed for optimal 

NLRP3 inflammasome assembly by regulating NLRP3 and ASC protein levels post-

transcriptionally. Genetic ablation of NLRP3 signaling resulted in impaired NET formation, 

because NLRP3 supported both nuclear envelope and plasma membrane rupture. 

Pharmacological inhibition of NLRP3 in either mouse or human neutrophils also 

diminished NETosis. Finally, NLRP3 deficiency resulted in a lower density of NETs in 

thrombi produced by a stenosis-induced mouse model of deep vein thrombosis. Altogether, 

these results indicate a PAD4-dependent formation of the NLRP3 inflammasome in 

neutrophils and implicate NLRP3 in NETosis under noninfectious conditions in vitro and 

in vivo. 

 

2.4 NETosis in stroke and vasculitic process 
 

Neutrophils, and NETs in particular, have been also recently reported as a potential 

therapeutic target in stroke vascular damage226,227: recently, neutrophils have been 

described as producing intravascular and intraparenchymal NETs peaking at 3–5 days after 
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stroke; neutrophil depletion reduces blood-brain barrier breakdown and enhances 

neovascularization at 14 days228 . Furthermore, PAD4187,229 is reported as markedly 

upregulated in the peri-ischemic cortex; overexpression of PAD4 results in amplified 

vascular damage and reduced neovascularization by releasing more NETs. Consistently, 

when PAD is pharmacologically inhibited or NET formation is inhibited, increased 

neovascularization and vascular repair and functional recovery improvement can be 

observed. 

Targeted delivery of PAD4 selective inhibitor has been shown to limit arterial intimal 

NETosis and preserve endothelial integrity in a mouse model mimicking plaque erosion 

related coronary artery disease230. Zeng et al231 also showed a potential application of 

PAD4 selective inhibitor GSK484 in a mouse model of subarachnoid hemorrhage (SAH), 

attenuating SAH-induced brain edema and neuronal injury. 
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AIMS of the study:  
 

Our hypothesis is that NETs released by patients neutrophils could contribute to the 

pathogenesis of immune dysregulation in DADA2: in particular NETs, already shown in 

patients tissues biopsies and enhanced in DADA2 patients54 could have an active role in 

vasculitic process in DADA2 but also activate inflammatory pathway in Dendritic cells. 

 

The objective of our study were: 

 

• To characterize thoroughly NETosis process in DADA2 patients, understanding if 

inflammatory mediators can amplify the NETotic process or induce alternative 

pathway of suicidal Netosis (PAD4- mediated), evaluating directly neutrophils 

isolated from DADA2 patients and healthy controls (HDs), therefore quantifying 

suicidal and vital NETosis induced by several stimuli  

We also investigated the mechanisms of NETs removal and quantified  NETs 

remnants as an indirect measure of NETosis process. These evaluations have been 

performed on DADA2 patients’ sample as well as HDs and patients with non-

genetic vasculitis (disease controls). We choose as disease controls patients with 

Polyarteritis Nodosa, of which DADA2 can be a phenocopy. 

 

• To determine if NET epitopes can change depending from the inflammatory 

microenvironment and if protein composition of NETs is disease specific, we used 

quantitative proteomics approach to characterize NET proteins, released from 

neutrophils after different stimuli in DADA2 patients, HDs and PAN patients.  

We compared the effect of every stimulus on NETs composition in each group (HD, 

DADA2 and PAN patients). 

We also analyzed the modifications of NETs composition within every group in 

order to evaluate the possible changes in NETs obtained after different stimuli 

compared with spontaneous NETs. 

 

• To determine if NETs in DADA2 can activate inflammatory pathways in moDC. 

To verify if NETs can influence maturation or inflammatory phenotype of DCs, we 
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characterized peripheral myeloid Dendritic cells (mDC) and plasmacytoid DC 

(pDC) ex vivo in DADA2 patients.  

We therefore analyzed in vitro moDC maturation, testing by flow citometry the 

expression of differentiation and inflammatory markers by surface staining. Finally, 

we measured IL-6, IL-1β, TNFα, IP-10 production on moDCs’ supernatants after 

stimulation with LPS or NETs in autologous and heterologous system. 
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METHODS:  
	

1. Selection and enrollment of DADA2 patients, positive controls e HD 
	
DADA2 patients with a genetically confirmed diagnosis and/or with an absent ADA2 

activity, assessed in primary monocytes as previously described151, were longitudinally  

followed by Autoinflammatory and Immunodeficiencies Center of G. Gaslini Institute. 

Data on clinical and laboratory features were extracted from clinical records.  

We also collected plasma samples from further genetically confirmed DADA2 patients 

enrolled by other Italian Pediatric Rheumatology Units.  

Positive controls were identified as patients with childhood Polyarteritis Nodosa (c-PAN), 

defined according to PRES/PRINTO/EULAR criteria232, and adults with idiopathic 

Polyarteritis Nodosa (PAN), of which DADA2 may present as phenocopy92,93,151. 

Adult patients with PAN met the American College of Rheumatology (ACR) 1990 

classification criteria233 for PAN and were excluded if there was a history of HBV 

infection.  

Samples of DADA2 and PAN patients were collected upon informed consent from 

Study was approved by the ethical review board of Gaslini Institute. 

Adults HDs were obtained from Service of Immunohematology and Transfusion Medicine 

(SIMT). 

2. PBMCs stock and preparation, plasma isolation from blood 
	
Freshwhole blood samples of patients, HD and positive controls were collected in 

ethylenediaminetetraaceticacid (EDTA)-coated Vacutainer tubes and processed the same 

day of the collection. Peripheral blood mononuclear cells (PBMCs) were isolated by 

gradient centrifugation (Ficoll Hystopaque). 

Plasma samples were obtained after samples centrifugation at 2000 rpm for 10 minutes of 

blood samples collected in EDTA-coated Vacutainer tubes from patients, HDs and positive 

controls, and stored at -80°C the same day of the collection 

 

3. NETs remnants quantification 
	
We evaluated NET remnants in patients, HD and positive controls plasma samples by 

ELISA assay. Specifically, we utilized an ELISA assay for the qualitative and quantitative 
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in vitro determination of cytoplasmic histone-associated-DNA-fragments (mono-and 

oligonucleosomes) after induced cell death  (Cell Death Detection ELISA PLUS, Roche). 

Samples were processed according to manufacturer protocol.  

 

Briefly, the assay is based on a quantitative sandwich-enzyme-immunoassay princi-

ple using mouse monoclonal antibodies directed against DNA and histones, 

respectively. This allows the specific determination of mono- and oligonucleosomes 

in the cytoplasmatic fraction of cell lysates. Samples are placed into a streptavidin-

coated MP. A mixture of Anti-histone-biotin and Anti-DNA-POD or Monoclonal 

antibody from mouse (clone MCA-33) conjugated with peroxidase (POD) are added 

and incubated. During the incubation period, the Anti-histone antibody binds to the 

histone-component of the nucleosomes and simultaneously captures the 

immunocomplex to the streptavidin-coated MP via its biotinylation. 

Additionally, the Anti-DNA-POD antibody reacts with the DNA-component of the 

nucleosomes. Removal of unbound components (antibodies) is done by a washing 

step. 

Quantitative determination of the amount of nucleosomes by the POD retained in the 

immunocomplex. POD is determined photometrically with ABTS Substrate, 

measuring absorbance. The OD (Optical Density) measured is proportional to the 

amount of the histone-associated-DNA-fragments identified.  

The Anti-DNA-POD-antibody reacts with single and double stranded DNA. The 

positive control included in the kit is a DNA-histone-complex.  Samples were 

analyzed in duplicates.  

4. DNAse quatification and activity: 
 

We measured DNAse I in plasma samples by Human DNASE1 (Deoxyribonuclease-1) 

ELISA kit, (Biomatik), according to manufacturer protocol.  

Briefly, the kit was based on sandwich enzyme-linked immune-sorbent assay technology. 

Anti-DNASE1 antibody was pre-coated onto 96-well plates. The biotin conjugate anti-

DNASE1 was used as detection antibodies. We washed the plate twice with wash buffer  

before adding standard or sample (100 uL each) and incubated for 90 minutes at 37°C. We 

then aspirated and washed plates twice and added 100 uLbiotin-labeled antibody working 

solution to each well and incubate for 60 minutes at 37°C. We aspirated and washed the 
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plates three times and added 100 uL SABC working solution into each weel and incubated 

for 30 minutes at 37°C. We aspirated and washed plates 5 times, added 90 uL of TMB 

substrate and incubated 15-30 minutes at 37°C. TMB was catalyzed by HRP to produce 

blue color product that changed into yellow after adding acidic stop solution. The density 

of the yellow is proportional to the DNASE1 amount of sample captured in plate. We 

added 50 uL of stop solution, we read the O.D. Absorbance at 450 nm in a microplate 

reader, and then calculated the concentration of DNASE1. 

We also determined DNAse activity with a 1-step assay based on the decrease of 

fluorescence intensity of degrading Picogreen DNA dye/dsDNA complex in solution. 

Plasma (100 µl) diluted 1:50 with Phosphate-buffered saline (PBS) were placed in 

ultraviolet light–transmissive high-quality 96-well microplates (Brand). After adding high 

polymeric dsDNA (SIGMA-Aldrich) at 5 ug/ml concentration and Picogreen DNA dye 

(ThermoFisher Scientific) heated to 37°C, a first fluorescent measurement was performed 

after 5 min (T0). Then the plate was incubated overnight at 37°C, sealed fromthe top with 

an adhesive sticker to inhibit evaporation during the incubation step, and protected from 

light until the final measurement after 16 h (T16). Measurements of Picogreen DNA dye 

fluorescence intensity were performed in a fluorescence reader at 520 nm (3 reads with 20 

µs of integration time). The percentage of decrease of fluorescence intensity was 

determined by subtracting the value obtained at T0 with the value at T16. Results are given 

as percent of degraded DNA for each well. 

5. Neutrophils separation 
 

Fresh whole blood samples of patients, HDs and positive controls were collected in 

lithium-eparin coated Vacutainer tubes and processed within two hours from the collection. 

Neutrophils were purified with MACS express neutrophil isolation kit (Myltenyi Biotec), 

according to manufacturer protocol.  

Briefly, while erythrocytes are aggregated and sedimented, non-target cells are removed by 

immunomagnetic depletion with MACSxpress Beads, yielding a supernatant with 

untouched and functional target cells.  

Whole blood is incubated with MACSxpress Neutrophil Isolation Cocktail for 5 min at 

room temperature. Then the tube is placed in the magnetic field of a MACSxpress 

Separator for 15 min. With the tube inside the strong magnetic field, the supernatant, 

containing the enriched target cells, is collected and transferred into a new tube. 
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Magnetically labeled non-target cells as well as aggregated erythrocytes are retained in the 

tube.  

After supernatant collection, purity was checked by flow cytometry. Neutrophils purity 

was verified by staining with antihuman CD45, CD15 FITC, CD16 PC5, CD14 APCH7, 

defining neutrophils as cells CD45+CD15+CD16+CD14-.234Samples were acquired using 

FACSCanto (BD Biosciences). 

6. NETosis evaluation through Imaging Flow Citometry 
 

After neutrophils separation, supernatant was washed with Hank’s Balaced Salt Solution 

Modified with sodium bicarbonate, without phenol red, calcium chloride and magnesium 

solfate (H6648, Merck), plus Hepes25 mMplus 2mM CaCl2 (from now on HBSS 

complete) and centrifuged at 1500 rpm for 5 minutes. Red cells were lysed using 

ErytrocytesLysis Buffer 3 ml for three minutes. Cells were therefore resuspended in HBSS 

complete and seeded at concentration 1 million/ml in a 12 well plate. After ten minutes of 

adherence we stimulated separately with PMA (Sigma) 50 nM, LPS (Sigma)1 ug/mL and 

Adenosine (Sigma) 2ug/mLfor three hours at 37°C. After stimulation, we gently detached 

cells using a scraper and collected cells in facs tubes, proceeding with surface staining with 

CD15 PE (Beckman Coulter) and subsequently with intracytoplasmicstaning with 

Monoclonal mouse anti-human MPO APC (Dako). Samples then were analyzed within 24 

hours with  ImageStreamXMark II IFC equipped with a MultiMag system. Approximately 

ten minutes before sample acquisition Hoechst FITC(Thermofisher) was added to facs 

tubes.  

