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Abstract 

Background:  In neuromyelitis optica spectrum disorders (NMOSD) and myelin oligodendrocyte glycoprotein anti‑
body-associated disease (MOGAD), neutrophils are found in CNS lesions. We previously demonstrated that NMOSD 
neutrophils show functional deficiencies. Thus, we hypothesized that neutrophil accumulation in the CNS may be 
facilitated by impairments affecting mechanisms of neutrophil death.

Objective:  To evaluate cell death in blood neutrophils from aquaporin-4 (AQP4)-IgG-seropositive NMOSD and 
MOGAD patients as well as matched healthy controls (HC) using in vitro assays.

Methods:  Twenty-eight AQP4 + NMOSD and 19 MOGAD patients in stable disease phase as well as 45 age- and 
sex-matched HC were prospectively recruited. To induce cell death, isolated neutrophils were cultured with/without 
phorbol 12-myristate 13-acetate (PMA). Spontaneous and PMA-induced NETosis and apoptosis were analyzed using 
7-AAD and annexin-V by flow cytometry. Caspase-3 was assessed by western blot. Myeloperoxidase-DNA complexes 
(MPO-DNA), MPO and elastase were evaluated by ELISA, and cell-free DNA (cfDNA) by a fluorescence-based assay. 
Reactive oxygen species (ROS) were evaluated by a dihydrorhodamine 123-based cytometric assay. Serum GM-CSF, 
IL-6, IL-8, IL-15, TNF-ɑ and IL-10 were evaluated by multiplex assays, and neurofilament light chain (NfL) by single-
molecule array assay.

Results:  In response to PMA, neutrophils from AQP4 + NMOSD but not from MOGAD patients showed an increased 
survival, and subsequent reduced cell death (29.6% annexin V+ 7-AAD+) when compared to HC (44.7%, p = 0.0006). 
However, AQP4 + NMOSD also showed a mild increase in annexin V+ 7-AAD− early apoptotic neutrophils (24.5%) 
compared to HC (20.8%, p = 0.048). PMA-induced reduction of caspase-3 activation was more pronounced in HC 
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Background
Neuromyelitis optica spectrum disorders (NMOSD) 
encompass a group of severe antibody-mediated auto-
immune diseases of the central nervous system (CNS), 
long believed to be rare variants of multiple sclerosis 
(MS) [1, 2]. Serum auto-antibodies against aquaporin-4 
(AQP4-IgG) are found in ≥ 80% of NMOSD patients [2, 
3]. Anti-AQP4-IgG (herein referred to as AQP4 +) have 
been shown to cause an astrocytopathy that is accompa-
nied by infiltration of granulocytes and macrophages into 
the CNS, and to lead to a secondary loss of oligodendro-
cytes and neurons [2]. However, the pathophysiology of 
NMOSD remains incompletely understood, especially 
in the group of patients that are seronegative for anti-
AQP4-IgG. About 10–40% of those seronegative patients 
are seropositive for autoantibodies against myelin oli-
godendrocyte glycoprotein (MOG-IgG) [2]. Although 
AQP4 + NMOSD, as defined by the International Panel 
for Neuromyelitis Optica (NMO) Diagnosis (IPND) cri-
teria [4], and MOG-IgG-seropositive patients present 
comparable clinical and radiological features, current 
data support the assumption that the presence of anti-
MOG-IgG defines a disorder pathogenetically distinct 
from both NMOSD and MS [5–9], and which has been 
recently termed myelin oligodendrocyte glycoprotein 
(MOG)-associated encephalomyelitis (MOG-EM) [5] or 
MOG antibody-associated disease (MOGAD) [10].

Perivascular granulocytes, principally neutrophils and 
eosinophils, are found in active lesions of patients dur-
ing the early phase of NMOSD [11–13], and in the cer-
ebrospinal fluid (CSF) during relapses and remission [14]. 
An increase in the circulating neutrophil-to-lymphocyte 
ratio (NLR) has been reported during relapse in both, 
APQ4 + NMOSD and MOGAD [15, 16], but during 
remission only in APQ4 + NMOSD patients compared to 
healthy controls (HC) [16]. Neutrophils are also found in 
the CNS lesions of NMO animal models [17–21]. Moreo-
ver, increasing evidence suggests a contribution of neu-
trophils to the deleterious inflammatory cascade inside 
the CNS [11, 17–27]. In line with these findings, our pre-
vious study showed that both NMOSD and MS-derived 

neutrophils have an activated phenotype in compari-
son to HC. However, compared to MS, NMOSD display 
deficient functionalities such as reduced N-formyl-L-
methionyl-L-leucyl-phenylalanine (fMLP)-induced neu-
trophil migration and oxidative burst [25]. We therefore 
hypothesized that neutrophils from AQP4 + NMOSD 
and MOGAD patients might have an impaired response 
to cell-death stimuli, supporting their pathological accu-
mulation in CNS lesions. Neutrophil death and clear-
ance are crucial for resolution of inflammation and for 
preventing tissue damage. Neutrophils can undergo dif-
ferent death programs, including apoptosis or NETosis, a 
programmed cell death that involves the formation and 
release of DNA-based neutrophil extracellular traps [28, 
29]. Thus, in the present study we evaluated the suscepti-
bility of neutrophils from AQP4 + NMOSD and MOGAD 
patients to undergo cell death using in  vitro assays and 
investigated the altered cell-death mechanisms.

Material and methods
Study participants
Patients as well as age- and sex-matched healthy con-
trols (HC) were recruited at the NeuroCure Clini-
cal Research Center, the Experimental and Clinical 
Research Center and the Institute for Medical Immu-
nology, Charité-Universitätsmedizin Berlin, between 
February 2017 and August 2021, and participated in 
an ongoing prospective study of patients with NMOSD 
and related disorders. The study was approved by the 
Ethics Committee of the Charité-Universitätsmedi-
zin Berlin (EA1/041/14, EA1/163/12) and conducted 
in accordance with the Helsinski declaration. Writ-
ten informed consent was obtained from all partici-
pants. Inclusion criteria for patients included: clinical 
remission for at least 2 months before blood collec-
tion, age ≥ 18 years old, diagnosis of AQP4 + NMOSD 
according to the 2015 IPND consensus criteria [4], or 
diagnosis of MOGAD according to the following cri-
teria: at least one clinical characteristic (optic neuritis, 
acute myelitis), AQP4-IgG seronegative and seroposi-
tive for MOG-IgG in a cell-based assay at least once 

(p = 0.020) than in AQP4 + NMOSD neutrophils (p = 0.052). No differences were observed in neutrophil-derived MPO-
DNA or serum levels of MPO, elastase, IL-6, IL-8 and TNF-ɑ. IL-15 levels were increased in both groups of patients. In 
AQP4 + NMOSD, an increase in cfDNA, GM-CSF and IL-10 was found in serum. A positive correlation among cfDNA 
and NfL was found in AQP4 + NMOSD.

