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Abstract

Purpose Adenosine deaminase 2 Deficiency (DADA?2) is an autoinflammatory disease characterized by systemic vascu-
lopathy, strokes and mild immunodeficiency. Recently NETosis has been implicated in the pathogenesis of Deficiency of
Adenosine Deaminase 2.

To deep investigate the possible effects of NETs on the immune system we characterized proteomic profile of NETs from
DADAZ2 as compared to HD and Polyarteritis Nodosa (PAN) patients. To determine if NETSs contain possibly immunogenic
antigens we study functional aspects on Dendritic Cells after in vitro stimulation with NETs.

Methods Twenty-three DADA?2 patients were enrolled. We analyzed NETosis by Imaging Flow Citometry. We evaluated
NETs remnants and DNAse in the plasma samples by ELISA assay whereas DNAse activity by DNA digestion. We used
quantitative proteomics approach and network analysis to identify NET proteins and pathways in 6 DADA2, 7 PAN and 7
HD. We analyzed circulating and monocyte-derived dendritic cells by flow cytometry.

Results Neutrophils from DADA?2 patients show a significant increased suicidal NETosis. DNAse enzymes were not nor-
mal in the level or activity. By proteomic analysis we identified 1356 proteins among which a hundred of proteins were
significantly up or down-modulated in DADA2 NETs as compared to normal and disease control NETS in resting condition
and after stimulation with PMA, Adenosine and TNFa. DADA2 NETs are significantly more efficient than normal NETS in
stimulating patients’ monocyte-derived dendritic cells.

Conclusion We identified different pathways significantly modulated in DADA2 NETs versus PAN/HD NETSs. This peculiar
protein profile could contribute in activating inflammatory pathways in Dendritic cells in DADA2.

Keywords Neutrophil extracellular traps - DADA2 - PAN - Proteomic - Inflammation

Introduction

Deficiency of Adenosine deaminase 2 (DADA?2) is a mono-
genic autoinflammatory disorder presenting with a broad
clinical spectrum, including immune dysregulation, inflam-
matory/vasculitic, and hematological manifestations [1].
Lacunar and ischemic strokes associated with livedo
reticularis and a clinical picture consistent with familial
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polyarteritis nodosa (PAN)-like condition have been origi-
nally described [2, 3], despite important differences com-
pared to PAN, particularly in terms of higher incidence of
neurological involvement such as stroke and younger age
at diagnosis [4, 5]. Most patients with vascular manifesta-
tions fulfil the criteria of PAN or cutaneous PAN including
angiographic and histopathologic features [2, 7]. DADA2
patients usually carry pathogenic biallelic mutation in ADA2
gene, leading to a decreased ADA?2 activity. First descrip-
tions of DADAZ2 [2, 3] underlined the pivotal role of mono-
cyte/macrophages dysfunction in its physiopathology, but
later observations unraveled the remarkable impact of ADA2
deficiency on both innate and adaptive immunity [8—11].
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Neutrophil Extracellular Traps (NETs) dysregulation
has been implicated in several autoimmune diseases
[13-16], for example as source of autoantigens [18]or
carrying immunostimulatory proteins that can activate
other immune and stromal cells, induce vascular dam-
age, and promote the induction of the type I interferon
pathway and the Nucleotide oligomerization domain
(NOD)-like receptor protein 3 (NLRP3) inflammasome
pathway in other cells [13]. NETs have a direct role in
endothelial dysfunction in Systemic Lupus Erithemato-
sus (SLE) patients [19]. NETs increase has been reported
in patients experiencing stroke [20], possibly amplify-
ing the thrombosis process [21] and they have been also
implicated in the pathogenic process of few monogenic
autoinflammatory diseases [22, 23].

Recently, Carmona-Rivera and colleagues [9] investigated
the possible involvement of NETosis in DADA?2 pathophysi-
ology; ADE was demonstrated to trigger NETs formation,
and DADA?2 patients’ NETs induced a significantly greater
production of tumor necrosis factor alpha (TNFa) from
M1 macrophages compared to NETs from healthy controls
(HDs), potentially linked to differences in the molecular
composition of NETSs.

Our aim is to further explore the NETosis process in
DADAZ2? patients, quantifying suicidal and vital NETo-
sis induced by several stimuli and evaluating the proper
functioning of NETs removal mechanisms. Understand-
ing the biological processes in which NET proteins
are implicated may help to elucidate disease molecu-
lar mechanisms, by which NETs can act in the disease
course. For this reason, we characterized NETs proteins
in DADA?2 patients through a quantitative proteomics
approach and we focused on their effect on maturation
and functional impact on Dendritic Cells (DCs) that play
a central role in the activation and control of immune
responses.

Finally we demonstrated an impairment of NETs degra-
dation mechanisms and identified several pathways associ-
ated with DADA?2 possibly involved in innate immune dys-
regulation and inflammation.

Methods

Blood Samples and Clinical Data from Patients
and Healthy Donors

HDs and DADA? patients’ blood samples were obtained
from the IRCCS Istituto Gaslini and from other Pediatric
Rheumatology Italian centers.Informed consent was given
by adults or parents or legal guardian for underage patients.
DADAZ? patients with a genetically confirmed diagnosis and/
or with an absent ADA?2 activity were enrolled.