 

Following the method described by Zhao et al235 we employed IFC to study and quantify 

‘suicidal’ and ‘vital’ NETosis by using transmitted light (Brightfield), side-scatter (SSC) 

and multiple fluorescence images of cellular components. According to the described 

method, we 

defined ‘nuclear decondensation’ using the Bright Detail Intensity (BDI) feature, 

identifying areas of peak fluorescence intensity after subtraction of background 

fluorescence. Decondensed nuclei are identified by low BDI and high area, while normal 

nuclei showed high or variable BDI and low area (Figure 1b). The total Intensity of the 

Hoechst nuclear stain was similar between normal and decondensed nuclei, however the 

latter showed slightly lower SSC Intensity. A feature called Similarity Score was 
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calculated to quantify the degree of nuclear translocation of MPO, using the Hoechst 

nuclear stain to identify the nuclear region (Figure 2b). The median Similarity Score for 

the unstimulated cells has been shown to be around −0.12, indicating an anti-correlation 

between MPO and Hoechst images, and therefore the absence of nuclear localization. In 

contrast, the median Similarity Score for the subpopulation with decondensed nuclei has 

been demonstrated to be +1.0, indicating a positive correlation between the MPO and 

Hoechst images, and therefore increased colocalization of MPO and Hoechst had occurred.  

 
Figure 1: From Zhao et al235. Quantification of suicidal NETosis using flow-based imaging and image 

analysis. A) Quantitative analysis of nuclear decondensation. Left panels show representative images from 

untreated (Un) or PMA-treated (PMA) neutrophils. Eight individual cells are shown by multispectral imaging 

of Brightfield (BF), side-scatter (SSC), and DNA staining (Hoechst). Representative nuclei (yellow boxes) 

are detailed in the right panels where the nuclear mask (green) used for calculation of Nuclear Area (upper 

image) and Bright Detail Intensity (BDI, lower image) are shown for Untreated and PMA-treated samples. 

Values for Nuclear Area and BDI for the individual representative images are shown inset in yellow text. B) 

A region containing cells with high nuclear area and low BDI is shown in red (left dotplots) for Untreated 

(upper panels) or PMA-treated (lower panels) samples. Arrows indicate the data points of the single 

representative cells shown in a). Cells in the gated region (red dots) are shown backgated onto dotplots of 

SSC and Hoechst Intensity (right dotplots). Scale bars are 7 µm.  
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Figure 2:From Zhao et al235. Myeloperoxidase (MPO) colocalization with DNA in decondensed nuclei 

following LPS stimulation. a) Eight representative cells with normal (upper panels) or decondensed (lower 

panels) nuclei from untreated (Un) or LPS-treated (LPS) neutrophils are shown, with BF, MPO, Hoechst 

(Nuc), and an overlay of Hoechst and MPO (merge) images indicated. Scale bars are 7 µm. b) Quantification 

of the Nuclear Area and BDI is shown in the dotplots for Untreated (top) and LPS-treated (bottom) samples. 

Nuclei with normal Nuclear Area and BDI are gated in blue, and those with high Nuclear Area and low BDI 

are gated in red. Right histogram overlay shows negative correlation of MPO and DNA localization for 

normal nuclei (blue trace) but positive correlation of MPO and DNA localization in decondensed nuclei (red 

trace) by log-transformed Pearson's correlation coefficient (Similarity).  

Suicidal NETotic neutrophils were therefore identified as cells with features of large 

nuclear area and low BDI, as well as colocalization of MPO with the DNA (Table 1 and 

Figure 3). 

 

 

Table 1: From Zhao et al235.  Comparison of features of normal, apoptotic, suicidal and vital NETotic 

neutrophils using IFC. 
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Figure 3: From Lelliot et al236.Key characteristics and image features of 

NETs and other types of dead cells. Cells and events collected from PMA 

stimulated human neutrophil samples were categorized into six types based on 

morphological and staining differences with a representative sample of each 

type shown. Type I represent healthy cells, with lobulated nucleus and cell 

membrane intact. Type II is cells with an intact membrane, but large, diffuse 

DNA staining, indicating breakdown and decondensation of the nucleus, an 

initial step in NET formation. Type III has lost membrane integrity and DNA 

has spread beyond the cell boundaries, features characteristic of NETs. Type 

IV is small DNA fragments without any recognizable cell structure. Type V 

and Type VI are cells which have lost membrane integrity but DNA remains 

entirely within the cell, in a condensed or diffuse form, respectively.  

 
 

 
Vital NETotic cells presented instead an elongated morphology, with large membrane 

blebs visible at one pole, and cell contents, including nucleus and granules (by SSC) at the 

other (Figure 4a). Notably, the chromatin remained condensed and multi-lobular, and 

displayed nuclear area and BDI similar to unstimulated neutrophils (Figure 4d and 2a). 

Because the elongated phenotype displayed one cell pole with a high degree of pixel 

intensity and contrast, and the opposite pole with a very low intensity, low contrast 

membrane bleb, a feature was calculated to compare the Centroid XY position for the 

Brightfield Image versus the Intensity-weighted Brightfield Image, called Delta Centroid 

XY(Figure 4b). Furthermore, MPO did not co-localize with DNA in the cells displaying 

vital NETosis (Table1, Figure5).  
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Figure 4 : From Zhao et al235. Observation and quantification of morphology change following LPS 

stimulation. a) Six representative BF images of Untreated and LPS-treated samples are shown. b) Hand-

selected images of cells with normal, round appearance (magenta dots) and those of elongated cells with 

membrane protrusions (blue dots) are plotted using the image analysis features that best distinguish these 

morphologies, determined by Fisher's Discriminate Ratio (RD); BF Aspect Ratio and Delta Centroid XY BF, 

BF Intensity. Images to the right of the dotplots illustrate how these measurements are made. c) Eight 

representative images of cells in BF, SSC, Hoechst (Nuc) and an overlay of those images (merge) are 

displayed for the normal, round morphology of Untreated cells and for the elongated morphology observed 

following LPS-treated cells. Feature values for Aspect Ratio and Delta Centroid XY are displayed in blue 

text on the BF and merge images, respectively. d) Dotplot showing the appearance of cells with low Aspect 

Ratio and high Delta Centroid XY (red dots) after LPS treatment. Cells with elongated morphology (region 

outlined in cyan) are shown backgated onto the dotplot of Nuclear Area versus Hoechst Bright Detail 

Intensity (cyan spots), and have those features in common with normal neutrophil nuclei (see Fig. 2b).  

 
Figure 5 :From Zhao et al235. Myeloperoxidase (MPO) does not colocalize with DNA in elongated cells 

after LPS treatment nine representative individual elongated cells are shown to demonstrate anti-correlation 

between DNA and MPO (Hoechst/MPO) in this phenotype. Cell surface and internalized sialic acid and N-
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acetylglucosamine are labeled with Wheat Germ Agglutinin (WGA) in order to visualize the plasma 

membrane. Anti-correlation between DNA and MPO (Similarity MPO, Hoechst) in elongated cells (blue 

trace), is shown relative to the positive correlation between DNA and MPO among decondensed nuclei (red 

trace), and the anti-correlation between those in normal nuclei (green trace). b) Three individual cells are 

shown exhibiting only WGA staining and very little BF contrast, Hoechst, and MPO positivity. These cells 

also displayed very low or no SSC. Scale bars are 7 µm.  

Five thousand cells per tube were acquired, using the 60x magnification. Cells in best 

focus were selected using the feature Brightfield (BF) Gradient RMS, a measurement of 

image contrast that excludes out-of-focus events. Doublets, aggregates, and dead cells and 

debris were excluded by using SSC Intensity and Hoechst Intensity, and all analyses were 

restricted to single cell. 

7. NETs purification and preparation for proteomic analysis 
 

NETs were isolated after in vitro stimulation of neutrophils with a modified protocol 

previously published from a collaborator of ours237 for proteomic characterization.  

Briefly after neutrophils purification as described above, supernatant was washed with 

HBSS complete and centrifuged at 1500 rpm for 5 minutes. Red cells were lysed using 

Erytrocytes Lysis Buffer 3 ml for three minutes. Cells were therefore resuspended in 

HBSS complete of seeded in a 12 well plate at density 2x 106 /well for each plate. After ten 

minutes of adherence we stimulated separately with PMA (Sigma Aldrich) 30 nM, TNF 

alpha (Peprotech) 10 ng/mL and Adenosine  (Sigma Aldrich) 2ug/mL for three hours at 

37°C. After stimulation, we gently removed supernatants and washed the wells with 1 ml 

of HBSS complete. Therefore we added 150 µl of DNAase I (Roche) at 15 U/mL 

concentration, incubating at 37°C. After one hour we stopped the reaction with EDTA 

5mM, recovered cells and centrifugated at 4000 rpm for 10 minutes at 4°C, collected the 

supernatants and stored them at -80°C.  

 

Supernatant containing NET proteins (100 uL) was denatured, reduced and alkylated in 

100 ul LYSE Buffer (PreOmics). Then proteins were isolated by PAC method238. Briefly, 

proteins aggregation was induced by addition of 70% ACN and 200 ug of magnetic beads 

were added to capture aggregated proteins. Magnetic beads were retained by magnet and 

the supernatant was removed. Beads were washed one time with acetonitrile, followed by 

one wash with 70% ethanol. Washed beads were resuspended in 100 ul TRIS 25 mM pH 8 

and captured proteins were digested O.N. at 37°C with 0.7 ug Trypsin and 0.3 ugLysC. 
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Obtained peptides were analyzed by nano-UHPLC-MS/MS using an Ultimate3000 RSLC 

with EASY spray column (75 µm x 500 mm, 2 µm particle size, Thermo Scientific) and 

with a 70 minute non-linear gradient of 7–45% solution B (80% CAN and 20% H2O, 

5%DMSO, 0.1% FA) at a flow rate of 250 nl/min. Eluting peptides were analyzed using an 

Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific Instruments, Bremen, 

Germany). NET protein quantification was carried out using Label-Free Quantification 

method. 

8. Ex vivo DC phenotype 
	
For immunophenotype of DCs we will refer to an already published method239.  

Briefly, we performed immunophenotype on whole blood to identify ex vivo myeloid 

dendritic cells (mDC) and plasmacytoid dendritic cells (pDC). 

In particular we stained 100 uL of whole blood, using anti human CD16 FITC, anti human 

CD11c PE, anti human CD3 PC7, anti human CD14 APC-CY7, anti human CD19 PC7 

(BD Biosciences), anti human HLADR APC (e-Bioscience) ,anti human CD56 PC5 

(Beckman Coulter), (BD) and anti human CD123 PC5 (e-Bioscience). mDCs were 

identified as CD3-CD14-CD19-, CD16-CD11c+HLADR+CD56-; pDCs were identified as 

CD3-CD14-CD19- CD16-CD123+HLADR+. Samples were acquired using FACSCanto 

(BD Biosciences). 

9. moDC generation and cytokines production 
	
We isolated PBMC from peripheral blood of patients and controls through Ficoll gradient, 

then we purified CD14+ monocytes with CD14 microbeads (Miltenyi Biotec) according to 

manufacturer protocol. First, the CD14+ cells are magnetically labeled with CD14 

MicroBeads. Then, the cell suspension is loaded onto a MACS® Column which is placed 

in the magnetic field of a MACS Separator. The magnetically labeled CD14+ cells are 

retained within the column. The unlabeled cells run through; this cell fraction is thus 

depleted of CD14+ cells. After removing the column from the magnetic field, the 

magnetically retained CD14+ cells can be eluted as the positively selected cell fraction. 

Cells were therefore resuspended in RPMI-1640 10% FBS 1% Glutamate 

1%Penicillin/Streptomycin to a concentration of 0.5x 106 cells/ml and seeded in a 24 well 

plate, 1 ml for each plate.  We cultured in presence of GM-CSF (100 ng/ml) and IL4 (80 

ng/mL) for 5 days. On day five we harvested cells and seeded in a 96 well plate, 100.000 
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cells/250ul of RPMI-1640 10% FBS 1% Glutamate 1%Penicillin/Streptomycin and 

stimulated them with LPS 100 ng/mL or NETs in autologous and heterologous system.  