Conclusions:  AQP4 + NMOSD neutrophils showed an increased survival capacity in response to PMA when com‑
pared to matched HC neutrophils. Although the data indicate that the apoptotic but not the NETotic response is 
altered in these neutrophils, additional evaluations are required to validate this observation.

Keywords:  Aquaporin-4 NMOSD, Neuromyelitis optica spectrum disorders, MOGAD, Myelin oligodendrocyte 
glycoprotein-antibody-associated disease, Neutrophils
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during their disease course and exclusion of alternative 
diagnoses, according to the criteria of Jarius and col-
leagues [5]. Patients with a concomitant autoimmune 
disease (i.e., systemic lupus erythematosus (SLE), 
Sjögren syndrome; see Table  1) were not excluded 
from the study as this frequently occurs in NMOSD 
[30]. At the study visit, all patients were examined neu-
rologically and scored applying the Kurtzke Expanded 
Disability Status Scale 10 (EDSS) [31]. The annual-
ized relapse rate (ARR) was calculated considering the 
number of relapses experienced by the patients from 
disease onset (see Table  1) as previously described 
[32].

Untreated patients did not receive immunosup-
pressive medication such as azathioprine, rituximab, 
mycophenolate mofetil, methotrexate, mitoxantrone, 
steroids or intravenous immunoglobulin (IVIG), or 
were not subjected to plasma exchange for at least two 
months before blood collection.

Standard protocol approvals, registrations, and patient 
consents
This study was evaluated and approved by the Ethics 
Committee of the Charité-Universitätsmedizin Berlin 
(EA1/041/14 and EA1/163/12). The participants pro-
vided their written informed consent to participate in 
this study.

Antibody detection in serum
Serum anti-AQP4-IgG and anti-MOG-IgG was tested 
using cell-based assays based on HEK293 cells that are 
transfected with either full-length human AQP4 or full-
length human MOG (Molecular Neuroimmunology 
Group, University of Heidelberg, Germany) [33, 34]. 
Patients were classified as seropositive for anti-AQP4-
IgG or anti-MOG-IgG if they tested positive for one of 
these antibodies at least once during their disease course.

Sample collection
Due to their short lifespan and neutrophils’ marked sen-
sitivity to environmental conditions, fresh, heparinized 

Table 1  Epidemiological and clinical characteristics of study population

HC healthy control, AQP4 + anti-aquaporin-4 IgG-seropositive, NMOSD neuromyelitis optica spectrum disorders, MOGAD myelin oligodendrocyte glycoprotein-
antibody-associated disease, n number, SD standard deviation, IQR interquartile range, EDSS Expanded Disability Status Scale, n.a. not applicable; RTX rituximab; 
AZA azathioprine; MMF mycophenolate mofetil; TCZ tocilizumab; ECU eculizumab; MTX methotrexate; IVIG intravenous immunoglobulin, No: not treated with RTX; 
AZA, MMF, TCZ, ECU, MTX, steroids, IVIG or had plasma exchange for 2 months prior to sample collection, SLE systemic lupus erythematosus. EDSS missing data for 
AQP4 + NMOSD n = 1 in visit date (not shown)

HC AQP4 + NMOSD MOGAD

Number, n 45 28 19

Age, years, mean (SD) 46 (13) 51 (13) 46 (16)

Female/male, n/n (% female) 38/7 (84) 27/1 (97) 13/6 (68)

Serostatus, n/n

AQP4-IgG n.a 28/28 0/19

MOG-IgG n.a 0/28 19/19

Time from disease onset to visit, years, median (IQR) n.a 8.4 (2.7–9.8) 4.5 (1.7–7)

ARR median (range)
Number of patients with at least 1 attack during 
previous year, n (%)

n.a
n.a

0.39 (0.12–4.94)
5 (18)

0.73 (0.12–3.38)
7 (37)

Type of last attack, n (%)

Optic neuritis n.a 2 (7) 4 (21)

Myelitis
Brainstem encephalitis

n.a
n.a

3 (11)
0 (0)

2 (11)
1 (6)

EDSS, median (IQR) n.a 3(2–4) 2 (1.5–3.5)

Immunotherapy, n/n (%) No:45/45 (100) No:6/28 (21)
Any:22/28 (79)
RTX:14/28 (50) AZA:6/28 (21) 
MMF:2/28 (7) TCZ:1/28 (3) 
ECU:1/28 (3)

No:5/19 (26)
Any:14/19 (74) RTX:8/19 (42) AZA:1/19 
(10) MMF:2/19 (10) TCZ:1/19 (5) MTX:1/19 
(5)
IVIG:1/19 (5)

Concomitant autoimmune disease, n/n (%) n.a 7/28 (25) 1/19 (5)

SLE n.a 4/28 (14) 0/19 (0)

Sjögren syndrome n.a 2/28 (7) 0/19 (0)

Myasthenia gravis n.a 2/28 (7) 0/19 (0)

Autoimmune thyroiditis n.a 2/28 (7) 1/19 (5)
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peripheral blood samples from patients and their cor-
responding HC were collected within 45  min of veni-
puncture and processed simultaneously using identical 
protocols. Patient and HC sera were obtained, processed, 
and stored following standard operating procedures 
(SOP). Whole blood from patients and HC was used for 
ROS analysis as described below.