@ Springer

Disease controls were identified as patients with child-
hood Polyarteritis Nodosa (c-PAN), defined according to
PRES/PRINTO/EULAR criteria [24], and adults with idi-
opathic Polyarteritis Nodosa (PAN) recruited by AUSL-
IRCCS of Reggio Emilia. Adult patients with PAN met the
American College of Rheumatology 1990 classification
criteria for PAN [25] and were excluded if there was a his-
tory of HBV infection. Therapy controls were identified as
Juvenile Idiopathic Arthritis patients treated with etanercept.

Study was approved by the ethical regional and local
review board. The main clinical data and laboratory features
were reported in Table 1, 2 and Supplementary Table 1 and
2 and 3.

Isolation of Neutrophils and NETs Purification

Untouched neutrophils were isolated from human heparin-
ized whole blood within 2 h, using the MACSxpress®
Whole Blood Neutrophil Isolation Kit (Miltenyi Biotech).
For NETSs purification see supplementary methods.

Imaging Flow Cytometry (IFC): Sample Preparation
and Analysis of NETosis

As elsewhere described [26] we employed IFC to quantify
‘suicidal’ and ‘vital’ NETosis.
For further details, see the Supplementary Methods.

Plasmatic NETs Remnants, Adenosine, DNase1
and DNase1L3 Quantification

NET remnants in DADA2/HD/PAN plasma samples were
evaluated by ELISA assay.

(Cell Death Detection ELISA PLUS, Roche). Adeno-
sine was quantified using Adenosine Assay Kit (Fluorimet-
ric). We measured DNasel in plasma samples by Human
DNASEI1 (Deoxyribonuclease-1) ELISA kit, (Biomatik),
and DNASEI1L3 (deoxyribonuclease 1 like 3) by DNA-
SE1L3 ELISA (LSBiolnc) according to the manufacturer’s
instructions; details are given Supplementary Methods.

DNase Activity

DNase activity was determined with a 1-step assay based
on the decrease of fluorescence intensity of degrading Pico-
green DNA dye/dsDNA complex in solution; details in
Suppl. Methods.

Quantification ROS Production
Total ROS production was analyzed with Neutrophil/Mono-

cyte Respiratory Burst kit (Cayman) according to manufac-
turer’s protocol.
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Table 2 (continued)

DADAZ2 testing* Therapies during

Biopsy

CNS/PNS Hypertension Other

Stroke

Fever Skin

Age at onset/ Diagnosis/

Pt

disease course

Symptoms/signs

(number)

manifestations

Age at diag-

nosis

Sex

Steroids,AZA

polyarteritis nodosa Negative

Livedo reticularis ~ No No/Yes No Leukopenia,

Yes

c-PAN/10y

PAN 14 7y/F

(skin)

arthralgia, arthritis,

Erythematous rash
Subcutaneous

myalgia, iridocy-

clitis

nodules
Panniculitis

Steroids, HD-IVIG,

polyarteritis nodosa Negative

Vasculitic lesions No No/No No Arthritis
Panniculitis

Yes

¢-PAN/13y

PAN 15 12y/F

MMF, AZA, CYC,
Thalidomide

(skin)

AZA Azathioprine, C-PAN childhood onset Polyarteritis Nodosa, Cy Cyclophosphamide, DADA2 Adenosine deaminase 2 deficiency, HCQ hydroxychloroquine, HD-IVIG-High dosage Intra-

venous Immunoglobulin (2 gr/kg); MTX-Methotrexate; MMF- Mofetil Mycophenolate; MPD- Metylprednisolone; MTX-Metotrexate; NSAIDs —non steroidal antinflammatory drugs; PAN-

Polyarteritis Nodosa. * DADAZ2 testing: Genetic test and/or enzymatic activity

Mass Spectrometry (MS)

Supernatant containing NET proteins (100 uL) was dena-
tured, reduced and alkylated in 100 ul LYSE Buffer (Pre-
Omics). Then proteins were isolated by PAC method [27].
Obtained peptides were analyzed by nano-UHPLC-MS/MS
using an Ultimate3000 RSLC coupled to an Orbitrap Fusion
Tribrid mass spectrometer (Thermo Scientific Instruments,
Bremen, Germany).

Raw data were processed with MaxQuant software [28]
version 2.0.3.0. and further processed by IceR [29] with
default settings, to reduce the number of missing values.

For Post-translational Modifications (PTMs) analysis raw
data were processed with the Open search for PTMs discov-
ery workflow in FragPipe [30]. Details in Suppl. Methods.

Statistics and Bioinformatic Analysis

The Proteins quantification LFQ imputed IceR matrix was
statistically evaluated using Perseus software [31] v.1.6.15.0.
Overlapping and exclusive elements among the lists of NET
proteins were defined by Venn diagrams using jvennweb-
based tool [32].

After normalization, differences in proteins expression
between HD, PAN, and DADA?2 spontaneous or stimuli
induced NET were detected with ANOVA test. To reduce the
probability of false positive findings deriving from multiple
hypothesis testing a permutation-based false discovery rate
(FDR) p-value lower than 0.05 was applied, and the artificial
within groups variance (S0) was set to 0.1.