We collected supernatants after 24 hours (6th day) and after 48 hours (7th day). On the 7th 

day we tested by flow cytometry the expression of differentiation and inflammatory 

markers by surface staining using anti humanCD14 APCCY7 (Biolegend), anti 

humanCD80 FITC (e-Bioscience), anti humanCD86 PE (e-Bioscience), anti humanCD83 

APC (Invitrogen), anti human CD1a APC (Molecular Probes) and anti human HLADR 

PC5 (BD Bioscience). Flow cytometric analysis has been performed by Flowjo Software. 

 

Analyses of IL-6, IL-1β, TNFα, IP-10 cytokines was performed by flow cytometry bead 

array using BD CBA assays for Human Soluble Protein. The tests were performed 

according to the manufacture’s protocols. Briefly, 50 ul of standard dilutions and 50 ul of 

each unknown sample (culture supernatant) containing recognized analytes were incubated 

with 50 ul of mixed Capture Beads at room temperature in the dark for 1 hour. Next, the 

samples were incubated for 2 hours at room temperature with 50 ul of mixed PE Detection 

Reagent. After this time all samples were washed with 1 ml of Wash Buffer, centrifuged 

and the resulting pellet resuspended in 300 ul of Wash Buffer and run on a BD 

FACSCanto  cytometer. FCAP Array software was used to calculate the concentration of a 

given cytokine and the mean fluorescence intensity for each studied molecules. Results 

were expressed as pg/ml. 

10.Bioinformatic and statistical analysis  
	
For analysis of the proteomic data, after normalization, data obtained from mass 

spectrometry were analyzed detecting differences in proteins and peptides expression 

between spontaneous and stimuli-induced NET samples using the significance B- test by 

Perseus software. P-values were adjusted using the Benjamini-Hochberg method. 

Results were considered significant with two-fold change and adjusted for P value</= 0.05.  

For protein analysis the resulting enriched proteins will be carried on using STRING 11.5 

(https://string-db.org/) app to construct and visualize a protein–protein interaction network.  

 

The proteome profile of the core panel and enriched rank proteins has been visualized 

using the heatmap diagram.  

 

Statistical analysis was performed with GraphPad Prism (5.0, La Jolla, CA). Mann-
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Whitney test was used to compare samples, results were reported as median with 

interquartile range. Results were considered significant with two-fold change and adjusted 

for P value< 0.05.  

Data relative to cytokine production by stimulated moDCs were considered as paired data 

and analyzed with paired statistic test (Wilcoxon rank test). 

 

The low sample size is rather typical for such an experimental setting. We have chosen a 

nonparametric test such as the Wilcoxon-Mann-Whitney (WMW) test because it is the 

appropriate test in case in case of the not normal distribution model, like our data. 
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RESULTS 
	

1.Characterization of DADA2 cohort 
 

Patients were recruited during regular follow up visit at Rheumatology Unit of G.Gaslini 

Institute. We enrolled 14 patients with Adenosine Deaminase 2 deficiency diagnosis who 

underwent blood sampling, in few occasions at different time points. 

We also collected plasma samples from further 6 genetically confirmed DADA2 patients 

enrolled by other Italian Pediatric Rheumatology Units.  

All DADA2 patients have a genetically confirmed diagnosis (homozygous or compound 

heterozygous ADA2 mutations are listed in Table 2) and/or an absent ADA2 activity. Nine 

were female. Mean age at time of disease onset was 5 years (range 6 months-13 years). 

Mean age at time of diagnosis was 16.5 years (range 6 years-52 years).  

Most of patients present a clinical phenotype characterized by systemic inflammation 

(Table 2). In 11/20 patients (55%) presented with a PAN-like clinical picture (with 

consistent histologic findings on skin or bowel biopsy in six cases) and 12/20 had at least 

one stroke episode in their clinical history (60%). Only 55% of the cohort (7/20) presents 

with an evident immunological (i.e. hypogammaglobulinemia) and/or hematological 

abnormality.  

One patient onset was characterized by stroke episode together with systemic inflammation 

and severe anemia requiring blood transfusions. Another one presented with recurrent 

MAS episodes, persistent systemic inflammation and several viral infections, but without 

clear vasculitis-related features and without stroke. Two paucisymptomatic patients were 

diagnosed due to their more severely affected siblings. 

Regarding treatment, the vast majority of the cohort was on anti-TNF treatment at the time 

of evaluation.  

We used as disease control samples from five c-PAN and one adult PAN. Clinical 

characteristics of these patients are listed in Table 3.  

All disease control patients were negative for ADA2 mutations and/or have a normal 

ADA2 activity. 
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Pt. Age at 

onset/ 
Sex 

Age at 
diagnosis 

Fever Skin 
manifestations 

Stroke 
(number) 

PNS Hypertension Other 
Symptoms/ signs 

Biopsy DADA2 
Mutations 

Therapies during 
disease course 

1 1,2 2y/M 14 years Yes Livedo reticularis 
Subcuteneous 
nodules 

Yes (2) Peripheral 
neuropathy 

Yes Growth hormone 
deficiency, 
Hypertension, 
arthralgia, HGG 

polyarteritis nodosa 
(skin) 

R312X/ 
E328D 

NSAID, Steroids, 
Thalidomide, Cy, 
Etanercept 

2   1,2 9mo/M 7 years Yes Livedo reticularis 
 

Yes (1) Peripheral 
neuropathy 
 

Yes Small bowel 
invagination, HGG 

polyarteritis nodosa 
(bowel) 

R312X/ 
E328D 

NSAID, Steroids, 
Thalidomide, 
Etanercept 

3  6y/F 11y Yes Genital ulcers No Transient 
palpebral ptosis 

No Persistent Systemic 
inflammation, 
Recurrent MAS 
episodes, Viral 
infections 

Not done L183P/L183P 
 

NSAID, Steroids, 
Anakirna, HD 
IVIG 

4 2,3 3mo/F 6y Yes Livedo reticularis 
Subcuteneous 
nodules 

Yes (2) No Yes Myocarditis, HGG, 
Chondroblastoma 

Lobar panniculitis and 
vasculitis 

Homozygous 
tandem 
duplication 
(p.V252Gfs*11) 

Steroids, 
Anakirna, 
Etanercept 

5 
 

20mo/F 20 years No Livedo reticularis 
Subcuteneous 
nodules 
Necrotic ulcers of 
extremities 

Yes (3) No Yes Diarrhoea, 
abdominal pain, 
colic ulcerations, 
HGG,  recurrent 
infections of upper 
airways 

Leucocytoclastic 
vasculitis (skin), 
polyarteritis nodosa 
(bowel) 

G47V/ S479P NSAID, Steroids, 
Cy,MMF, 
Etanercept 

6 2y/M 18 years No Livedo reticularis 
Subcuteneous 
nodules       
Necrotic ulcers of 
extremities 

No Peripheral 
neuropathy 

Yes Diarrhoea, 
abdominal pain, 
arthralgia, HGG, 
Hypertension related 
cardiomiopathy 

Not done G47V/ S479P NSAID, Steroids, 
MMF, Etanercept 

71,2 1y/M 12 years Yes Livedo reticularis 
Subcutaneous 
nodules 
Ecchimotic 
lesions 

No No No Diarrhoea, 
Recurrent infection 
of upper airways 

polyarteritis nodosa 
(skin) 

G47A/ 
P251L 

Steroids, 
etanercept 

8 1,2 6mo/M 8 years Yes Livedo reticularis 
 

Yes (2) Peripheral paresis 
of the VII cranial 
nerve 
Neurosensorial 
hearing loss 

Yes Myocarditis 
 

Not done T360A/ 
T360A 

NSAIDs, Steroids, 
Etanercept 

9  5y/F 16.5y Yes Vasculitis lesions 
Urticarial rash 

Yes(2) Peripheral 
neuropathy 

Yes Arthritis, arthralgia, 
abdominal pain 

Not conclusive 
(superficial) 

 
G47R/ G47R 

NSAIDs, MPD 
pulses, Steroids, 
Etanercept 

10 9.5y/F 9.5y No No Yes(1) No No Anemia, systemic Not done Y453C/ Steroids, 
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Table 2. Disease course in genetically-confirmed DADA2 patients AZA-Azathioprine ;Cy- Cyclophosphamide; DADA2- Adenosine deaminase 2 deficiency; HCQ: 
hydroxychloroquine; HD-IVIG-High dosage Intravenous Immunoglobulin (2gr/kg); HHG : Hypogammaglobulinemia ;MTX-Methotrexate; MMF- Mofetil Mycophenolate; 
MPD- Metylprednisolone; NA-not available; NSAIDs –non steroidal antinflammatory drugs; PAN-Polyarteritis Nodosa, PRES:  Posterior Reversible Encephalopathy 
Syndrome. * DADA2 testing:  Genetic test and/or enzymatic activity.  
 

inflammation Y453C 
 

etanercept 

11 16y/M 52y Yes Livedo reticularis 
Vasculitis lesions 
and ulcers 
 

Yes (2) Peripheral 
neuropathy 

Yes Abdominal pain Leucocytoclastic 
vasculitis (skin) 

Y220C/Y220C 
 

Steroids, Cy, 
Sulfasalazine, 
HCQ, MTX, 
AZA,MMF 

12  4y/F 18y No Livedo reticularis Yes(2) No No Systemic 
inflammation 

Not done L188P / T119A 
 

Etanercept 

134 12y/M 12y No No No NO No Mild leukopenia, 
decreased IgM, 
splenomegaly 

Not done L188P/ 
G383D 
 

None 

14 14y/F 32y No No No No No Arthralgia, arthritis Not done L188P / T187P 
 

Steroids  
 

15 1,2 5y/F NA Yes Livedo reticularis 
Necrotic ulcers of 
extremities 
Subcutaneous 
nodules 

Yes (1) Peripheral 
neuropathy 
 

Yes  Hepatomegaly, 
splenomegaly, 
arthralgia, arthritis 

polyarteritis nodosa 
(skin) 

T360A/ 
T360A 

Steroids, AZA, 
MTX, 
Thalidomide 

16  NA NA NA NA NA NA NA NA NA NA Etanercept 
17 1y/M NA Yes Livedo reticularis Yes (1) Neurosensorial 

hearing loss 
Yes (with 
PRES) 

Generalised 
adenopathy, 
diarrhoea, oral 
apthosis, arthralgia, 
arthritis 

Not done L249P/ 
P344L 

Steroids, 
etanercept 

18 1,2 8mo/M NA Yes Livedo reticularis 
Purpuric lesions 

Yes (1) Peripheral paresis 
of the III cranial 
nerve 
Optic neuritis 
 

Yes Hepatomegaly, 
splenomegaly 

polyarteritis nodosa 
(skin) 

G47R/ 
T360A 

Steroids, AZA, 
MMF 

19 2 8y/F NA Yes Livedo reticularis No No No No Not done R45W/ Y453C Etanercept 
201,2 5y/M NA No Livedo reticularis 

Necrotic ulcers of  
extremities 

No No Yes (with 
PRES) 

Small bowel 
invagination 

polyarteritis nodosa 
(skin) 

L249P/ 
T360A 

Steroids, Cy, 
MMF, Infliximab, 
Etanercept 

 
 



	 59	

 
Table 3. Disease course in PAN patients. AZA-Azathioprine ; C-PAN-childhood onset Polyarteritis Nodosa;Cy- Cyclophosphamide; DADA2- Adenosine deaminase 2 
deficiency; HD-IVIG-High dosage Intravenous Immunoglobulin (2gr/kg); MTX-Methotrexate; MMF- Mofetil Mycophenolate; MPD- Metylprednisolone; NSAIDs –non 
steroidal antinflammatory drugs; PAN-Polyarteritis Nodosa. * DADA2 testing:  Genetic test and/or enzymatic activity.  
 