Neutrophil isolation and in vitro induction of neutrophil 
death with PMA
Samples from AQP4 + NMOSD and MOGAD patients 
and their age- and sex-matched HC were collected and 
processed simultaneously. Neutrophil isolation from 
peripheral venous blood of HC and patients was done 
following the protocol of Clark and Nauseef [35]. In brief, 
neutrophils were separated from erythrocytes and mono-
nuclear cells by sedimentation on a separating medium of 
3% dextran (Sigma-Aldrich, Germany) in Hanks’ buffered 
salt solution (Gibco Life Technologies, Germany), fol-
lowed by Ficoll centrifugation (Biochrom-Merck, Ger-
many). Erythrocytes were removed by using hypotonic 
lysis buffer (Biolegend, Germany). Percent viability of 
neutrophils was determined by trypan blue dye stain-
ing (ThermoFisher Scientific, Germany) and showed 
a purity > 95%. Afterwards, cells were resuspended at 
2 × 106 cells/ml in RPMI 1640 (Gibco Life Technolo-
gies, Germany) supplemented with 10% heat-inactivated 
fetal bovine serum (Biochrom-Merck, Germany) and 1% 
penicillin/streptomycin (ThermoScientific, Germany). 
To induce cell death, neutrophil suspension was seeded 
into 96-well plates and incubated with 25  nM of phor-
bol 12-myristate 13-acetate (PMA, Sigma-Aldrich, Ger-
many) for 30 min at 37 °C in a humidified atmosphere of 
5% CO2 and 95% air at 37 °C. Neutrophils incubated only 
with vehicle dimethyl sulfoxide (DMSO) were used as 
controls and are shown as “none”. After incubation with 
PMA or vehicle, cells were washed and resuspended in 
phosphate-buffered saline (PBS) for posterior cell death 
evaluation by flow cytometry 2.5  h after PMA stimula-
tion initiation or cell lysates, and culture supernatants 
were collected, harvested 2.5  h after PMA stimulation 
initiation.

Ex vivo analysis of neutrophil death by flow cytometry
Spontaneous and PMA-induced cell death was evalu-
ated by flow cytometry at 2.5  h after starting the PMA 
stimulation in samples from patients and their age and 
sex-matched HC collected and processed simultaneously 
with identical protocols. To assess apoptosis and NETo-
sis, neutrophils were stained with 7-amino-actinomycin 
D (7-AAD; nuclear staining) and annexin V (phosphati-
dylserine staining) according to manufacturer’s instruc-
tions (Biolegend, Germany) after a previous incubation 

period of 15  min with an Fc receptor-blocking anti-
body (1:20; Miltenyi Biotec, Germany) and staining 
with anti-human CD16b-Pacific Blue antibody (1:500, 
clone MEM-154; Antikörper Online, Germany) as pre-
viously described [25]. Subsequently, living and dying 
neutrophils were investigated by flow cytometry (BD 
LSRFortessa; BD Biosciences, USA), and the data were 
analyzed using FlowJo (v10.4; BD, USA). Annexin V− 
7-AAD− were considered living neutrophils; early apop-
totic neutrophils were defined as annexin V+ 7-AAD−. 
Annexin V+ 7-AAD+ cells included dying neutrophils 
in late apoptosis or NETosis. Neutrophils were identi-
fied by their size (FSC-A) and granularity (SSC-A) and 
by the expression of CD16b. Neutrophil purity was ≥ 92% 
as assessed by expression of a neutrophil-specific marker 
(CD16b).

Protein extraction and western blot analysis
Samples from AQP4 + NMOSD, MOGAD patients and 
age- and sex-matched HC were collected. Neutrophil 
lysates were generated from neutrophils seeded at 2 × 106 
cells/ml and incubated with/without (none) 25  nM of 
PMA at 37  °C in a humidified atmosphere of 5% CO2 
and 95% air. Cell lysis was performed in RIPA buffer 
(50  mM Tris–HCl pH 8, 150  mM NaCl, 5  mM EDTA, 
1% Triton-X 100, 0.25% sodium deoxycholate, 0.1% SDS) 
and supplemented with a protease inhibitor cocktail 
(Sigma-Aldrich, Germany) for 45  min on ice. Thereaf-
ter, neutrophils cell lysates were pelleted and quantified 
by bicinchoninic acid assay (ThermoScientific, USA) 
according to the manufacturer’s instructions. Afterwards, 
cell lysates were dissolved in protein loading buffer (LI-
COR, USA) with 10% β-mercapto-ethanol, heated for 
5  min at 95  °C, cooled at room temperature (RT) and 
then stored at -20 °C until use. For analysis, equal amount 
of total protein was loaded and run on 12.5% SDS-
PAGE (polyacrylamide gel electrophoresis) in a Bio Rad 
Chamber and subsequently transferred to polyvinyl-dif-
luoride membranes (PDVF; Merck Millipore, Germany). 
Membranes were blocked for 1.5  h at RT with Odyssey 
blocking buffer (LI-COR, USA) and then washed in Tris-
buffered saline, 0.1% Tween 20 (TBST).

Blots were immuno-labeled with rabbit primary anti-
bodies directed against inactive caspase-3 (full length; 
Pro-caspase-3) and cleaved caspase-3 fragments, respec-
tively (1:1000; Cell Signaling, Germany) together with 
rabbit anti-human β-tubulin (1:1000; Cell Signaling, 
Germany) as a loading control protein. Incubation was 
done overnight at 4  °C in TBS-T-5% dry milk. Subse-
quently, membranes were washed and incubated with a 
secondary donkey anti-rabbit-IgG conjugated to infra-
red dye (1:15,000; LI-COR, USA) in TBS-T-0.1% dry 
milk for 1  h at RT. Inactive caspase-3 (Pro-caspase-3), 
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active caspase-3 and β-tubulin proteins were visualized 
using the Odyssey near-infrared imaging system (LICOR, 
USA). Band fluorescence intensities were quantified 
using Image Studio densitometry software (v.5.2; LI-
COR, USA). The intensity units of bands were calculated 
by the subtraction of the background signal. Caspase-3 
signal intensity values (17 and 19kDa bands were ana-
lyzed together), were normalized in relation to the values 
of the control β-tubulin and are shown as caspase-3 arbi-
trary units (A.U.).