Gene ontology (GO) enrichment analysis was conducted
on deregulated proteins using the ShinyGO web server
(v.0.76.1) [33]. The human proteome served as a reference
for the GO enrichment analysis. Details in Suppl. Methods.

Analysis of Protein-Protein Interaction (PPI)
Co-Expression Network Modules and Topological
Analysis of Co-Expression Network Models

A comparison between PPI and co-expression network mod-
els was performed, reconstructing PPI models via STRING
[34] and co-expression models using Spearman's correlation.
Weighted PPI modules were functionally analyzed to iden-
tify enriched pathways, and differentially correlated process
and pathway were extracted via statistical tests.

Network topological analysis was conducted using an R
script to calculate weighted centrality measures on PPI mod-
els, using correlation as edge weight. Nodes with centrality
values above the 75 th percentile were identified as hubs
or bottlenecks (Details in Suppl. Methods). Subsequently,
nodes with betweenness, centroid and bridging values above
the 75 th percentile were considered hubs/bottlenecks.
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Identification of Conventional DCs (cDCs)

and Plasmacytoid DCs (pDCs) in the Peripheral
Blood, Monocyte-Derived DC (MODC) Generation
and Cytokines Release

cDCs and pDCs were identified and counted by flow
cytometry as previously described [35]. MODCs were gen-
erated from CD14 + monocytes purified from PBMCs with
CD14 microbeads (Miltenyi Biotec) according to manufac-
turer’s instructions. At 7 days cytokines were quantified
by flow cytometry bead array (BD) and MODC phenotype
analyzed by flow cytometry. The differentiation in MODC
was assessed by CD14 down-regulation and CD1a up-reg-
ulation. For further details, see Suppl. Methods.

Results

Evidence of Enhanced Suicidal PMA Induced NETosis
in DADA2 Patients

The first aim was to assess if neutrophils in DADA2
patients present a NETosis dysregulation.

To this end we modified a quantitative method [26],
based on IFC, that simultaneously assess both “suicidal”
and “vital” NETosis. An example of analysis template is
shown in Supplementary Fig. 1.

Suicidal NETotic cells were characterized as spheri-
cal, decondensed, with colocalization of myeloperoxidase
(MPO) and nucleus. Vital NETotic cells were character-
ized by elongated morphology with nucleus condensed and
polarized (Fig. 1A, B). The frequency of suicidal NETotic
neutrophils stimulated with Phorbol 12-myristate 13-ace-
tate (PMA) was significantly increased in DADA?2 patients
in comparison with HDs and PAN patients. Conversely the
stimulation with Adenosine had a slight effect of induc-
tion of suicidal NETosis (Fig. 1A). Moreover PMA stimu-
lated neutrophils from DADA?2, showed a trend toward an
increased “vital” NETosis, although not significant, again
with no effect after ADE stimulation (Fig. 1B).

Indeed we quantified plasmatic Adenosine in DADA?2
and HDs and the level was comparable (Fig. 1C). This
does not exclude that in the interstitial fluid at the tissue
level there may be an accumulation of adenosine that can
stimulate neutrophils in the tissue.

To confirm the significant increased NETosis in
DADAZ2 patients we quantified histone-associated-DNA-
fragments (mono-and oligonucleosomes), so called NET
remnants, by ELISA assay showing a trend toward higher
levels in plasma of DADA?2 patients (P =0.05), when com-
pared to HDs and PAN patients (Fig. 1D).

@ Springer

DADA2 and PAN Patients Display a Defective DNAse
Activity and Increased ROS Production

Since a dysregulated NETosis process can be caused by an
enhanced formation of NETs but also by decreased clearance
of NETSs, we hypothesized that NETs removal mechanisms
could be defective in DADA?2 patients. The digestion of
circulating DNA and of NET-associated DNA is primarily
facilitated by DNASE1 and DNASEI1L3, which are dedi-
cated to this function [36]. Therefore plasma levels of both
enzymes were tested and as shown in Fig. 2A DNASE] in
DADAZ2 was comparable to normal samples. DNASE1L3
levels in normal donors were generally absent whereas a
substantial quantity of circulating enzyme, was present in
a significant frequency (60%) of DADA2 samples when
compared to HDs/PAN (Fig. 2B). When we measured the
plasmatic DNase activity, we found a significant reduced
activity in both DADA?2 and, to lesser extent, in PAN, when
compared to HDs (Fig. 2C).

As shown in Fig. 2D DNAse activity was restored by
protein A, suggesting the presence of circulating DNAse
inhibitors, that were removed by this protein; this finding
rise the hypothesis that the impaired NET degradation in
DADAZ? could be secondary to a decreased DNase activity
due to the presence of a circulating DNase inhibitor.

Suicidal NETosis event [37] is mediated by PAD-4 and
promoted by ROS [38], therefore we quantified ROS pro-
duction and, as expected, it was significantly increased in
DADAZ? neutrophils (Fig. 2E).