 
 
 

 
Pt. Age at 

onset/ 
Sex 

Diagnosis/ Age 
at diagnosis 

Fever Skin 
manifestations 

Stroke 
(number) 

CNS/PNS Hypertension Other 
Symptoms/ signs 

Biopsy DADA2 testing* Therapies 
during disease 
course 

PAN1 7y/F c-PAN/ 8y yes Vasculitic lesions  
Subcuteneous nodules 
Ecchimotic lesions 

No No/No No Leukopenia 
Systemic 
inflammation 
Arthralgia 

polyarteri
tis 
nodosa 
(skin) 

Negative NSAIDs 
Steroids 
AZA 
 

PAN2   8.5y/M c-PAN/12y Yes Subcutaneous nodules 
Ecchimotic lesions 
Urticarial rash 

No Pseudotumor 
cerebri/No 

Yes (inconstant) Systemic 
inflammation 
Uveitis 
Arthralgia 

polyarteri
tis 
nodosa 
(skin) 

Negative Steroids 
AZA, MTX 
Etanercept 
Adalimumab 

PAN3 13y/F c-PAN/ 13.5y Yes Vasculitic lesions  
Subcuteneous nodules 
 

No No/No No Systemic 
inflammation 
Arthritis 
Lymphoadenomegaly 
Splenomegaly 

polyarteri
tis 
nodosa 
(skin) 

Negative Steroids 
MPD pulses 
AZA, 
HD-IVIG 
MMF, Cy 
Aminopenicillin 

PAN4 10.5y/F c-PAN/ 10.5y Yes Vasculitic lesions  
Subcutaneous nodules 
 

No No/No No Arthralgia 
Systemic 
inflammation 

polyarteri
tis 
nodosa 
(skin) 

Negative NSAIDs, 
Steroids 
Aminopenicillin 
Thalidomide 

PAN5 8.5y/M c-PAN/ 8.5y Yes Vasculitic lesions  
Subcutaneous nodules 
 

No No/No No Arthritis 
Systemic 
inflammation 
Epididymitis, 
Myalgia 

polyarteri
tis 
nodosa 
(skin) 

Negative Steroids,  
MPD pulses 
AZA, MMF, 
MTX 
Cy, HD-IVIG, 
Aminopenicillin 
Infliximab  
Thalidomide 
Dapsone,  
Adalimumab 

PAN6 43y/F PAN/43y No Vasculitic lesions  
 

Yes (1) Yes/Yes No Arthralgia 
 

polyarteri
tis 
nodosa 
(skin) 

Negative Steroids, MTX 
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2. NETs remnants quantification 
	
Circulating NETs can be detected by ELISAs that target the complex of DNA–MPO 

and/or DNA–elastase that are reported as NET remnants (the second ELISA is more 

specific for NETs derived from neutrophils and exclude NETs from monocytes); NET 

remnants are released from the NET complex and are present in free form in serum and 

biological fluids240. 

Actually, the amount of MPO–DNA complex in supernatant of neutrophils correlates with 

citrullinated histones another potential quantitative marker of NETosis215 . Cell-free DNA 

can be determined using PicoGreenR that is quantitative but once again not specific for 

NET DNA241,242. Determining the DNA–MPO or the DNA–elastase complex is instead 

specific for NET remnants243,244 . Similarly, cell-free nucleosomes can be detected by a 

sandwich assay using anti-histone antibodies on the solid phase and labeled anti-DNA 

antibodies for the detection245 . Results deriving from quantitation of in vitro NET 

determination indicate that this technique correlates with the amount of citrullinated 

histones, and that it is the most specific marker of NETosis244.  

We therefore choose this last method to quantify NET remnants in DADA2 patients (n= 

14), HD (n=9) and PAN patients (n=6) plasma samples by ELISA assay. Positive control 

was prepared according to the kit manufacturer protocol.  
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Figure 6: DNA-hystone complex quantification in plasma semples of DADA2, HDs and PAN . DADA2-
Deficit adenosine deaminase 2 patients; HDs-Healthy controls; PAN-Polyarteritis nodosa patients, CTRL POS- 
kit positive internal control; OD= Optical Density.  

 
Plasma samples of DADA2 patients present an increased amount of DNA-hystone 

complex compared with healthy controls (p=0.057), whereas no significant difference is 

present between DADA2 and PAN samples (p=0.74) and PAN and healthy controls 

(p=0.43) as presented in Figure 6.  

At time of sampling, among the 14 DADA2 patients only one was untreated, whereas the 

others were treated with anti-TNF molecules (6/14), Thalidomide (1/14), Steroids (3/14), 

Mofetil mycophenolate (1/14) and high doses (2gr/kg) IVIG (1/14). No precise 

informations are available about the treatment of the last patient (the only information 

available is that they were not on anti-TNF treatment).  

For six patients no precise information about disease status at time of the sampling is 

available. Four patients presented with systemic inflammation (from mild to severe), and 

the remaining four were on remission.  

Regarding PAN patients, at the time of the sampling 5/6 presented an active disease 

(systemic inflammation and clinical symptoms), despite the ongoing treatment with 

steroids, associated with azathioprine in two cases. One patient was on remission and 

treated with etanercept. 

3. DNAse I quantification and activity 
	
As a main result of the initial functional studies, DNases emerged as fundamental in 

removing NETs212  and a strong association between the reduction of DNases activity and 

the accumulation of NETs, particularly in autoimmune conditions, was reported212,246 .  

DNase I preferentially digests naked cell-free DNA, while chromatin and microparticles-

bound-chromatin DNA are degraded by DNase 1L3246. A third form of intracellular DNase, 

DNase II, is responsible for the degradation of DNA from apoptotic bodies. Studies on 

Systemic Lupus erythematosus (SLE), showed that DNase activity is reduced in the serum 

of SLE patients, while circulating DNase I levels are normal, suggesting that DNase 1L3-

serum-level modification is directly responsible for the reduced DNase activity247.  

We therefore decided to measure both DNAse I levels and DNAse activity in plasma 

samples of DADA2 patients (n= 18) and HD (n=10), to evaluate the presence of a possible 

unbalance in NETs removing mechanisms. 
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Figure 7: DNAse I plasma levels determination in DADA2 patients and HD. DADA2-Deficit adenosine 

deaminase 2 patients; HDs-Healthy controls.  

 

We found no significant difference between DADA2 patients and HD DNAse I levels in 

plasma (Figure 7). On the other hand, DNAse activity, measured in plasma samples of 

DADA2 patients (n= 18), HD (n=10) and PAN patients (n=5) and expressed as percentage 

of decrease of fluorescence intensity, is significantly decreased in DADA2 patients 

compared to controls (p< 0.0001) but also in PAN patients compared to controls (p= 

0.004), whereas no significant difference is present between DADA2 and PAN  (p= 0.08) 

(Figure 8). 

 
Figure 8: DNAse activity expressed as percentage of decrease of fluorescence intensity in 
HD, DADA2 and PAN patients. HD-healthy controls, DADA2-adenosine deaminase 2 
deficiency patients; PAN-panarteritis nodosa patients.  
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Notably, at the time of sampling among the 18 DADA2 patients only two were untreated, 

but not showing any sign of disease activity. Other patients were on treatment with anti-

TNF molecules (7/18), Thalidomide (1/18), Steroids (5/18), Mofetil mycophenolate (2/18) 

and high doses (2gr/kg) IVIG (1/18). No precise information are available about the 

treatment of the last patient (the only information available is that he was not on anti-TNF 

treatment).  

For five patients no precise information about disease status at time of the sampling is 

available. Three patients presented with marked systemic inflammation, other three with 

only mild increase of acute phase reactants. Seven patients were on remission.  

 

Regarding PAN patients, at the time of the blood withdrawal they all presented an active 

disease (systemic inflammation and clinical symptoms), despite the ongoing treatment with 

steroids, associated with azathioprine in two cases.  

4. Quantification of early suicidal NETosis with different stimuli 
 

Firstly, after neutrophils purification with microbeads, we verified their purity by flow 

cytometry (Figure 9): the purified population was composed by 81.7% of resting 

neutrophils and 8.8% of activated neutrophils, for a global 90.5% of CD15+ cells. 
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Figure 9: Neutrophils purity checked by flow cytometry after microbeads. PMN: polymorphonuclear 

neutrophils. 

 

To quantify the NETotic cells we set up an already published method that allowed us to 

identify different cell phenotypes (live cells, suicidal, vital NETotic cells and apoptotic 

cells) in each sample. This was done by evaluating through imaging flow cytometry (IFC) 

the cell shape and size, the morphology of the nucleus and the colocalization of MPO (as 

marker of NETosis) with the nucleus. 

The combination of these three parameters allowed to identify different cell types in an 

unbiased way (Figure 10).  
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Figure 10: Identification of different cell features by Amnis Image Stream identifying normal cell, suicidal 

Netosis, Vital Netosis and DNA fragments, on the basis of morphology, BDI (Bright Detail Intensity) of 

nucleus, MPO (Myeloperoxidase) traslocation in the nucleus and Colocalization of nucleus and MPO stain. 

 

 

Cells in early suicidal NETosis stage were identified among nucleated cells (Figure 11) as 

cells with large nuclear area and low BDI (Figure 12), as well as colocalization of MPO 

with the DNA.  

 

 
 
Figure 11: Gating strategy to identify cells in early suicidal NETosis stage. First step selection of 

nucleated cells.  
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Figure 12: Gating strategy to identify cells in early suicidal NETosis stage. Second step:  selecting cells 

with large nuclear area and low BDI.  

 

A feature called Similarity Score was calculated to quantify the degree of nuclear 

translocation of MPO, using the Hoechst nuclear stain to identify the nuclear region. The 

median Similarity Score for the subpopulation with decondensed nuclei has been 

demonstrated to be +1.0 (Figure 13), indicating a positive correlation between the MPO 

and Hoechst images, and therefore increased colocalization of MPO and Hoechst had 

occurred.  

 
 

 
 
Figure 13: Calculation of similarity score for the gated population. The median Similarity Score for the 
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subpopulation with decondensed nuclei has been demonstrated to be +1.0 (arrow) indicating a positive 

correlation between the MPO and Hoechst images, and therefore increased colocalization of MPO and 

Hoechst had occurred.  

 

We will call these cells with these features Early Suicidal NETotic cells.  

 

We identified and quantified early suicidal NETotic cells in HD (n=10) and DADA2 

patients (n=7) without stimulation and after stimulation with PMA 50 nM. We observed a 

significant increase of NETosis in DADA2 patients compared to healthy controls after 

PMA stimulation, expressed as round similarity ratio (ratio between % of round similarity 

before and after PMA stimulus) (Figure 14).  

 

 

 
 
Figure 14: Round Similarity morphology (Early Suicidal NETosis) in DADA2 patients and HD without 

stimulation and after PMA 50 nM . Round similarity ratio: ratio between % of round similarity before and 

after stimulus. 

 

 

We also investigated early suicidal NETotic cells in HD (n=4) and DADA2 patients (n=5) 

after stimulation with Adenosine 2ug/mL and we observed an increased round similarity 

ratio in patients compared with controls (Figure 15), despite not significant. 
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Figure 15: Round Similarity morphology (Early Suicidal Netosis) in DADA2 patients and HD after 

Adenosine 2 ug/mL stimulus. Round similarity ratio: ratio between % of round similarity morphology cells 

before and after stimulus. 

 

Stimulation with LPS 1ug/mL, applied on HD (n=3) and patients (n=2) also seems to 

increase round similarity ratio in patients compared with controls (Figure 16), despite not 

significant. 
 
 

 
 
Figure 16: Round Similarity morphology (Early Suicidal NETosis) in DADA2 patients and HD after 

LPS 1ug/mL stimulus. Round similarity ratio: ratio between % of round similarity morphology cells before 

and after stimulus. 

5. Quantification of vital NETosis with different stimuli 
 

Vital NETotic cells were identified on IFC as cells with an elongated morphology, with 

large membrane blebs visible at one pole, nuclei polarized within the cell and not 
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colocalized with MPO. The cells with these features will be called Elongated morphology 

cells representing vital NETotic cells.  

 

We identified and quantified vital NETotic cells in HD (n=10) and DADA2 patients (n=7) 

without stimulation and after stimulation with PMA 50 nM (Figure 17).  

 

 
Figure 17: Elongated morphology cells (Vital NETosis) in a DADA2 patient, acquired with IFC.  

 

We observed an increase in the number of vital NETotic cells although not significant 

(p=0.07), expressed as elongated morphology ratio (ratio between % of elongated 

morphology cells before and after PMA stimulus) (Figure 18).  
 
 

 
 
Figure 18: Elongated morphology cells (Vital NETosis) in DADA2 patients and HD without 

stimulation and after PMA 50 nM stimulus. Elongated morphology ratio: ratio between % of elongated 

morphology cells before and after stimulus. 
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Furthermore, no differences were noted between HD (n=4) and DADA2 (n=5) in 

Elongated morphology cells after stimulation with Adenosine and LPS no differences 

(Figure 19). 
 