Ex vivo assessment of granulocyte ROS production by flow 
cytometry
Whole blood from AQP4 + NMOSD and MOGAD 
patients as well as age- and sex-matched HC was used to 
assess the production of ROS by granulocytes upon PMA 
stimulation. Unstimulated samples were used as controls. 
ROS production was evaluated by Labor Berlin, follow-
ing SOPs according to the manufacturer’s instructions 
(Phagoburst test; CELONIC, Germany). In brief, samples 
were stimulated with PMA and incubated with fluoro-
genic substrate dihydrorhodamine 123 (DHR 123). Intra-
cellular ROS were indirectly assessed by flow cytometry 
(Navios EX-flow Cytometer; Beckman Coulter, USA). 
DHR 123 is a nonfluorescent molecule that diffuses 
across cell membranes and is oxidized by hydrogen per-
oxide (H2O2) resulting in the formation of a fluorescent 
dye (oxidized-DHR 123). Granulocytes were identified by 
their characteristic size and granularity in the sideward 
and forward scatter graph. Mean fluorescence intensity 
of oxidized-DHR 123 was calculated using Navios EX-
flow Cytometer software.

Immunocytochemical staining and neutrophil cell death 
evaluation by fluorescence microscopy
Neutrophils obtained from AQP4 + NMOSD, MOGAD 
and HC were processed simultaneously, applying the 
same isolation and staining protocols as previously 
described [28]. In brief, isolated neutrophils were seeded 
at 2 × 105 cells/ml per well over poly-L-lysine coated 
12-mm round glass coverslips (Corning, BD, Biosciences, 
USA). Cells were allowed to settle for 30  min at 37  ºC. 
Afterwards, neutrophils were stimulated with 25  nM 
PMA or left unstimulated (none) for a period of 2.5  h. 
Subsequently, cells were fixed with 2% paraformaldehyde 
(PFA, Electron Microscopy Sciences, England) and then 
stored overnight at 4 ºC. On the following day, coverslips 
were removed from the plate and washed with floating 
drops of PBS on hydrophobic laboratory film and then 
permeabilized with 0.5% Triton-X 100 in PBS (Thermo-
Scientific, Germany) for 5  min at RT. Afterwards, cov-
erslips were washed and samples blocked for 30  min 
at RT in blocking buffer containing 3% donkey serum 

(Sigma-Aldrich, Germany), 3% cold-water fish gelatin 
(Biotium, USA), 1% bovine serum albumin (Miltenyi Bio-
tec, Germany), and 0.05% Tween 20 (ThermoScientific, 
Germany) in PBS. For immunostaining, coverslips were 
incubated with primary rabbit anti-human elastase anti-
body (1:500, Calbiochem, Germany) in blocking buffer 
for 2  h at RT. After washing, coverslips were incubated 
with the secondary goat anti-rabbit Alexa Fluor-488 
antibody (1:500, Invitrogen, Germany) for 1 h at RT. For 
nuclear staining, samples were incubated with aqueous 
Hoechst 33342 (1:1500, Immunochemistry Technolo-
gies, USA) in blocking buffer for 30  min at RT, washed 
and then mounted in Prolong Diamond antifade mount-
ing solution (ThermoScientific, Germany). Negative 
staining control coverslips for each sample were pre-
pared following the same protocol, without primary 
antibody addition. Images of a minimum of eight fields 
of each coverslip were acquired using an inverted fluo-
rescence phase contrast microscope BZ-X800/BZ-X810 
with a 40× objective. Images were then loaded and ana-
lyzed in a blinded manner with CellProfiler 4.2.1 soft-
ware. Nuclei were identified and quantified based on 
Hoechst signal and size. NETosis values were determined 
by quantification of NET-like structures with expanded 
nuclei or extracellular DNA in elastase-positive neutro-
phils, co-localized with Hoechst signal. NETosis area 
was calculated as the mean value of the area occupied 
by elastase, in at least eight fields (40x), normalized to 
the total number of cells and shown as NETosis (A.U.). 
One AQP4 + NMOSD (none) and one matched HC sam-
ple (none) could not be analyzed due to technical prob-
lems. To assess the formation of DNA fragments during 
neutrophils late apoptosis, terminal deoxynucleotidyl 
transferase-nick end labeling (TUNEL) staining was 
performed in coverslips according to kit manufacturer’s 
instructions (In Situ Cell Death Detection Kit, TMR Red, 
Roche Diagnostics, Germany).

Evaluation of soluble markers of cell death in neutrophil 
culture supernatants and serum samples
Cell-free double strand DNA (cfDNA), myeloperoxi-
dase–dsDNA complexes (MPO-DNA), MPO and neu-
trophil elastase were investigated in culture supernatants 
and serum samples from AQP4 + NMOSD and MOGAD 
patients as well as age- and sex-matched HC. CfDNA 
was analyzed using the Quant-iT Picogreen DNA kit 
(ThermoScientific, Germany) in accordance with man-
ufacturer’s instructions. MPO-DNA complexes were 
identified using a capture ELISA as described previ-
ously [36]. In brief, 5 µg/ml of mouse anti-human MPO 
monoclonal antibody (Abcam, Germany) was coated 
to Nunc™ Maxisorp™ 96-well high bind microplate 
(Abcam, Germany) overnight at 4  ºC in coating buffer 
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(Abcam, Germany). Plates were washed, and block-
ing buffer (Abcam, Germany) was added for 2  h at RT. 
After washing, samples were added in combination with 
peroxidase-labeled anti-DNA monoclonal antibody 
(component 2 Cell Death ELISA kit: Roche, Germany). 
After 2 h of incubation at RT on a shaking device, sam-
ples were washed. For MPO-DNA complexes detection, 
peroxidase substrate (3.3,5,5-tetramethylbenzidine) was 
added. After 15  min of incubation at RT in the dark, 
stop solution (1  M H3PO4) was added, and the optical 
absorbance at 450 nm was measured using the GloMax 
plate reader (Promega, Germany). For the evaluation of 
MPO-DNA complexes in culture supernatant, neutro-
phils were treated as described above, either without 
(none) or with 25 nM of PMA stimulation for 2.5 h. Cul-
ture supernatants were subsequently harvested in both 
PMA-stimulated and none groups, and stored at − 80 
°C until analysis. Levels of MPO-DNA were analyzed in 
all samples in parallel. Before measurement, neutrophil 
culture supernatants were diluted 1:8 in double-distilled 
water (Gibco Life Technologies, Germany). Myeloperoxi-
dase (MPO) and elastase serum levels were determined 
by ELISA kit (Abcam, Germany), according to manufac-
turer’s instructions.