Proteome Profile Shows Peculiar Signature

in DADA2 NETs Compared to HD/PAN NETs and Gene
Ontology Biological Processes (GOBP) Analysis
Highlighted Distinct Pathways and Biological
Processes in DADA2

Proteome profile has been analyzed after purification of
NETs spontaneously induced (NT) from neutrophils or
after separate stimulation with PMA, ADE and TNFa from
7 HDs, 7 PAN and 6 DADA?2 patients. A total of 1356 pro-
teins were identified, 986 (72.7%) of which were present in
the three clinical groups. Only 26 (1.9%), 61(4.4%) and 53
(3.9%) proteins were exclusively found in the HD, PAN and
DADAZ2 samples, respectively (Fig. 3A). Considering the
different stimulations, mimicking the inflammatory environ-
ment, we identified in DADA2 NETs 827 (NT), 664 (PMA),
795 (ADE) and 780 (TNF) proteins found in at least 70% of
samples of each group. 540 (54.8%) of which were present
in all stimuli. Only 43 (4.4%), 28 (2.8%), 29 (2.9%) and 42
(4.3%) proteins were exclusively found in DADA2 NETSs
from neutrophils untreated (NT), stimulated with PMA,
ADE and TNFa respectively (Fig. 3A).
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Fig. 1 DADAZ2 neutrophils
show significant exacerbated
NETosis. A Representative
image of a normal and NETotic
neutrophil analyzed by IFC.
Lower Panel: statistical analysis
of cells undergoing suicidal
NETosis, represented as Round
Similarity Ratio between posi-
tive cells in unstimulated and
PMA/ADE stimulated samples.
B Representative image of a
vital NETotic neutrophil after
PMA/ADE stimulation analyzed
by IFC. Lower Panel: statisti-
cal analysis of cells undergoing
suicidal NETosis, represented
as Elongated morphology
Ratio between positive cells in
unstimulated and PMA/ADE
stimulated samples. C Quantifi-
cation of plasmatic Adenosine,
D Histone-associated-DNA-
fragments in DADA?2 patients,
HDs and PAN patients. Bar
plots represent means + SEM.
Significant differences (Mann—
Whitney test) are indicated. *P
<.05, **P <.01, *** P <.005
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Fig.2 Dysregulation in NETs removal mechanisms in DADA2
patients and ROS production is increased DADA2 neutrophils.
A Determination of plasmatic Dnasel in HD, DADA2 and PAN
patients. B Determination of DNASEIL3 in HD, DADA2 and PAN
plasma patients and frequency of positivity by Fisher test. C DNAse
activity in HD, DADA?2 and PAN. D MA plot displaying same sam-
ples PAN (purple dots), DADA?2 (green dots) and HD (pink dots)

Despite considerable overlapping of protein identity
between the three clinical groups and four stimuli, principal
component analysis with respect to Component 1 evidenced
clear discrimination of two clusters consisting of all DADA2
samples and the other one from the whole of all HDs and
PAN samples (Fig. 3B).
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analyzed for DNase activity with or without protein A sepharose: out-
lier data beyond the two red lines have a significant variation. (Non-
parametric test Friedman for paired data). E Percentage of DHR-123
+positivity gated on cells SSC high/FSC high/; data analyzed by
DIVA software and Prism. showing median and range of 30 inde-
pendent donors, 9 DADA?2 and 2 PAN patients

Specific protein expression pattern differences in NETs
specimens from DADA?2 patients were identified by ANOVA
test; the expression profile after Z-score normalization of
300 statistically significant proteins in NT (Fig. 3C, Suppl.
Table 4) and 278 in PMA (Fig. 3D, Suppl. Table 5) is
reported in heatmap diagrams.
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Independently of stimulus NET protein expression pattern
differs between DADA?2, PAN and HDs: in fact we identi-
fied the main clusters of proteins whose expression was sig-
nificantly (FDR < 0.05) upregulated or downregulated with
respect to HD/PAN.

A selection of the canonical pathways most significantly
associated with the differentially expressed proteins were
identified by GOBP analysis.

In the heatmap depicting the proteins significantly modu-
lated by ANOVA test between DADA2/PAN/HD NT, three
clusters were highlighted: #296 of the proteins upregulated
in DADA2 NETs compared to the other 2 groups, #293 of
the proteins downregulated in DADA2 NETs compared to
the other 2 groups and #290 of the proteins downregulated
in PAN NETs compared to the other 2 groups. One path-
way enriched in cluster #296 and highly significant (FDR
=2,7E-14), including 27 proteins was “Myeloid cell activa-
tion involved in immune response”. They include MNDA
(myeloid cell nuclear differentiation antigen), IFI35 (inter-
feron-induced protein 35) and PECAM-1 (Platelet endothe-
lial cell adhesion molecule-1) (Fig. 3E).

The same proteins associated to this pathway have been
found significantly upregulated in DADA2 NETs with PMA
stimulation in clusters #272 (Fig. 3D) and with TNFa stimu-
lation in cluster #196 (Fig. 4A).

Two pathways enriched in cluster #293 of downregulated
proteins in DADA2 NETS, (NT heatmap) and enriched also
in cluster #273 of proteins downregulated in DADA2 (PMA
heatmap) are “Neutrophil degranulation” and “Neutrophil
activation” which include proteins involved in Glucose
metabolism. These signatures emerged also in co-expression
networks analysis (Fig. 5B, C).