 
Figure 19: Elongated morphology cells (Vital NETosis) in DADA2 patients and HD after Adenosine 

2ug/mL and LPS 1ug/mL stimulus. Elongated morphology ratio: ratio between % of elongated morphology 

cells before and after stimulus. 

 

Notably, at the moment of blood withdrawal, none of the DADA2 patients presented a 

disease flare. Only one patient had a modest elevation of acute phase reactants (Pt 3), and 

was on treatment with HD IVIG every 6 weeks. Others (n=6) were on remission and 

treated with etanercept.  

 

We decided also to investigate through IFC the presence of apoptotic cells, defined as cells 

with spherical morphology with multiple small blebs, high refractive index, with 

Condensed nuclei with fragmented DNA and no colocalization with MPO. The percentage 

of apoptotic cells detected in our samples was not relevant.  

7. NETs proteomic analysis 
 

As we observed that DADA2 PMNs after PMA stimulation showed an increased NETosis 

in vitro, we wondered if NETs from DADA2 were different from NETs derived from HD 

PMNs. We therefore investigated the protein composition of NETs purified in vitro, 

through proteomic analysis, in patients affected by DADA2 (n=2) in comparison with 

idiopathic PAN (n=2, one c-PAN and one adult onset PAN) and healthy controls (n=2). 

 

At time of sampling, both DADA2 patients were on clinical remission, with negative acute 

LPS 
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phase reactants determination and on etanercept treatment. Regarding PAN patients, they 

were on clinical and laboratoristic remission, both on treatment with low dose prednisone, 

one associated with azathioprine and the other with methotrexate.  

 

Since it is known that the microenvironment can change the proteomic profile of 

NETs195,237,  we isolated NETs from peripheral PMNs, after in vitro stimulation PMA, 

Adenosine and TNFα to explore the possible modifications in protein content. 

We compared the effect of every stimulus on NETs composition in each group (DADA2 

patients, HD and PAN patients).  

We also analyzed the modifications of NETs composition within every group in order to 

evaluate the possible changes in NETs obtained after PMA, Ado and TNF alpha 

stimulation compared with spontaneous NETs.  

Firstly, we used Principal Component Analysis (PCA) to visualize how samples cluster.  

 

PCA is a statistical analysis technique for reducing the dimensionality of datasets (such the 

once obtained from proteomics research), increasing interpretability but at the same time 

minimizing information loss. It does so by creating new uncorrelated variables (called 

principal components) that successively maximize variance, reducing a large number of 

variables to a smaller number of groups that can be more readily visualized and understood. 

PCA for proteomics uses feature abundance levels across runs to determine the principle 

axes of abundance variation. Transforming and plotting the abundance data in principle 

component space allows us to separate the run samples according to abundance variation. 

This is useful in identifying run outliers. 

PCA plot shows that DADA2 samples tend to cluster, whereas PAN and HD samples do 

not cluster together (Figure 20).  
 



	 72	

 
Figure 20: PCA plot of DADA2, PAN and HD NETs proteomic analysis. DADA2-adenosine deaminase 

deficiency 2; HD-healthy control; PAN-Polyarteritis nodosa. 

 

We identified a total of 1770 proteins differently expressed among the analyzed groups, 

among which approximately sixty proteins showed a significant differential expression.  

 

The normalized Z-score of protein abundance is shown in the heat map (Figure 21) that 

shows the highlighted proteins by the comparison of DADA2, PAN and controls.  
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Figure 21: Heat map of NETs highlighted proteins. Heat map of proteome profile of the 59 proteins 

highlighted.CTR= healthy donors, CTR-D= disease control, i.e. PAN , DADA2-adenosine deaminase 2 

deficiency.  

 

 

In heat map, each row represents a protein, and each column corresponds to the average of 

two biological replicates with specific stimulation.  

Normalized Z-score of proteins abundance are depicted by a pseudo color scale with red 

indicating positive expression, black equal expression, and blue negative expression 

compared to each proteins values, whereas the dendrogram displays the results of an 

unsupervised hierarchical clustering analysis, placing similar proteome profile values near 

each other.  

Visual inspection of the dendrogram and heat map demonstrate the possibility to 

distinguish among the different groups, with DADA2 patients clustering on one side, 

D 

D D D 
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whereas the clustering is less clear for HD and PAN, with unstimulated, Adenosine and 

TNFα HD samples on one side, PMA stimulated samples of HD and PMA clustering 

together and TNFα stimulated PAN samples clustering separately from all the others.  

The heat map shows a clear difference in NETs proteins derived from DADA2 and 

controls.  We found proteins significantly upregulated in the DADA2 NET when compared 

to HD or PAN, whereas other proteins were downregulated (Figure 22). 
 

 
Figure 22: Heat map of NETs highlighted proteins. Heat map of proteome profile of the 59 proteins 

highlighted. Yellow boxes underline cluster of proteins particularly up- or down-regulated in DADA2 

patients compared with HD and PAN patients. CTR= healthy donors, CTR-D= disease control, i.e. PAN , 

DADA2-adenosine deaminase 2 deficiency.  

 

We also compared proteins modulation by different stimuli (PMA, TNFα, Adenosine) 

versus unstimulated condition in each group of patients (DADA2, PAN, HD) (Figure 23- 

24).  

	 

	 

D 

D D D 
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Figure 23: Heat map showing proteins modulation by different stimuli: PMA, TNFa, Ado in DADA2 

(A) versus HDs (B). DADA2-Adenosine deaminase 2 deficiency. CTR- healthy donors.  

 

 
Figure 24: Heat map showing proteins modulation by different stimuli: PMA, TNFa, Ado in DADA2 

(A) versus PAN patients (B). DADA2-Adenosine deaminase 2 deficiency. PAN-Polyarteritis nodosa.   

A B 

A B 
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We analyzed more thoroughly proteins showing significant up- or down-regulation in 

DADA2 patients compared with HDs:  

 

-ENO1 (alpha-enolase 1): downregulated in DADA2 compared with HDs after PMA 

stimulation. Involved in cellular energy metabolism, belongs to enolase family.   

It is a glycolytic enzyme the catalyzes the conversion of 2-phosphoglycerate to 

phosphoenolpyruvate. In addition to glycolysis, it is involved in various processes such as 

growth control, hypoxia tolerance and allergic responses. May also function in the 

intravascular and pericellular fibrinolytic system due to its ability to serve as a receptor and 

activator of plasminogen on the cell surface of several cell-types such as leukocytes and 

neurons. Stimulates immunoglobulin production.  

Diseases associated with ENO1 mutations include Hashimoto Encephalopathy and Cancer-

Associated Retinopathy. Among its related pathways are Glycosaminoglycan 

metabolism and Glucose metabolism. Gene Ontology (GO) annotations related to this gene 

include RNA binding and transcription corepressor activity.  

 

-PARK7 (Protein/nucleic acid deglycase DJ-1): downregulated in DADA2 compared 

with HDs after PMA stimulation.  Involved in response against oxidative stress.  

It acts as a positive regulator of androgen receptor-dependent transcription. It may also 

function as a redox-sensitive chaperone, as a sensor for oxidative stress, and it apparently 

protects neurons against oxidative stress and cell death.  

It is a multifunctional protein with controversial molecular function, acting as oxidative 

stress sensor and redox-sensitive chaperone and protease. It is involved in neuroprotective 

mechanisms like the stabilization of NFE2L2 and PINK1 proteins, male fertility as a 

positive regulator of androgen signaling pathway as well as cell growth and transformation 

through, for instance, the modulation of NF-kappa-B signaling pathway.  

Is involved in a major nucleotide repair system named guanine glycation repair (GG 

repair). 

Able to remove the glycations and restore histone 3, histone glycation disrupts both local 

and global chromatin architecture by altering histone-DNA interactions as well as histone 

acetylation and ubiquitination levels. Eliminates hydrogen peroxide and protects cells 

against hydrogen peroxide-induced cell death. 
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Required for correct mitochondrial morphology and function as well as for autophagy of 

dysfunctional mitochondria. Plays a role in regulating expression or stability of the 

mitochondrial uncoupling proteins SLC25A14 and SLC25A27 in dopaminergic neurons of 

the substantia nigra pars compacta and attenuates the oxidative stress induced by calcium 

entry into the neurons via L-type channels during pacemaking. Regulates astrocyte 

inflammatory responses, may modulate lipid rafts-dependent endocytosis in astrocytes and 

neuronal cells. 

Protects pancreatic beta cells from cell death induced by inflammatory and cytotoxic 

setting. Binds to a number of mRNAs containing multiple copies of GG or CC motifs and 

partially inhibits their translation but dissociates following oxidative stress.  

In macrophages, interacts with the NADPH oxidase subunit NCF1 to direct NADPH 

oxidase-dependent ROS production, and protects against sepsis.  

Diseases associated with PARK7 include Parkinson Disease 7, Autosomal Recessive 

Early-Onset and AR Juvenile Parkinson disease. Among its related pathways are Synaptic 

Vesicle Pathway and Parkinsons Disease Pathway. Gene Ontology (GO) annotations 

related to this gene include protein homodimerization activity and signaling receptor 

binding. 

 

- MCTS1 (Malignant T-cell-amplified sequence 1): upregulated in DADA2 compared 

with HDs after PMA stimulation. It is an Anti-oncogene that plays a role in cell cycle 

regulation; decreases cell doubling time and anchorage-dependent growth; shortens the 

duration of G1 transit time and G1/S transition. When constitutively expressed, increases 

CDK4 and CDK6 kinases activity and CCND1/cyclin D1 protein level, as well as G1 

cyclin/CDK complex formation. Involved in translation initiation; promotes recruitment of 

aminoacetyled initiator tRNA to P site of 40S ribosomes.  

Plays a role as translation enhancer. 

Hyperactivates DNA damage signaling pathway; increased gamma-irradiation-induced 

phosphorylation of histone H2AX, and induces damage foci formation. Increases the 

overall number of chromosomal abnormalities such as larger chromosomes formation and 

multiple chromosomal fusions when overexpressed in gamma-irradiated cells.  

May play a role in promoting lymphoid tumor development: lymphoid cell lines 

overexpressing MCTS1 exhibit increased growth rates and display increased protection 

against apoptosis. May contribute to the pathogenesis and progression of breast cancer via 

promotion of angiogenesis through the decline of inhibitory THBS1/thrombospondin-1, 
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and inhibition of apoptosis. Involved in the process of proteasome degradation to down-

regulate Tumor suppressor p53/TP53 in breast cancer cell; positively regulates 

phosphorylation of MAPK1 and MAPK3. Involved in translation initiation; promotes 

aminoacetyled initiator tRNA to P site of 40S ribosomes. Can promote release of 

deacylated tRNA and mRNA from recycled 40S subunits following ABCE1-mediated 

dissociation of post-termination ribosomal complexes into subunits. 

Diseases associated with MCTS1 include Lymphoma and Breast Cancer. Gene Ontology 

(GO) annotations related to this gene include RNA binding and translation initiation factor 

activity.  

 

-TMSB4X (Thymosin beta 4-x linked): upregulated in DADA2 compared with HDs after 

PMA stimulation.  

It plays an important role in the organization of the cytoskeleton. Binds to and sequesters 

actin monomers (G actin) and therefore inhibits actin polymerization. 

The protein is also involved in cell proliferation, migration, and differentiation. This gene 

escapes X inactivation and has a homolog on chromosome Y.  

Diseases associated with TMSB4X include Osteoarthritis and Nephronophthisis 3. Among 

its related pathways are Association Between Physico-Chemical Features and Toxicity 

Associated Pathways and Response to elevated platelet cytosolic Ca2+. Gene Ontology 

(GO) annotations related to this gene include RNA binding and actin monomer binding.  

 

-SEPT9 (Septin 9): upregulated in DADA2 compared with HDs after PMA and 

Adenosine stimulation.  

Belong to Septin GTPase family, involved in cytokinesis and cell cycle control. It is a 

filament-forming cytoskeletal GTPase. May play a role in the internalization of 2 

intracellular microbial pathogens, Listeria monocytogenes and Shigella flexneri; Belongs 

to the TRAFAC class TrmE-Era-EngA-EngB-Septin- like GTPase superfamily.  

Diseases associated with SEPTIN9 include Amyotrophy, Hereditary Neuralgic and Acute 

Megakaryocytic Leukemia. Among its related pathways are ERK Signaling and Actin 

Nucleation by ARP-WASP Complex.  