Evaluation of cytokines in serum samples 
of AQP4 + NMOSD and MOGAD patients and HC
Levels of GM-CSF, IL-6, IL-8, IL-15, TNF-ɑ and IL-10 
were investigated at the Immunodiagnostic Core Unit 
of the BIH Center for Regenerative Therapies—Immu-
nocheck Lab at Charité—Universitätsmedizin Berlin. 
The Meso Scale Diagnostics MULTISPOT Assay Sys-
tem (human proinflammatory panel 1 kit for IL-10, IL-6, 
IL-8 and TNF-α, and cytokine panel 1 for GM-CSF and 
IL-15) was used according to SOPs. Serum samples 
from AQP4 + NMOSD and MOGAD patients and their 
age- and sex-matched HC were collected and processed 
simultaneously. The optical density values of each analyte 
were calculated using a calibration curve and after blank 
subtraction. The concentration of each serum analyte was 
calculated using its respective standard curve. The detec-
tion limits of the assays, low detection limit; high limit of 
detection (LLOD-HLOD) for the different cytokines were 
GM-CSF (0.140–808 pg/ml), IL-6 (0.086-684 pg/ml), IL-8 
(0.023–633), IL-15 (0.115–976  pg/ml), TNF-ɑ (0.034–
371 pg/ml), and IL-10 (0.012–334 pg/ml).

Evaluation of neurofilament light chain in serum
Serum samples were collected and centrifuged at 2000g 
for 10 min at RT and then stored at − 80 °C until analy-
sis. For neurofilament light chain (NfL) measurement, we 
employed single-molecule array immunoassay technol-
ogy (Simoa) as used in other studies [37, 38].

Data analysis
Data were analyzed using FlowJo (v10.4; BD, USA), 
Navios EX-flow Cytometer (Beckman Coulter, USA), 
GraphPad Prism 8 (v.8.0.1; GraphPad, USA), Image Stu-
dio (v.5.2; LI-COR, USA) and CellProfiler 4.2.1 softwares. 
Graphs were drawn, and statistical data analyses were 
performed, with GraphPad Prism 8. Continuous variables 
are expressed as median and interquartile range (IQR) 
or mean ± SD or SEM, indicated in figure legends. Non-
parametric statistical methods were used. Comparisons 
among two paired groups, patients and their age- and 
sex-matched HC, or comparison of the same subject with 
and without PMA stimulus, were done with non-para-
metric Wilcoxon signed-rank test. Mann–Whitney U test 
was used for non-matched group comparisons (Fig. 4). A 
two-tailed p-value less (˂) than 0.05 was considered sta-
tistically significant; p-values > 0.05 and < 0.07 were con-
sidered as statistic trends and are also shown in figures. 
Significant statistical differences are shown with (*), while 
p-values < 0.01 are shown with (**), p-values ˂0.001 with 
(***), and p-values ˂0.0001 with (****). Due to the explora-
tory nature of the study, no adjustment for multiple com-
parisons was made. Two samples were excluded during 
analysis due to poor sample quality (defective acquisition 
and sample collection). Correlations between numerical 
values were evaluated by Spearman and Pearson rank 
correlation tests.

Results
Clinical and demographic characteristics of study 
participants
The study cohort comprised 28 patients with 
AQP4 + NMOSD, 19 patients with MOGAD and 45 HC. 
Characteristics of all the study participants are summa-
rized in Table 1. AQP4 + NMOSD patients had a higher 
rate of autoimmune comorbidities (7/28) compared 
to MOGAD (1/19). The majority of AQP4 + NMOSD 
(22/28) and MOGAD (14/19) patients were treated with 
relapse preventive immunotherapies at the study visit, 
mainly rituximab (Table 1).

Neutrophils from AQP4 + NMOSD patients show 
an impaired cell death in response to in vitro PMA 
stimulation
We first evaluated the capability of neutrophils from 
AQP4 + NMOSD and MOGAD patients and their cor-
responding HC to undergo cell death in a PMA-based 
in vitro assay. Frequencies of living neutrophils or neutro-
phils undergoing cell death, either spontaneously (none) 
or PMA-induced, were evaluated by annexin V and 
7-AAD staining (Fig. 1A). Quantification of spontaneous 
cell death in unstimulated neutrophils (black dots, none) 
indicated that the proportions of live, early apoptotic 
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(EA) or dying cells (late apoptotic/NETotic cells) were 
similar in both AQP4 + NMOSD and MOGAD-derived 
neutrophils (Fig.  1B, C, respectively) when compared 
with the corresponding unstimulated HC (none).

However, in response to PMA (Fig. 1B, red dots), neu-
trophils from AQP4 + NMOSD patients showed a higher 
survival rate (Fig.  1B, live; p ˂ 0.0001) and a reduced 
frequency of dying neutrophils (annexin V+7-AAD+) 
compared to their matched HC (Fig.  1B; L.A./NETosis; 
p = 0.0005); meanwhile, no differences were observed 
between MOGAD patients and their HC (Fig. 1C; L.A./
NETosis; p = 0.359). We also observed that the frequency 
of neutrophils at stage of early apoptosis after PMA 
stimulation was mildly increased in AQP4 + NMOSD 
patients (Fig.  1B; E.A.; p = 0.048), but not in MOGAD 
patients (Fig.  1C; p = 0.669). Thus, although part of 
the AQP4 + NMOSD neutrophils enter the cell death 
pathway, they appear to be resistant to completing this 
process.

Neutrophils from treatment naïve AQP4 + NMOSD 
patients also showed a trend towards impaired cell death 
in response to PMA compared to their corresponding HC 
(Fig. 1D; Live; p = 0.031; L.A./NETosis; n = 6; p = 0.062), 
possibly excluding a potential effect of therapies on the 
observed impaired response of neutrophils to PMA.