This is probably strictly interconnected with suicidal
NETosis because a metabolic shift toward Pentose Phos-
phate Pathway (PPP) is necessary for NET release [39].

Because the DADA?2 patients are on etanercept ther-
apy, we performed an experiment on 3 JIA patients on
the same treatment to verify that there was no treatment
effect, and Suppl. Figure 2 show that proteins belonging
to clusters #296, #272, #196 were not found in the JIA
NETs and therefore are not a treatment effect. In previ-
ous works [40] the PTMs highlighted modifications of
NETs proteins linked to an immunogenic function. So
we estimated the percentage of all modifications pre-
sent in DADA2 NETs versus normal or disease control
NETs. In Suppl. Figure 3 the heatmap shows an altered
trend in phosphoproteins, but a detailed deep analysis
on phosphoproteins results not significant. We identi-
fied also the pathways, enriched in the cluster #293 of

significantly downregulated proteins in DADA2 NT
versus other groups, concerning actin polymerization
and depolymerization (Suppl. Table 4); WAS (Wiskott
Aldrich syndrome protein) and ARPCI1B (Actin related
protein 2/3 complex subunit 1 B) belong to this path-
way but they have been founded also downregulated in
therapy controls JIA NETs (Suppl. Figure 2). This means
that these pathways downmodulated could be due to the
therapy or to the NETs extrusion process.

If we focus on PAN NETs compared to the other
groups, in unstimulated condition, (Fig. 3C), in PMA
condition (Fig. 3D), in TNFa condition (Fig. 4A) and
in ADE condition (Fig. 4B) significant down-regu-
lated proteins were identified by ANOVA test (Suppl.
Table 4, 5, 6, 7). In particular in clusters #290 (Fig. 3C,
F), #274 (Fig. 3D), #194 and #288 (Supplementary
Fig. 4), the pathways “fibrinolysis” (FDR =7,29E-
12) “negative regulation of blood coagulation” (FDR
=4,32E-14) and “negative regulation of hemostasis”
(FDR =2,07E-13) were enriched. They include down-
modulated proteins in PAN NETs PROS1 (Vitamin
K-dependent protein S), VTN (vitronectin), FGG, FGA,
FGB (Fibrinogen y o p chains). Other factors are SERP-
INGI1 (Plasma Protease C1 Inhibitor), a negative regula-
tor of blood coagulation, whose deficiency leads to a
thrombotic effect [41] HRG (Histidine-rich glycoprotein)
[42] and A2M (Alfa-2—macroglobulin) that can be seen
as both anti- and pro-hemostatic [43] involved in main-
taining vascular homeostasis.

TNFa and ADE Stimulate DADA2 Neutrophils
to Produce NETs with Specific Proteins Associated
with Peculiar Pathways

TNFa is crucial for inflammation in DADA2: for mim-
icking the inflammatory environment we stimulated
neutrophils with TNFa and evaluated NETs proteins:
when comparing DADA2 NETs versus HD/PAN NETs
by ANOVA test we found a cluster #196 of proteins sig-
nificantly up regulated in DADA2 respect to the other
two groups represented in the heatmap in Fig. 4A (Suppl.
Table 6), in which the pathways “cytokine mediated sign-
aling pathway” (FDR =5,87E-06) and “cellular response
to cytokine stimulus” (FDR =1,51E-06) were enriched.
Among the proteins stands out STAT1 (Signal transducer
and activator of transcription 1), interferon stimulated
genes IFI35 and IFIT3 (interferon induced protein with
tetratricopeptide repeats 3).
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«Fig. 3 Analysis of NETs proteins in DADA2, PAN and HDs: VENN
Principal component Analysis (PCA) plot, GO Enrichment of bio-
logically relevant pathways significantly modulated in DADA?2 and
PAN with respect to control groups. A The VENN diagram in the left
panel shows the number of identified common and exclusive NET
proteins between DADA?2, PAN and HDs groups. The VENN dia-
gram in right panel shows NET proteins of DADA?2 patients, present
at least at 70% in each group, shared or specific for one treatment:
NT (untreated), PMA, TNFa, ADE. B Principal component Analy-
sis (PCA) plot shows separation among different biological groups on
the basis of NET proteins expression profiles. The percentage of the
total variation accounted for the first and second component is shown
on the x and y axes, respectively. Green crosses, purple squares, and
pink circles refer to DADA2, PAN and HD samples respectively.
DADA?2 and PAN/HD groups form two well separated clusters on
Principal Component 1 (PC1). PAN and HD partially cluster on PC2.
C Heatmap representation shows unsupervised hierarchical clus-
tering analysis of significant NET proteins differentially expressed
between DADA2, PAN and HDs groups, identified by ANOVA test
(SO =0.1 and FDR =0.05) in untreated (NT) conditions. In the heat-
map, each row represents a protein and each column corresponds to
a sample. Normalized Z-score protein expression levels are indicated
by a two-color scale ranging from blue (lowest values) to red (highest
values) reported in the horizontal bar at the right of the panel. The
purple, pink and green bars below the columns distinguish the PAN,
HD and DADA?2 group respectively. The tree dendrogram at the top
of the plot displays the results of the unsupervised hierarchical clus-
tering analysis, placing similar sample/proteome profile values next
to each other. The optimal association between the main clusters of
NETs proteins identified (indicated by the coloured bars on the left
side) and DADA2, PAN and HD groups of samples are shown. D
Heatmap representation after PMA stimulation. E Pathway enrich-
ment analyses and network of the protein clusters #296 (NET proteins
significantly upregulated in NT neutrophils of DADA2 group respect
to PAN/HD groups) of the heat map shown in panel C. Functional
enrichment analysis for GO biological processes were conducted
by ShinyGO, and enriched pathways were considered significant if
FDR value <0.05. The graph shows the top enriched terms. F Path-
way enrichment analyses of the protein cluster #290 (NET proteins
significantly down regulated in NT neutrophils of PAN group respect
to DADA2/HD groups) of the heatmap shown in panel C. Functional
interaction networks refer to “neg. regulation of blood coagulation”,
pathway of cluster #290 enrichment