 

-RNASE2 (Ribonuclease A Family Member 2):  upregulated in DADA2 compared with 

HDs after PMA and TNFα stimulation.  
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It is a non-secretory ribonuclease that belongs to the pancreatic ribonuclease family, a 

subset of the ribonuclease A superfamily. The protein antimicrobial activity against viruses. 

 It is a pyrimidine specific nuclease with a slight preference for U. Cytotoxin and 

helminthotoxin. Selectively chemotactic for dendritic cells, involved in innate immune 

response. 

Located in lysosomes and cytoplasmic granules.  

Diseases associated with RNASE2 include Pulmonary Eosinophilia and Dermatitis, Atopic, 

8. Among its related pathways are Innate Immune System. Gene Ontology (GO) 

annotations related to this gene include nucleic acid binding and ribonuclease activity.  

 

-CD177 (CD177 Molecule): upregulated in DADA2 compared with HDs after TNFα 

stimulation.  

It is a glycosyl-phosphatidylinositol (GPI)-linked cell surface glycoprotein that plays a role 

in neutrophil activation. Modulates human neutrophil migration through activation-

mediated integrin and chemoreceptor regulation.  In association with beta-2 integrins 

CD11b and CD18, CD177 mediates activation of TNF-alpha primed neutrophils including 

degranulation and superoxide production (Figure 25). In addition, by preventing beta-2 

integrin internalization and attenuating chemokine signaling favors adhesion over 

migration. Heterophilic interaction with PECAM1 on endothelial cells plays a role in 

neutrophil trans endothelial migration in vitro. However, appears to be dispensable for 

neutrophil recruitment caused by bacterial infection in vivo. Acts as a receptor for the 

mature form of protease PRTN3 allowing its display at the cell surface of neutrophils. By 

displaying PRTN3 at the neutrophil cell surface, may play a role in enhancing endothelial 

cell junctional integrity and thus vascular integrity during neutrophil diapedesis. 

Mutations in this gene are associated with myeloproliferative diseases. Over-expression of 

this gene has been found in patients with polycythemia rubra vera. Autoantibodies against 

the protein may result in pulmonary transfusion reactions, and it may be involved in 

Wegener's granulomatosis.  

Diseases associated with CD177 include Polycythemia and Polycythemia Vera. Among its 

related pathways are Formation of Fibrin Clot (Clotting Cascade) and Innate Immune 

System.  
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Figure 25: CD177 protein. From  Bai M et al248 . CD177 is a glycosylphosphatidylinositol (GPI)-anchored 

protein expressed by a variable proportion of human neutrophils that mediates surface expression of the 

antineutrophil cytoplasmic antibody antigen proteinase 3. CD177 associates with β2 integrins and recognizes 

platelet endothelial cell adhesion molecule 1 (PECAM-1), suggesting a role in neutrophil migration. 

However, CD177pos neutrophils exhibit no clear migratory advantage in vivo, despite interruption of in vitro 

transendothelial migration by CD177 ligation. CD177 signals in a β2 integrin-dependent manner to 

orchestrate a set of activation-mediated mechanisms that impair human neutrophil migration. 

 

-FBP1 (Fructose-1,6-bisphosphatase 1): upregulated in DADA2 compared with HDs 

after TNFα stimulation. Involved in gluconeogenesis. 

Fructose-1,6-diphosphatase deficiency is associated with hypoglycemia and metabolic 

acidosis. Catalyzes the hydrolysis of fructose 1,6-bisphosphate to fructose 6-phosphate in 

the presence of divalent cations, acting as a rate-limiting enzyme in gluconeogenesis. Plays 

a role in regulating glucose sensing and insulin secretion of pancreatic beta-cells. Appears 

to modulate glycerol gluconeogenesis in liver. Important regulator of appetite and 

adiposity; increased expression of the protein in liver after nutrient excess increases 

circulating satiety hormones and reduces appetite-stimulating neuropeptides and thus 

seems to provide a feedback mechanism to limit weight gain.  

Among its related pathways there are Glycosaminoglycan metabolism and Glucose 

metabolism.  

 

- STS1: downregulated in DADA2 compared with HDs after TNFα stimulation. 

Nuclear proteasome STS1, belongs to the cut8/STS1 family. Protein required for localizing 

proteasomes to the nucleus; involved in cotranslational protein degradation; mediates 

interaction between nuclear import factor Srp1p and the proteasome; Sts1p and Srp1p 
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couple proteasomes to nascent polypeptides emerging from the ribosome for 

cotranslational degradation; involved in ubiquitin-mediated protein degradation. 

 

-ACTB (Actin Beta): downregulated in DADA2 compared with HDs after TNFα 

stimulation.  

Actin is a highly conserved protein that polymerizes to produce filaments that form cross-

linked networks in the cytoplasm of cells. Actin exists in both monomeric (G-actin) and 

polymeric (F-actin) forms, both forms playing key functions, such as cell motility and 

contraction. In addition to their role in the cytoplasmic cytoskeleton, G- and F-actin also 

localize in the nucleus, and regulate gene transcription and motility and repair of damaged 

DNA. 

ACTB is a major constituent of the contractile apparatus and one of the two non-muscle 

cytoskeletal actins that are ubiquitously expressed.  

Diseases associated with ACTB include Dystonia, Juvenile-Onset and Baraitser-Winter 

Syndrome 1 (characterized by intellectual disability with a distinctive facial appearance in 

human patients). Among its related pathways are Integrin Pathway and Actin Nucleation 

by ARP-WASP Complex.  

 

-ACTN2 (Actinin Alpha 2): downregulated in DADA2 compared with HDs after TNFα 

stimulation. It is a F-actin cross-linking protein which is thought to anchor actin to a 

variety of intracellular structures, acting also as a bundling protein. 

Alpha actinin is an actin-binding protein with multiple roles in different cell types. In 

nonmuscle cells, the cytoskeletal isoform is found along microfilament bundles and 

adherens-type junctions, where it is involved in binding actin to the membrane. In contrast, 

skeletal, cardiac, and smooth muscle isoforms are localized to the Z-disc and analogous 

dense bodies, where they help anchor the myofibrillar actin filaments. This is  a muscle-

specific, alpha actinin isoform that is expressed in both skeletal and cardiac muscles. 

Several transcript variants encoding different isoforms have been found for this gene.  

Diseases associated with ACTN2 include Cardiomyopathy, Dilated, 1Aa, With Or Without 

Left Ventricular Noncompaction and Myopathy, Congenital, With Structured Cores And 

Z-Line Abnormalities. Among its related pathways are RET signaling and Striated Muscle 

Contraction. Gene Ontology (GO) annotations related to this gene include calcium ion 

binding and protein dimerization activity.  
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-LAMTOR2 (Late Endosomal/Lysosomal Adaptor, MAPK And MTOR Activator 2): 

up regulated in DADA2 compared with HDs after Adenosine and TNFα stimulation. 

As part of the Ragulator complex it is involved in amino acid sensing and activation of 

mTORC1, a signaling complex promoting cell growth in response to growth factors, 

energy levels, and amino acids.  

This protein is highly conserved with a mouse protein associated with the cytoplasmic face 

of late endosomes and lysosomes. The mouse protein interacts with MAPK scaffold 

protein 1, a component of the mitogen-activated protein kinase pathway. In humans, a 

mutation in this gene has been associated with a primary immunodeficiency syndrome, and 

suggests a role for this protein in endosomal biogenesis. Diseases associated with 

LAMTOR2 include Immunodeficiency Due To Defect In Mapbp-Interacting Protein and T 

Cell Deficiency. Among its related pathways are RET signaling and Cytokine Signaling in 

Immune system. Gene Ontology (GO) annotations related to this gene include guanyl-

nucleotide exchange factor activity and molecular adaptor activity. 

 

-PECAM1 (Platelet And Endothelial Cell Adhesion Molecule 1): up regulated in DADA2 

compared with HDs after Adenosine stimulation. Member of the immunoglobulin 

superfamily and is likely involved in leukocyte migration, angiogenesis, and integrin 

activation 

It is a cell adhesion molecule which is required for leukocyte transendothelial migration 

(TEM) under most inflammatory conditions, and it is found on the surface of platelets, 

monocytes, neutrophils, and some types of T-cells, and makes up a large portion of 

endothelial cell intercellular junctions. 

Trans-homophilic interaction may play a role in endothelial cell-cell adhesion via cell 

junctions. Heterophilic interaction with CD177 plays a role in transendothelial migration 

of neutrophils. Homophilic ligation of PECAM1 prevents macrophage-mediated 

phagocytosis of neighboring viable leukocytes by transmitting a detachment signal. 

Promotes macrophage-mediated phagocytosis of apoptotic leukocytes by tethering them to 

the phagocytic cells; PECAM1-mediated detachment signal appears to be disabled in 

apoptotic leukocytes. Modulates bradykinin receptor BDKRB2 activation. Regulates 

bradykinin- and hyperosmotic shock-induced ERK1/2 activation in endothelial cells. 

Induces susceptibility to atherosclerosis.   
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Diseases associated with PECAM1 include Angiosarcoma and Capillary Hemangioma. 

Among its related pathways are NF-kappaB Signaling and Degradation of the extracellular 

matrix.  

 

- CR1 (Complement receptor type 1): downregulated in DADA2 compared with HDs 

after Adenosine stimulation. Involved in complement regulation, mediates cellular binding 

of particles and immune complexes that have activated complement.  

It is a membrane immune adherence receptor that plays a critical role in the capture and 

clearance of complement-opsonized pathogens by erythrocytes and 

monocytes/macrophages; It is found on erythrocytes, leukocytes, glomerular podocytes, 

and splenic follicular dendritic cells. The Knops blood group system is a system of 

antigens located on this protein. 

Mediates the binding by monocytes/macrophages of particles and immune complexes that 

have activated complement to eliminate them from the circulation. Acts also in the 

inhibition of spontaneous complement activation by impairing the formation and function 

of the alternative and classical pathway C3/C5 convertases, and by serving as a cofactor 

for the cleavage by factor I of C3b to iC3b, C3c and C3d,g, and of C4b to C4c and C4d. 

Plays also a role in immune regulation by contributing, upon ligand binding, to the 

generation of regulatory T cells from activated helper T cells.  Acts as a receptor for 

Epstein-Barr virus.   

Decreases in expression of this protein have been associated with gallbladder carcinomas, 

mesangiocapillary glomerulonephritis, systemic lupus erythematosus, sarcoidosis and 

Alzheimer's disease.  

Mutations in CR1 gene have also been associated with a reduction in Plasmodium 

falciparum rosetting, conferring protection against severe malaria.  

Among its related pathways are Immune response Lectin induced complement 

pathway and Innate Immune System.  

 

-CFHR1 (Complement factor H-related protein 1): upregulated in DADA2 compared 

with HDs after Adenosine stimulation, involved in complement regulation.  

The dimerized forms have avidity for tissue-bound complement fragments and efficiently 

compete with the physiological complement inhibitor CFH. Can associate with 

lipoproteins and may play a role in lipid metabolism. 
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It binds to Pseudomonas aeruginosa elongation factor Tuf together with plasminogen, 

which is proteolytically activated. It is proposed that Tuf acts as a virulence factor by 

acquiring host proteins to the pathogen surface, controlling complement, and facilitating 

tissue invasion. Diseases associated with CFHR1 include Hemolytic Uremic Syndrome, 

Atypical 1 and Macular Degeneration, Age-Related, 1.  

 

We therefore categorized the most significant proteins looking at the biological process in 

which they are involved and which kind of stimulus, and how, influence their expression. 

Notably, few significant proteins are shared by two different groups of stimulation, such as 

RNASE2 or SEPT9, whereas other proteins are specific for one group of stimulation. 

These proteins are involved in several biological processes, for example RNASE2 in 

Response to infection, Enolase 1 in Energy Metabolism and SEPT9 in Cell cycle 

regulation (Figure 26). 

 

 
Figure 26: Proteins grouping according to biological process in which they are involved and which kind of 

stimulus, and how, influence their expression.  ADO-Adenosine.  

 

Between all the proteins whose expression is significantly upregulated, CD177 is an 

interesting protein that distinguishes normal NETS from pathologic NETS of DADA2 

stimulated with TNF. 

So overexpression of CD177 by NETs, if confirmed and validated, could be a new 

mechanism by which neutrophils contribute to the disease. 