AQP4 + NMOSD‑derived neutrophils undergo 
both apoptosis and NETosis in presence of PMA stimuli
To determine which cell-death pathway is induced by 
PMA and, thus, impaired in our setup, we evaluated 
nuclear morphology (DNA staining with Hoechst 33342), 
neutrophil elastase (NE) distribution and DNA fragments 
(TUNEL) in unstimulated (none) and PMA-stimulated 
neutrophils from HC, MOGAD and AQP4 + NMOSD 
patients using fluorescence microscopy (Fig. 2).

Figure  2A, B and Additional file  1: Figure S1 show 
that PMA appears to induce early apoptosis (condensed 
(pyknotic) nuclei), NETosis (delobulated or spread 
nuclei co-localized with elastase), as well as late apop-
tosis (TUNEL-positive cells) in isolated neutrophils. 
PMA-induced NETosis was observed in neutrophils 
from AQP4 + NMOSD patients (Fig.  2C; right panel; 
p = 0.063). No effect of PMA was observed in HC and 
MOGAD neutrophils (Fig. 2C).

Modulation of caspase‑3 activation in response to PMA 
differentiates AQP4 + NMOSD from HC neutrophils
Our data so far indicate an impaired neutrophil cell 
death in response to PMA in AQP4 + NMOSD patients 
and confirmed that the annexin V+ 7-AAD+ cell frac-
tion includes cells in advanced stage of apoptosis, but 
also cells undergoing NETosis. Therefore, we next inves-
tigated which cell-death pathway is deficient. To assess 
whether the apoptotic or NETotic response is deficient 
in AQP4 + NMOSD-derived neutrophils, levels of active 
caspase-3 upon PMA stimulation in AQP4 + NMOSD, 
MOGAD and HC neutrophils were investigated (Fig. 3). 
While HC neutrophils showed a pronounced PMA-
induced reduction of caspase-3 activation (Fig.  3C; 
p = 0.002), this effect was moderate in AQP4 + NMOSD-
derived neutrophils (p = 0.052). No difference in cas-
pase-3 activation was found in unstimulated samples 
(none) from AQP4 + NMOSD patients compared to 
their matched HC (Fig.  3C; black dots, p = 0.785). In 
response to PMA, levels of caspase-3 were elevated in 
AQP4 + NMOSD-derived neutrophils compared to HC 
(Fig.  3C; red dots; p = 0.016). Effects of PMA on cas-
pase-3 was not observed in MOGAD and corresponding 
HC (Fig. 3D; p = 0.578). No difference was found in cas-
pase-3 activation in neutrophils from MOGAD patients 
compared to their HC counterpart after PMA stimula-
tion (Fig.  3D; red dots, p = 0.375). A mildly decreased 
caspase-3 activation was observed in MOGAD without 
PMA in comparison to their matched HC (Fig. 3D; black 
dots, p = 0.031).

Thus, the observed abnormal response to PMA in 
AQP4 + NMOSD neutrophils was also supported by this 
deficient reduction of caspase-3 activation in response to 
PMA.

Soluble markers of NETosis are not affected in cultured 
AQP4 + NMOSD neutrophils
We next determined if NETosis may be affected 
in AQP4 + NMOSD neutrophils by analyzing lev-
els of MPO-DNA in culture supernatants of HC, 
AQP4 + NMOSD and MOGAD neutrophils with 
and without (none) PMA stimulation. As indicated 
in Fig.  4, after PMA exposure, MPO-DNA levels 
were slightly increased in HC (p = 0.062), and signifi-
cantly elevated in AQP4 + NMOSD compared to their 

(See figure on next page.)
Fig. 1  Frequencies of live, early apoptosis and late apoptosis/NETosis neutrophils from patients and HC after PMA exposure. A Representative 
flow cytometry plots and gating strategy to determine the frequencies of living, early apoptosis, late apoptosis/NETotic neutrophils in samples 
from AQP4 + NMOSD and MOGAD patients and their matched HC. Arrows indicate cell-death trajectory of NETosis and apoptosis pathway. 
Quantification of the frequencies of spontaneous (black dots, none) and PMA-induced cell death (red dots) in B AQP4 + NMOSD or C MOGAD 
patients compared to their corresponding HC. D AQP4 + NMOSD treatment-naïve patients and HC. Data are represented as median and IQR in 
scatter plot with a bar graph. Each dot represents an individual subject. none (unstimulated-vehicle; none). HC: n = 29; AQP4 + NMOSD: n = 20; 
MOGAD: n = 9
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Fig. 1  (See legend on previous page.)
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Fig. 2  Images of neutrophils’ response to PMA in HC as well as MOGAD and AQP4 + NMOSD patients. A Living, apoptotic and NETotic neutrophils 
from patients and HC. DNA (Hoechst 33342) in blue and neutrophil elastase (NE) in green, as well as merged images, are shown for a HC, b MOGAD 
and c AQP4 + NMOSD, without PMA (top panels in each group; none) and with PMA (lower panels in each group). B Neutrophils were assigned into 
three categories based on their nuclei morphology: live, apoptosis or NETosis. C Quantification of NETosis in unstimulated none (black dots) and 
PMA-stimulated neutrophlis (red dots) from MOGAD (left panel) and AQP4 + NMOSD (right panel) patients compared to their corresponding HC. 
Data are represented as mean ± SEM in scatter plot with a bar graph. Inverted fluorescent microscope at 40 × magnification; scale bar 20 µm. none 
(unstimulated-vehicle). HC: n = 9; AQP4 + NMOSD: n = 5; MOGAD: n = 4 
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unstimulated counterparts (p = 0.002). However, PMA 
did not lead to an increase in MPO-DNA in cultured 
neutrophils from MOGAD patients compared to the 
unstimulated HC. No differences were found in spon-
taneous and PMA-induced MPO-DNA levels when 
comparing HC, AQP4 + NMOSD, and MOGAD 
groups.