The absence of ADA?2 activity leads to an accumulation of
ADE in patients’ plasma; we therefore treated in vitro neutro-
phils with ADE. By comparing DADA2 NETSs treated with
ADE versus other two groups, ANOVA test identified cluster
#2809 of upregulated proteins in DADA2 (heatmap in Fig. 4B
and Suppl. Table 7), in which the pathway “regulation of
cysteine-type endopeptidase involved in apoptotic processes”
(FDR =4,27E-06) is enriched. CASPS8 (Caspase-8), NLRC4
(NLR family CARD domain-containing protein4), HMGB1
(high mobility group box 1) are associated to this pathway.

Co-Expression Networks Highlight Biological
Processes in DADA2 NETs

Following the merging of PPI and co-expression network
models, we identified biological processes and pathways
whose global correlation significantly changed in pair-
wise comparisons (Suppl. Table 8§-9). In DADA2 NETs
(vs HD), we observed an increased correlation of Actin
cytoskeleton-related processes, including actin nuclea-
tion, actin2/3 complex-mediated actin nucleation and
actin polymerization-dependent cell motility (Fig. 5A).
Of note, the same processes were also most correlated in
DADA2 NETs vs PAN NETs.

As for REACTOME (Fig. 5B), significant correlated
pathways in DADA2 NETs included Neutrophil Degranu-
lation [44], the Pentose Phosphate Pathway [45] (PPP),
the Negative regulation of NOTCH4 signaling and the
Tumor necrosis factor receptor 2 (TNFR2) non-canoni-
cal NF-kB pathway [46]. They were most correlated in
DADAZ2 NETs in comparison to both HD/PAN. In this
scenario, the PPP was further extracted as most corre-
lated in PMA and TNFa-treated samples compared to
NT, whereas it was down correlated in ADE compared
to NT. This supports the hypothesis that the PPP could
serve as a link between the absence/presence of ADE and
the formation of NETs [39] Finally, glycolysis was found
to be more correlated in ADE samples (vs NT) and less
correlated in TNFa samples (vs NT), while cori cycle
less correlated in those TNFa and ADE treated (Fig. 5C).

With the purposes to identify relevant proteins under-
lying the investigated phenotypes, in addition to protein
quantitation, we processed the HD/DADA2 and PAN
NETs weighted network models for extracting topologi-
cal relevant nodes (Suppl. Table 10). Among the ten best
ranked hubs/bottlenecks per condition, in DADA2 vs
PAN NETs we noted the presence of different heat shock
proteins (Hsp). In particular, DnaJ Hsp Family Member
A1l (DNAJAT1), Hsp90 Alpha Family Class B Member
1 (HSP90 AB1) and Hsp Family A Member 5 (HSPAS)
were found in DADA2, while Hsp Family A Member 9
(HSPA9), and Hsp90 Alpha Family Class A Member 1
(HSP90 AAT1) were in PAN. Of note, DADA2 was char-
acterized also by the presence of Superoxide Dismutase
1 (SOD1) [47] and Interferon Gamma Inducible Protein
16 (IFI16) [48]. FGG, FGA, FGB are hub genes in PAN
NETs, confirming proteomic data (Fig. 5D).
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Fig.4 Hierarchical Clustering, GO Enrichment of biologically rel-
evant pathways upregulated in DADA?2 with respect to control groups
with TNFoa and ADE stimulation. A In the left panel the heatmap
representation shows unsupervised hierarchical clustering analysis of
significant NET proteins differentially expressed between DADA2,
PAN and HD groups, identified by ANOVA test (SO =0.1 and FDR
=0.05) after TNF stimulation. In the right panel is shown the path-
way enrichment analyses of the protein cluster #196 (NET proteins
of TNF stimulated neutrophils upregulated in DADA?2 respect to HD/
PAN). Functional interaction network refers to the “cellular response
to cytokine stimulus” pathway of cluster #196 enrichment is shown.