We underline that this is a preliminary experiment and we have already enrolled other 

patients and controls (DADA2 n=7; PAN n=7, HD n=7) to confirm these data. 
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8.  Ex vivo DC characterization 
 

To investigate if DADA2 patients present peculiar features and distribution in their 

dendritic cells subpopulations, we characterized peripheral myeloid Dendritic cells (mDC) 

and plasmocytoid DC (pDC) ex vivo in DADA2 patients (n=6), compared with HD (n=6). 

 

 
 
 

 
 
Figure 27: Ex vivo mDC phenotype in HD (upper panel) and DADA2 (lower panel) . Gating strategy :  

Linfo-mono, CD16-CD56-, LIN- (CD19/CD3/CD14)) , HLADR+, CD11c + HLADR+. HD-Healthy donor. 

 

As previously described239, mDCs were identified as CD3-CD14-CD19-, CD16-

CD11c+HLADR+CD56-  in both HD and DADA2 patient (Figure 27).  
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As previously described239, pDCs were identified as CD3-CD14-CD19- CD16-

CD123+HLADR+ in both HD and DADA2 patients (Figure 28). 

 

 

 
 
 

 
Figure 28: Ex vivo pDC phenotype in HD (upper panel) and DADA2 (lower panel). Gating strategy: 

Linfo-mono, CD16-CD14- , LIN- (CD3/CD19) HLADR+, CD123 + HLADR+.  
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At the time of blood withdrawal, all DADA2 patients were treated with anti-TNF drugs. 

All patients were on clinical remission, and only Pt10 (who was started on etanercept five 

weeks before) presented a mild increase of acute phase reactants.  

 

The analysis of DC phenotype in DADA2 patients result concordant with HD (Figure 29), 

showing no relevant difference.   
 

 
Figure 29: Analysis of DC phenotype in HD and DADA2 patients. Values are expressed as percentage 

of gated cell population. DADA2 –adenosine deaminase 2 deficiency patients; HD-healthy donor;  mDC : 

myeloid dendritic cells; pDC: plasmacytoid dendritic cells .  

9. In vitro moDC activation by NETs and cytokines production  
 

To verify if DADA2 patients DCs are more prone to develop inflammatory phenotype, 

we analyzed in vitro moDC maturation after 7 days stimulation with LPS, in both HD and 

DADA2 patients.  

Looking for markers of differentiation (CD80, CD83, CD40 and CD14) there were no 

significant differences in terms of  Mean fluorescence intensity (MFI) between HD (n=6) 

and DADA2 (n=6) patients (Figure 30).  
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Figure 30: moDC phenotype expressed as MFI after seven days- differentiation markers. 

Representative result of one HD versus one DADA2 patient. CD83: HD unstimulated 88.2, HD stimulated 

with LPS  321 DADA2 unstimulated  36.2, DADA stimulated with LPS 545; CD80: HD unstimulated 74.9, 

HD stimulated with LPS 703,  DADA2 unstimulated 53.1 , DADA stimulated with LPS 665; CD14: HD 

unstimulated 110, HD stimulated with LPS 56.8  DADA2 unstimulated  124, DADA stimulated with LPS 

65; CD1a:  HD unstimulated 91.6, HD stimulated with LPS 96.2, DADA2 unstimulated 92.9, DADA 

stimulated with LPS 94.6; CD40: HD unstimulated 91.9, HD stimulated with LPS 89.1,  DADA2 

unstimulated 62.1, DADA stimulated with LPS 99.6.  

LPS 100 ng/mL. DADA2-Adenosine deaminase 2 deficiency patient; HD-healthy donor; Non stim.- not 

stimulated cells.  

 

There were no significant differences between HD (n=6) and DADA2 (n=6) patients 

(Figure 31) neither in proinflammatory markers (CD86, HLA DR) expression.  
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Figure 31: moDC phenotype expressed as MFI after seven days- inflammatory markers. Representative 

result of one HD versus one DADA2 patient.  CD86: HD unstimulated 264, HD stimulated with LPS 3043,  

DADA2 unstimulated 41.4 , DADA stimulated with LPS 2170; HLA DR: HD unstimulated 17.4 HD 

stimulated with LPS 118,  DADA2 unstimulated 45.6 , DADA stimulated with LPS 114.  LPS 100 ng/mL. 

DADA2-Adenosine deaminase 2 deficiency patient; HD-healthy donor;  Non stim.- not stimulated cells.  

 

Cytokine/chemokine analysis of moDCs supernatants after LPS did not show significant 

differences between HD (n=6) and DADA2 patients (n=6), whereas both HD and DADA2 

patients show a significant increased production of TNF alpha, IL-1β IL-6 and IP10 after 

LPS stimulation, as expected (Figure 32). 

	  
    

non st
im

 H
D

LPS H
D

non st
im

 D
ADA2

LPS D
ADA2

0

10000

20000

30000
*

*

TNFa

pg
/m

l

IL1

non st
im

 H
D

LPS H
D

non st
im

 D
ADA2

LPS D
ADA2 

0

10

20

30

40

50
***

*

pg
/m

l

blank 

Non	stim.	7d 

LPS	7d 

100 101 102 103 104

HLADR

0

20

40

60

80

100

%
 o

f M
ax

100 101 102 103 104

CD86

0

20

40

60

80

100

%
 o

f M
ax

100 101 102 103 104

CD86

0

20

40

60

80

100

%
 o

f M
ax

100 101 102 103 104

HLADR

0

20

40

60

80

100

%
 o

f M
ax HD 

DADA
2 Non	stim.	7d 

LPS	7d 

blank 

	3043 

	2170 	114 

	118 



	 90	

 
	 

 
 

 
Figure 32: TFN alpha and IL-1β, IL6 and IP-10 levels in moDCs supernatants after seven days - 

unstimulated and after LPS stimulation. Representative result of one HD versus one DADA2 patient. Data 

relative to cytokine production by stimulated moDCs were considered as paired data and analyzed with 

Wilcoxon rank test.  * p value < 0.05; ** p value< 0.01. LPS 100 ng/mL. DADA2-Adenosine deaminase 2 

deficiency patient; HD-healthy donor; Non stim.- not stimulated.  

 

Finally, to verify if NETs can influence maturation or inflammatory phenotype of DCs, we 

measured cytokine production in presence of NETs in autologous and heterologous system 

at different concentrations. We observed an increased production of both TNFα and IL6 

(Figure 33) after stimulation of HD DCs with heterologous NETs, not present after 

stimulation of DADA2 patients’ cells.  
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Figure 33: TNFα and IL6 production from moDC stimulated with NETs. DADA2 –adenosine 

deaminase 2 deficiency; DCs dendritic cells; Etero: Heterologous NETs, HD healthy donor; Omo: 

autologous NETs.  

 

To the contrary, we observed an increased IP-10 production after stimulation with 

heterologous NETS, despite not significant, from DADA2 moDCs (Figure 34).  

	  
 

Figure 34: IP-10 production from moDC stimulated with NETs. DADA2 –adenosine deaminase 2 

deficiency; DCs dendritic cells; Etero: Heterologous NETs, HD healthy donor; Omo: autologous NETs.  
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DISCUSSION: 
 

NETosis is a process widely reported in a large range of inflammatory infectious and non-

infectious diseases195. Cumulating indications from in vitro, in vivo and clinical 

diagnostics suggest that NETs may play a crucial role in inflammation and autoimmunity, 

such as RA, SLE, ANCA-associated vasculitis193 and Kawasaki disease221 . Increasing 

evidence implicate this peculiar phenomenon also to autoinflammatory diseases like 

FMF223 and PAPA224 syndrome and endothelial damage related to stroke249.  

Deficient levels of ADA2 were previously demonstrated to lead to marked upregulation of 

neutrophil expressed gene transcripts, chronic activation of neutrophils and increased 

expression of myeloperoxidase that may lead to endothelial damage33. 

An initial link between ADA2 genetic defect to an increased ability of neutrophils to form 

NETs came from a 2019 study by Carmona-Rivera et al250. Authors described a possible 

pathogenic role of neutrophils and a mechanism involving the NETosis process in the 

TNF- α release from macrophages. Therefore, interactions between macrophages and 

neutrophils seem critical to regulate adenosine-mediated NET formation and highlight a 

potential mechanism whereby deficiency of ADA2 production by macrophages may 

contribute to dysregulation of adenosine-mediated NET formation in DADA2. Our 

hypothesis was that NETs released by patients neutrophils could contribute to the 

pathogenesis of immune dysregulation in DADA2: in particular NETs, already shown in 

patients tissues biopsies and enhanced in DADA2 patients250, could have an active role in 

vasculitic process in DADA2 but also activate inflammatory pathway in Dendritic cells. 

Therefore, we proceeded to characterize thoroughly NETosis process in DADA2 patients, 

aiming to understand if inflammatory mediators can amplify the NETotic process or 

induce alternative pathway of suicidal NETosis (PAD4- mediated). We used different 

approaches to directly and undirectly evaluate NETosis in neutrophils derived from 

patients, HDs and disease controls.  

 

Firstly, we investigated the mechanisms of NETs removal, quantifying DNAse I and total 

DNAse activity in plasma samples, together with quantification of NETs remnants. 

 

We demonstrated the presence of an increased amount of DNA-hystone complex in the 

DADA2 patients plasma- an indirect measure of NETosis process- compared with healthy 
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controls. No difference was present between DADA2 and PAN samples and PAN and 

healthy controls. Increase in NETs remnants or cell-free nucleosomes have been 

demonstrated in several diseases where NETosis is implicated, such as AAV214 and SLE251. 

DNA-hystone complex is the most specific marker for detection of NETosis products in 

peripheral blood245 at the moment, corroborating the evidence of increased NETosis in 

DADA2 patients. Possibly, since several patients were on treatment at the time sampling 

and Carmona and colleagues showed that LDGs levels decreased with anti TNF, this could 

explain the lack of significance. 

 

Furthermore, a significant reduction of DNAse activity was observed in DADA2 patients 

compared with HDs, even if DNAse I levels were normal.  

Defective DNAse activity, together with NETs remnants increase  despite normal levels of  

DNAse I and DNASE1L3,  has been already demonstrated in SLE251. Bruschi and 

coauthors showed that DNAse activity in SLE patients is partially restored by protein A, 

suggesting circulating inhibitors of DNase are probably IgG that have been removed by 

this protein (as already hypothesized by Hakkim et al212), acting as circulating antibodies 

that reduce NETs removal in patients with SLE prone to nephritis. 

Nakazawa and coauthors215 unraveled  similar findings in MPO-ANCA–associated  

Microscopic polyangiitis (MPA): patients sera exhibited lower rates of NET degradation 

that recovered partially upon depletion of IgG and lower DNase I activity caused probably 

from an unidentified autoantibody.  

The mechanism of DNAse activity hampering in DADA2 will require further elucidations: 

it could be hypothesized an effect of an IgG also in DADA2; autoantibodies may be 

present in DADA2 but are not a main finding, reaching 30% of ANA and 6% of ANCA 

positivity in a the recent reported NIH cohort252. 

Interestingly, also PAN patients showed a significant reduction of DNAse activity 

compared with HDs, despite normal DNAse I levels and normal DNA-hystone complex 

levels. 

We choose as disease controls patients with Polyarteritis Nodosa, of which DADA2 can be 

a phenocopy92. Notably, despite NETosis has been shown as involved in the 

pathophysiological process in several inflammatory vasculitis such as AAV193 and 

Kawasaki disease221, NETosis has not been studied thoroughly in PAN patients. 

Bergqvist253 and coauthors did not find evidence of NETs in four PAN biopsies, whereas 

NETs were detected in skin samples of hypersensitivity vasculitis, IgA vasculitis, urticarial 
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vasculitis and erythema elevatum diutinum and, as already mentioned, by Carmona Rivera 

and colleagues250 in DADA2 samples. 

  

Secondly, we evaluated directly neutrophils isolated from DADA2 patients and healthy 

controls (HDs), quantifying both suicidal and vital NETosis induced by several stimuli, 

using a multispectral Imaging Flow Cytometry. We choose Adenosine- that has been 

shown  accumulating in patients plasma due to ADA2 lack and triggering Netosis-,  LPS, 

an inflammatory stimulus able to induce vital Netosis, and PMA as positive control.   