ROS generation is not affected in AQP4 + NMOSD 
and MOGAD‑derived granulocytes after PMA stimulation
As depicted in Figure S2 (Additional file  2; left panel), 
granulocytes from both AQP4 + NMOSD patients 
and HC produced ROS in response to PMA stimu-
lation (p = 0.004 and p = 0.004, respectively). In 
AQP4 + NMOSD, a mild increase in PMA-induced 

Fig. 3  Caspase-3 expression in neutrophils from AQP4 + NMOSD and MOGAD patients and HC. Neutrophils from patients and age- and 
sex- matched HC were purified and processed for western blot simultaneously. Cell lysates were obtained after incubation with and without PMA. 
Representative western blot images of A AQP4 + NMOSD and B MOGAD neutrophil lysates compared to their corresponding HC. C, D Levels 
of caspase-3 (19 kDa and 17 kDa) normalized to β-tubulin shown as caspase-3 (A.U.) in unstimulated (black dots; none) and PMA-stimulated 
neutrophils (red dots). Each dot represents the mean value of 2 or 3 independent WB for each patient and corresponding HC. Data are represented 
with lines connecting among unstimulated and PMA-stimulated samples. none (unstimulated-vehicle). HC: n = 19; AQP4 + NMOSD: n = 12; MOGAD: 
n = 7 

Fig. 4  Spontaneous and PMA-induced generation of MPO-DNA by AQP4 + NMOSD and MOGAD neutrophils. MPO-DNA complexes were 
analyzed by ELISA in neutrophil culture supernatants from AQP4 + NMOSD and MOGAD patients and HC. Unstimulated (black dots; none) and 
PMA-stimulated samples (red dots) are shown. Each dot represents an individual subject. Lines connect the unstimulated and PMA-stimulated data 
points of the same patient. None (unstimulated-vehicle). HC: n = 5; AQP4 + NMOSD: n = 11; MOGAD: n = 8 
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ROS production compared to their HC counterpart was 
observed (see Figure S2A, Additional file  2; red dots, 
p = 0.039). In MOGAD, an increase in ROS produc-
tion was also found in response to PMA stimulation 
(p = 0.008). However, no differences were found in PMA-
induced ROS production in MOGAD patients com-
pared to their matched HC (see Figure S2A; Additional 
file  2; right panel, p = 0.250). Thus, ROS generation in 
response to PMA seems to be unaltered in granulocytes 
from AQP4 + NMOSD and MOGAD patients com-
pared to their unstimulated samples. However, in 
MOGAD patients, a mild decrease in ROS production 
was observed in unstimulated samples compared to their 
unstimulated HC counterpart (see Figure S2B; Additional 
file 2; p = 0.016).

cfDNA is elevated in serum samples of AQP4 + NMOSD 
and is associated with serum NfL levels
Next, we investigated circulating neutrophil-associated 
markers such as MPO-DNA, cell-free DNA (cfDNA), 
MPO and elastase in serum samples of AQP4 + NMOSD 
and MOGAD patients as well as their corresponding HC 
(Fig. 5).

The analysis of NETosis-associated markers revealed 
a mild increase of cfDNA in AQP4 + NMOSD but not 
in MOGAD serum samples compared to their HC 
(Fig.  5B, p = 0.040). However, no difference was found 
in serum levels of MPO-DNA (Fig.  5A; p = 0.315 and 
p = 0.376), MPO (Fig.  5C; p = 0.738 and p = 0.105) or 
neutrophil elastase (Fig.  5D; p = 0.829 and p = 0.30) in 
AQP4 + NMOSD and MOGAD compared to their HC.

Next, we aimed to evaluate potential associa-
tions between neutrophil-death biomarkers cfDNA 
(Fig.  5B) and EDSS, cfDNA and MPO-DNA with 
annualized relapse rate (ARR) and NfL. Serum lev-
els of cfDNA were positively correlated with levels of 
NfL in AQP4 + NMOSD patients (Fig.  6A; r = 0.591, 
p = 0.026). However, no association was found among 
cfDNA and EDSS or ARR and MPO-DNA and ARR 
in AQP4 + NMOSD (Fig.  6; p = 0.083; p = 0.865 and 
p = 0.578, respectively). In MOGAD patients, no correla-
tions were found between serum cfDNA and NfL, EDSS 
or ARR (data not shown).

Increased levels of anti‑apoptotic cytokines 
in AQP4 + NMOSD patients’ serum
We next evaluated anti-apoptotic mediators in 
serum, which might contribute to the resistance of 
AQP4 + NMOSD neutrophils to undergo apoptosis.

Serum levels of GM-CSF, IL-6, IL-8, IL-15, TNF-ɑ and 
IL-10 were assessed as described in the Methods section. 
While IL-15 was increased in both AQP4 + NMOSD 
and MOGAD patients compared to their matched HC 

Fig. 5  MPO-DNA, cfDNA, MPO, and elastase in serum samples from 
AQP4 + NMOSD and MOGAD patients and HC. Serum samples from 
AQP4 + NMOSD (left panels) and MOGAD patients (right panels) and 
their corresponding age- and sex- matched HC were analyzed by 
ELISA for MPO-DNA (A), cfDNA (B), MPO (C) and elastase (D). Data 
are represented as median and IQR in scatter plot with a bar graph. 
Each dot represents an individual subject. AQP4 + NMOSD: n = 26(A), 
n = 20(B), n = 19(C), n = 19(D); MOGAD: n = 13(A), n = 13(B), n = 10(C), 
n = 9(D) and corresponding matched HC. The patient cohorts included 
in the data were not identical for each investigated analyte
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(see Figure S3, Additional file 3, p = 0.003 and p = 0.003, 
respectively), IL-10 and GM-CSF were only elevated in 
AQP4 + NMOSD patients (see Figure S3, Additional 
file 3, p = 0.0001; p = 0.013, respectively).

Discussion
In our previous study, we showed that NMOSD neu-
trophils are functionally impaired [25]. Now, we inves-
tigated if alterations in cell-death pathways could be an 
additional impairment affecting NMOSD neutrophils. 
An increased cell survival may lead to neutrophil accu-
mulation, observed in CSF and active CNS lesions of 
AQP4 + NMOSD and MOGAD patients [13, 14, 39].