@ Springer

B In the left panel the heatmap representation shows unsupervised
hierarchical clustering analysis of significant NET proteins differen-
tially expressed between DADA2, PAN and HD groups, identified
by ANOVA test (SO =0.1 and FDR =0.05) after ADE stimulation.
In the right panel is shown the pathway enrichment analyses of the
protein cluster #289 (NET proteins of ADE stimulated neutrophils
upregulated in DADA?2 respect to HD/PAN). Functional interaction
network refer to the “Reg. of cysteine-type endopeptidase activity
involved in apoptotic processes” pathway of cluster #289 enrichment.
In the right panel the biological processes identified in NETs gener-
ated after ADE stimulation is shown
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MODCs from DADA2 Patients Differentiate Normally,
but PMA Induced NETs from DADA2 Induce Release
of pro-Inflammatory Cytokines in DADA2 MODCs

From previous paper [9] it is known that NETs stimu-
late macrophages to secrete TNFa; in the present study
we unravelled as upregulated in DADA2 NETs several
proteins belonging pathways such as myeloid cell acti-
vation. Dendritic cells are professional component of
myeloid cells that orchestrate immune reactions and,
when activated secrete various cytokines. So we won-
dered if ¢cDCs and pDCs were normally distributed in
DADAZ2 patients and if NETs can have a direct effect on
the MODCs maturation and cytokines secretion. DADA2
patients have a normal distribution of ¢cDCs and pDCs
in peripheral blood: in Fig. 6A the percentage and abso-
lute numbers of respectively 10 and 9 DADA?2 patients
are shown. The in vitro differentiation of MODCs from
DADAZ2 patients did not differ from HDs: in fact the
percentage of MODCs obtained is 60% in both HDs and
DADAZ2 patients (data not shown) and the expression
of the activation and maturation markers CD80, CD83,
CD86 and HLADR was comparable as also the effect of
DADAZ2 or HD NETs (Fig. 6B).

MODCs from DADA?2 patients showed a decreased,
although not significant, spontaneous secretion of pro-
inflammatory cytokines TNFa, IL6 and IP-10 when com-
pared to MODCs from HDs. This event could be depend
on the effect of the in vivo treatment Interestingly the
incubation with PMA induced DADA2 NETSs, but not HD
neither PAN NETs, affected DADA2 MODCs, but not
HD MODC:s, to significantly upregulate the secretion of
TNFo and IL-6. On the other hand, both DADA2 NETSs
and HD NETs induced a significant upregulation of IP-10
secretion by both DADA?2 and HD MODC:s (Fig. 6C-D).
The production was inhibited by DNAsel and human
recombinant ADA?2 to signify a disease-specific NETs
effect.

Discussion

In this work we investigated the NETosis process, NETs
removal mechanisms in DADA?2 patients and the in vitro
effect of NET stimulation on MODC:s. In line with a pre-
vious study, we show that NETosis in DADA?2 patients is
exacerbated [9] also in remission phase of disease.

We did not verify a significant effect of Adenosine as
an inducer of Netosis, probably because we evaluated an
early step in the process and by a different method. Moreo-
ver, a decreased DNAse activity was also noted, suggest-
ing an accumulation of autoantigens and DNA not prop-
erly disposed, which could represent a further trigger for an
inflammatory or auto-reactive response. Notably DNAse1L.3
activity inversely correlates with anti-DNA autoantibodies
response [36].

In line with these results we identified by proteomic
approach the proteins overexpressed in DADA2 NETSs com-
pared to normal/PAN NETs MNDA [49], IFI35 [50] and
IFIT3, that are associated to type 1 IFN axis and IFI16 as
hub gene in DADA2.

The role of IFN in DADA?2 pathogenesis is still con-
troversial. This pathway has been identified as activated
signature in DADA?2 monocytes [51] and in T cells [52,
53]. The present data are consistent with that published
by Belot et al. [54] showing a positive IFN signature
associated to neutrophil activation. These observations
suggest a possible link between the increased NETosis
and the activation of the IFN pathway in DADA?2.

Interestingly IFI35 and IFIT3 are also over-expressed in
NETs derived from TNFa-stimulated DADA2 neutrophils,
suggesting a possible role of TNFa as a trigger the IFN
responses and it could be indicating a cross-regulation of
this two signaling pathways. In a small cohort of patients,
the in vivo treatment with etanercept has been reported to
significantly reduce the IFN signature [55], further support-
ing the possible role of TNFa and NETs in the IFN pathway
up-regulation observed in DADA2.

Recent studies [52, 53] identified STAT1 as an
important hub for type2 IFN signature in T cells and in
T-monocytes cross-talk in DADAZ2. In the present study
the in vitro stimulation of neutrophils with TNFa induces
upregulation of STAT1 in DADA2 NETs, suggesting
the possibility that neutrophils could also induce IFN
response via STAT1 pathway in DADA?2 patients, cor-
roborating the possible cross-regulation between TNFa/
IFNy. This finding is consistent with the secretion of
IP-10 from monocyte-derived dendritic cells stimulated
by DADA2 NETs. IP-10 could have a cascading effect
on adaptive immunity in DADA?2 patients, in particular
on Th1/Th17 differentiation.