NETosis process in scientific literature is mostly investigated through confocal microscopy 

In this method, neutrophils are seeded in glass slides with chambers, incubated with or 

without stimulation for several hours, fixed, and then subjected to immunostaining for 

neutrophil-derived proteins, such as MPO and proteinase 3 (PR3)214,215,254 . By staining the 

DNA simultaneously, co-localization of neutrophil-derived proteins and extracellular DNA 

suggests the presence of NETs.  Although this approach is very informative in terms of 

presence or absence of NETs), this technique suffers of some critical faults, since it is not 

quantitative and it is subjective; moreover, reagents used for cell fixation may create 

artificial NETs244.  

In light of these considerations, we decided to choose IFC method for NETosis 

investigation, acquiring therefore contemporarily quantitative and qualitative information 

on both vital and suicidal NETosis processes235. 

As detailed before, Carmona-Rivera et al54 detected in DADA2 patients an higher 

proportion of LDGs, prone to spontaneous NETs formation. This was true in DADA2 

patients during active disease, and significantly reduced after remission induction by anti–

TNF therapy, with levels comparable to HDs ones.  Authors also demonstrated that 

adenosine can trigger NETs formation (examined with confocal microscopy) by engaging 

A1 and A3 adenosine receptors and through ROS– and PAD–dependent pathways.  

We corroborated these findings, showing an enhanced NETosis process in neutrophils 

from DADA2 patients. This happened mainly for suicidal NETosis, but we also observed a 

trend in vital NETosis, after PMA stimulation. Adenosine seems to have an impact 

boosting the suicidal NETosis process, as well as LPS, but not the vital, despite the 

reported increase of vital NETosis after LPS stimulation in other diseases (namely SLE, as 

reported by Zhao et al235).  

Notably, at the moment of blood withdrawal, none of the DADA2 patients presented a 

disease flare and they were all treated, most of them with anti-TNF. As TNFα can prime 
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neutrophils to undergo further NETosis, probably anti TNFα treatment could break this 

vicious cycle. We need to underlie that in the Carmona-Rivera work NETosis was 

analyzed as presence of NETs, the final step of the process, whereas we investigated the 

earlier phase before NET release, therefore the data are not directly comparable.  

Anyway, we managed to confirm the increased NETosis process in DADA2 patients and 

we firstly described not only vital NETosis behavior in these patients, but also the effect of 

LPS stimulation on both suicidal and vital NETosis in DADA2. Finally, we saw that 

Adenosine has a slight effect in enhancing suicidal NETosis process in DADA2 patients 

but not in normal donors. 

Another aim of our work was to determine if NET epitopes can change depending from the 

inflammatory microenvironment, if protein composition of NETs may be disease specific 

and if DADA2 NETs contain possibly damaging antigens. 

As known, different types of stimulation activate different pathways of NET 

formation255,256. 

Moreover, in the context of autoimmune diseases, detailed proteomic analysis of disease-

specific NET protein composition had the potential to elucidate novel mechanisms of 

disease onset and progression195. 

 We used a quantitative proteomics approach to characterize NET proteins, released from 

neutrophils in DADA2 patients, HDs and PAN patients after in vitro stimulation with 

PMA, Adenosine and TNFα. 

We identified a total of 1770 proteins differently expressed among the analyzed groups, 

and approximately sixty proteins showed a significant differential expression (several 

proteins upregulated and others downregulated) in the DADA2 NET when compared to 

HD or PAN.  

Categorizing the most significant proteins differently expressed, we identified proteins 

involved in several biological processes, such as cell cycle regulation, neutrophil migration 

and activation, complement cascade regulation, cellular energy metabolism and 

cytoskeletal proteins.  

Between all the proteins whose expression is significantly upregulated, CD177 is an 

interesting one that distinguishes control NETs from pathologic NETs of DADA2 

stimulated with TNFα, a pivotal cytokine in DADA2 pathophysiological process.  

CD177 is an expressed human surface marker, and 45–60% of neutrophils in the periphery 

blood of healthy individuals are CD177+ 257,258. CD177 is a heterophilic binding partner of 
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platelet endothelial cell adhesion molecule-1 (PECAM-1) that participates in neutrophil 

transmigration248,259 . The function of CD177+ neutrophils is to enhance antimicrobial 

activity, which is associated with the increased production of reactive oxygen species, 

neutrophil extracellular traps, and bactericidal peptides260. Elevated CD177 mRNA levels 

and protein expressions have also been found in circulating neutrophils after septic 

shock261 .  

CD177 expression has been recently studied for its role in Kawasaki disease258: Huang and 

coauthors findings highlight the epigenetic hypomethylation of the CD177 promoter, as 

well as the upregulation of CD177 transcript expression in Kawasaki disease, particularly 

in classic KD. Authors hypothesized that this may indicate a greater the importance of 

neutrophil migration, neutrophil chemotaxis, and leukocyte migration in the presentation 

of clinical KD symptoms.  Of particular note, Yoshida and colleagues recently reported 

increased NETosis in children with KD in acute phase221. 

Notably, also PECAM-1, a possible ligand of CD177, is upregulated in DADA2 NETs 

after Adenosine stimulation. Heterophilic interaction between PECAM-1and CD177 plays 

a role in transendothelial migration of neutrophils. 

Possibly, the microenvironment of DADA2 is rich of Adenosine and TNFα, so the 

overexpression of CD177 and PECAM-1 by NETs, if confirmed and validated, could be a 

new mechanism by which neutrophils contribute to the disease and may be a starting point 

for further in-depth analysis of this specific pathway and its role in DADA2. 

 

ADA2 is highly expressed in DCs and monocytes39,42 . Our last aim was to explore 

DADA2 NETs effects on dendritic cells, not yet explored, determining if NETs in DADA2 

can activate inflammatory pathways in moDC. To verify if NETs can influence maturation 

or inflammatory phenotype of DCs, we characterized peripheral mDC and pDC ex vivo in 

DADA2 patients. Consistently with the recent findings of Yap and colleagues39, our 

analysis of DC phenotype in DADA2 patients results concordant with HD, showing no 

relevant difference in subsets frequencies.  

We hypothesized also that inflammatory DCs could contribute to the inflammation by 

cytokines secretion in DADA2 and NETs could exacerbate this phenotype. 

In SLE, diabetes and immunodeficiencies the role of pDCs activation via TLRs with 

consequent production of IFN-I has been demonstrated; the release of NETs has emerged 

recently as trigger of endosomal TLR activation and as an inducer of interferon stimulated 

genes in pDCs and myeloid cells in interferonopathies198,262,263. Spontaneous mouse and 
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human NETs could directly activate DCs to induce costimulatory molecules CD80 and 

CD86, and proinflammatory cytokine IL-6195. 

We therefore analyzed in vitro moDC maturation, testing by flow citometry the expression 

of differentiation and inflammatory markers by surface staining: no significant differences 

between HD and DADA2 were evident, neither in maturation nor in proinflammatory 

markers expression.  

Finally, we measured IL-6, IL-1β, TNFα, IP-10 production on moDCs supernatants by 

flow cytometry after stimulation with LPS or NETs in autologous and heterologous system. 

In literature, Lazzaretto et al199 investigated  the interaction of NETs released by freshly 

isolated, PMA-stimulated primary human neutrophils with primary human monocyte–

derived macrophages or DCs. Authors showed that NETs were internalized by 

macrophages, and removal of the protein component prevented engulfment of NETs, 

whereas complexation with LL-37 restored the uptake of “naked” (protein-free) NETs.  

NETs were also found to dampen the bacterial LPS-induced maturation of DCs. Cytokine 

profiling was conducted by using a multiplex array following the interaction of NETs with 

macrophages or DCs, and NETs alone were found to be noninflammatory, whereas 

immunomodulatory effects were noted in the presence of LPS with significant 

upregulation of IL-1b secretion, and a marked suppression of other LPS-induced factors 

including vascular endothelial growth factor (VEGF) in both cell types. Moreover, 

extracellular DNase1L3-mediated degradation of NETs was observed for DCs.  

In our cohort, cytokine/chemokine analysis of moDCs supernatants after LPS did not show 

significant differences between and DADA2 patients, despite both patients and controls 

show a significant increased production of TNFα, IL-1β IL-6 and IP10 after LPS 

stimulation, as expected. Finally, to verify if NETs can influence maturation or 

inflammatory phenotype of DCs, we measured cytokine production in presence of NETs in 

autologous and heterologous system. We observed an increased production of both TNFα 

and IL6 after stimulation of HD DCs with heterologous NETs, not present after stimulation 

of DADA2 patients’ cells. To the contrary, we observed an increased IP-10 production 

after stimulation with heterologous NETS, despite not significant, from DADA2 moDCs.  

Interestingly, Wang and coauthors264 recently reported IP-10  produced mainly by 

astrocytes as  possible promoter of TNF-α production in Japanese encephalitis, 

hypothesizing  that TNF-α could be a downstream cytokine of IP-10.Growing evidence has 

shown that IP-10 plays roles beyond immune cell recruitment, including  the regulation of 

activated T cell survival, proliferation, and differentiation265–267 . IP-10 is required for 
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human monocytes to produce a robust range of proinflammatory cytokines in a CXCR3-

dependent manner and activate the IκB kinase and p38 mitogen-activated protein kinase 

(MAPK) signaling pathways267,268 . The IP-10/CXCR3 axis is generally regarded as a 

potential therapeutic target in many inflammation-associated diseases269,270. IP-10 blockade 

results in improvements in arthritis and Crohn’s disease271. These studies suggest that IP-

10 might be central in the proinflammatory cytokine network as an inflammation 

regulator264. IP-10 is one of the most abundant proteins detected in the circulation and is 

also abundantly present in inflamed tissues of patients with inflammation-associated 

diseases 272. If DCs in DADA2 patients may be a peculiar source of IP-10, this cytokine 

could be a further paracrine stimulus to TNFα production so deleterious in DADA2 

patients. Considering that TNFα has been shown to induce IP-10 production by THP-1 

monocytes in an in vitro model273, this could constitute a further paracrine loop enhancing 

local and systemic inflammation.  

Accordingly with data from Carmona-Rivera and colleagues250 work, we saw that moDCs 

produce TNFα in response to NETs stimulation, similarly to what they observed in 

macrophages. Therefore, DCs could contribute together with macrophages to the 

production of TNFα in DADA2.The effect of NETs specifically on DADA2 moDCs may 

constitutes a further mechanism of TNF-α secretion enhancing in these patients, dependent 

this time not specifically from DADA2 patients NETs but from an intrinsic altered 

response of patients DCs. Notably, an extreme variability of response of moDCs to NETs 

stimulation was observed in our experiments not only among DADA2 patients but also 

among controls in terms of cytokines secretion: other experiments with healthy control 

DCs could highlight the significant differences.  

Our study presents few limitations. Firstly, most of patients were on anti TNF treatment at 

time of enrollment: as recently reported, anti TNF treatment may considerably normalize 

the inflammation, masking the exacerbated NETosis and also DCs dysfunction 86,250, 

possibly hampering the  evaluation of the precise pathophysiology of the investigated 

phenomena.  
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CONCLUSIONS:  
 
In conclusion, our work corroborates the evidence of increased NETosis process in 

DADA2 patients, quantifying NETosis both indirectly (cell-free nucleosomes) and directly 

through IFC. Furthermore, for the first time vital NETosis is studied and shown increased 

in these patients, despite the enhancing effect of adenosine on NETosis in DADA2 seems 

to be more linked to the suicidal process. 

A defect in NETs products removal is demonstrated, despite the underlying mechanism 

needs to be further investigated. 

Proteomic analysis of DADA2 NETs compared with healthy and disease controls may 

further enlighten disease-specific related pathways and give important hints for future 

studies. 

Since this is a preliminary experiment, we have already enrolled other seven patients and 

controls to confirm these data and to further examine in depth proteins differential 

expression in different conditions.  

We also plan to proceed after the extended experiment with post-translational 

modifications identifications244. Definitive results will help to clarify different pathways 

involved in the development of DADA2 and idiopathic PAN. 

Finally, despite DCs phenotype and differentiation does not seem specifically altered in 

DADA2 patients, cytokine secretion may be altered leading to an increased IP-10 

production with possibly a subsequent enhance on TNFα production. Nevertheless, why 

this finding seems to be evident only with heterologous NETs is not clear and needs further 

validation. 
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