This report expand the previous study, focused on the
possible role of NETosis in DADA?2 [9], providing a new
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«Fig.5 Differentially correlated functional modules extracted by pro-
cessing the protein expression profiles from DADA2 NETs (vs HD
NETs and vs PAN NETs).For each comparison, the most relevant
terms (FDR < 0.05) are shown. Connected terms share at least 60% of
their genes. A Gene Ontology (GO) Biological Processes. B REAC-
TOME pathways identified by comparing DADA2 NETs vs HD
NETs and PAN NETs conditions. C Differentially correlated path-
ways by comparing samples treated with PMA, TNF or ADE (vs NT)
are shown; specifically, in red are highlighted pathways up correlated
in PMA, TNF or ADE, while in blue are highlighted those most cor-
related in NT (FDR <0.05). D Best ten-ranked hubs/bottlenecks in
HD NETs, DADA2 NETs and PAN NETs. Hubs/bottlenecks were
selected based on betweenness, centroid and bridging centralities

evidence on the ability of DADA2 NETs to stimulate the
production of pro-inflammatory cytokines by autologous
MODC:s (Fig. 7) Further studies are needed to elucidate
the molecular mechanisms.

Indeed it is conceivable that the mechanisms responsible
for the production of TNFa and IL6 stimulated by DADA2
NETs on DADA2 MODCs depend on molecular pathways
different from those involved in the production of IP-10. The
latter would seem to depend on pathways activated by both
NETs and active on MODCs from patients and controls.

Interestingly in DADA2 NETs purified from ADE and
TNFa stimulated neutrophils, HMGBI1 is upregulated; this
alarmin has been localized in NETSs of other conditions such
as SLE, rheumatoid arthritis and gout [56, 57] suggesting its
pathogenic role in the inflammation. Indeed HMGB1 stimu-
lation enhances cytokine (IL-1p, IL-6, TNFa) production in
myeloid DCs [58]. This protein could be a good candidate to
mediate NET proinflammatory effect by triggering of TLRs
or RAGE receptor, but its role needs to be validated. Inter-
estingly it has been implicated in thrombotic effect, neuro-
inflammation and stroke [21].

ADE stimulated neutrophils from DADA? patients dis-
play significantly abundant CASP8 and NLRC4 in the NETs.
Interestingly inflammasome proteins were elevated in NETSs
present in thrombi of AIS patients. The activation of the

CASPS pathway has been observed in kidney neutrophils to
ANCA-Associated Vasculitis, condition in which NETosis
play a pathogenic role [59].

Noteworthy, DADA2 NETs upregulated PECAM-1, a
molecule expressed mainly in neutrophils and macrophages,
that has been found into the brain three days after stroke
onset [60]; its overexposure in DADA2 NETSs could be
implicated in patients neuroinflammation.

Differently from DADA2, PAN NETs downregulate
PROS1, VTN, SERPINGI1, HRG, A2M, proteins involved
in coagulation process. Indeed FGG, FGA, FGB are best
hubs in PAN NETs. It is known that NETs contribute to
the development of thrombosis providing a scaffold for
procoagulant effectors consisting of platelets, vVWF, TF,
extracellular histones, neutrophil serine, proteases, and
fibrinogen. Our observation brings to the attention that
PAN NETs could be associated with a dysregulation of
coagulation process possibly implicated in the periph-
eral vasculitis or vascular complications of PAN. Indeed
an increased risk of venous thromboembolism has been
reported in PAN [61].

In conclusion in the present report we identified a number
of proteins significantly modulated in DADA2 NETs that could
contribute in perpetuate vascular inflammation that distinguishes
this condition. We do not know at present whether these proteins
are equally implicated in BM disease, but it would be interest-
ing to study NETs from patients with haematologic phenotype.

This work also assumes significance in light of the
newly discovered lysosomal deaminase function of
ADA?2, which acts as a sensor of intracellular DNA [62]
Indeed, NETs has been shown in SLE to efficiently trig-
ger activation of pDCs via TLR-9 [63]; now deoxyaden-
osine-to-deoxyinosine editing on DNA by ADA2 via
TLR-9 opens up new scenarios about the patients' DNA
modifications, including that contained in NETs; and
what cascading activations on cells of innate immunity
such as dendritic cells might have.
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Fig.6 Distribution of conventional dendritic cells (cDCs) and plas-
macytoid DCs (pDCs) in DADA2 patients and effect of DADA2
NETSs on maturation and cytokines secretion from MODCs. A Fre-
quency and absolute count of ¢cDCs (upper panel) and pDCs (lower
panel), gated on lympho-monocytes. B Expression of activation and
maturation markers in MODCs: CD80, CD83, CD86, HLADR. C
In vitro production of pro-inflammatory cytokines by MODCs from
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HDs (blank bars) and DADA2 patients (green bar) stimulated with
normal NETs or DADA?2 patients derived NETs. D In vitro pro-
duction of pro-inflammatory cytokines by MODCs from DADA2
patients stimulated with autologous DADA2 NETs or in presence
of DNASE1/hrecADA?2 or stimulated with PAN NETs. Data shown
represent means +SEMs. Significant differences (Unpaired t test) are
indicated. *P <.05, **P <.01, *** P <.005
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