We used PMA-based in  vitro assays to investigate 
neutrophil cell death. PMA has been extensively used 
to study NADPH-oxidase 2 (NOX2)-ROS-dependent 
NETosis in  vitro [28, 40–43], but also to study apopto-
sis and NETosis together [44]. Previous studies reported 
low or no apoptosis in response to PMA in human 
healthy neutrophils [45, 46]. Our data indicated however, 
that PMA-induced translocation of phosphatidylser-
ine to membranes and consequent annexin V binding, a 

hallmark of early phases of apoptosis, as well as apoptotic 
DNA fragmentation as demonstrated by TUNEL stain-
ing took place in our setup. Thus, our results suggest the 
presence of both types of cell death in neutrophil cultures 
exposed to PMA (Figs. 1, 2, 3, and Additional file 1: Fig-
ure S1) as previously reported [44].

Using this setting, we observed that AQP4 + NMOSD 
neutrophils but not MOGAD neutrophils showed 
an increased neutrophil survival and diminished cell 
death in response to PMA (Fig.  1B). Thus, it appeared 
that AQP4 + NMOSD neutrophils were retained in a 
stage of early apoptosis determined by annexin V stain-
ing  (Fig.  1B). It is unlikely that this observation was a 
mere treatment effect since the same trend was observed 
in AQP4 + NMOSD treatment-naïve patients (Fig.  1D; 
n = 6). It has been reported that PMA-induced NETo-
sis involves apoptosis inhibition [47] and inhibition of 
caspase-3 activation in healthy neutrophils. Despite the 
differences in early apoptosis and the presence of DNA 
fragmentation observed in our study, our data con-
firmed those results and showed a significant reduction 
of caspase-3 activation after PMA exposure, mainly in 

Fig. 6  Correlations between serological markers of neutrophil death with NfL and the clinical parameters EDSS and ARR. A Pearson correlation 
among cfDNA and NfL. B Spearman correlation between cfDNA and EDSS. C Pearson correlation among cfDNA and ARR. D Pearson correlation 
among MPO-DNA and ARR. Each dot represents an individual subject. AQP4 + NMOSD: n = 14(A), n = 19(B), n = 20(C), n = 26(D). The patient cohort 
included in the correlation cfDNA / ARR was not identical to the cohort analyzed in the correlation MPO-DNA/ARR​
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HC (p = 0.002); while the effect on AQP4 + NMOSD 
neutrophils was less pronounced (p = 0.052). We can-
not exclude the possibility that after a shorter stimula-
tion with PMA, the effects on caspase-3 may differ from 
those observed after 2.5 h of stimulation. Further studies 
on the regulation of caspase-3 over time, in response to 
PMA, are needed to understand whether apoptosis and 
NETosis are coexisting in our cell culture, or even at sin-
gle cell levels as previously reported by Azzouz et al. [45], 
or whether these types of cell death occur with different 
kinetics in AQP4 + NMOSD neutrophils.

Neutrophils have the capacity to switch between apop-
tosis to NETosis and vice versa [42, 44, 47, 48], prob-
ably as compensatory mechanisms [42]. The inhibition 
of caspase-3 activation by PMA may induce a switch to 
NETosis, as previously demonstrated [47]. To evaluate 
this, we investigated in a subgroup of patients if NETosis 
was the form of cell death impaired in PMA-stimulated 
AQP4 + NMOSD neutrophils. We showed, however, that 
(NOX2)-ROS-dependent NETosis in response to PMA 
was not affected, and a trend towards an increase in 
NETosis was found in neutrophils from AQP4 + NMOSD 
compared to their unstimulated counterpart (Fig.  2; 
p = 0.063). In line with these results, we further dem-
onstrated that AQP4 + NMOSD neutrophils generated 
higher levels of MPO-DNA after PMA exposure (Fig. 4; 
p = 0.002). PMA-induced MPO-DNA in MOGAD and 
HC was not significant, possibly due to the heterogene-
ous response observed within the MOGAD group (Fig. 4; 
p = 0.109) and the limited sample size in HC group 
(Fig. 4, HC; p = 0.062, n = 5). Thus, related to the produc-
tion of MPO-DNA, no major differences were observed 
between neutrophils from patients and HC. In agreement 
with this, serum levels of MPO-DNA, MPO and elastase 
did not differ between AQP4 + NMOSD, MOGAD and 
their matched HC, respectively (Fig. 5).

Thus, in response to PMA, AQP4 + NMOSD neutro-
phils showed higher survival rates, seemed to be partly 
retained in the phase of early apoptosis, showed dimin-
ished inhibition of caspase-3 activation, but were able 
to undergo NETosis. A prolonged neutrophil survival or 
delay in neutrophil apoptosis has been reported in sev-
eral inflammatory diseases [49] such as ANCA-AAV [50], 
rheumatoid arthritis (RA) [29, 50], cystic fibrosis [48], 
inflammatory bowel disease [51], lung cancer [52], sep-
sis [53] and acute pancreatitis [54]. In contrast to these 
reports that evaluated spontaneous apoptosis at later 
timepoints (24  h) [48, 50, 52], we observed, at an ear-
lier time point of culture, an impaired cell death only in 
neutrophils stimulated with PMA. Thus, it remains to be 
elucidated whether AQP4 + NMOSD neutrophils would 
also show compromised spontaneous cell death at later 
time points of culture.

Additionally, in serum samples from AQP4 + NMOSD 
but not from MOGAD patients, a mild increase of 
cfDNA was observed. CfDNA can be released during 
neutrophil apoptosis and NETosis [55], and increased 
cfDNA levels have been associated with disease activ-
ity, in patients with SLE, RA [55] and, very recently, 
also in patients with AQP4 + NMOSD [27]. Interest-
ingly, in this latter study, Murata et  al. demonstrated 
that serum cfDNA in AQP4 + NMOSD was derived 
mainly from neutrophils [27]. Thus, it is plausible that 
the increased serum cfDNA found in AQP4 + NMOSD 
is of neutrophil origin (Fig.  5B). Increasing evidence 
supports that NfL, a biomarker of neuronal damage, 
is as a good biomarker of disease activity and disabil-
ity in AQP4 + NMOSD [37, 38]. Remarkably, we found 
a positive correlation among serum cfDNA and NfL 
in AQP4 + NMOSD patients (Fig.  6A), suggesting that 
both biomarkers could be combined to better assess 
disease progression in AQP4 + NMOSD. However, in 
agreement with Murata et al. [27], no associations were 
observed among cfDNA and EDSS or ARR (Fig. 6B, C; 
p = 0.083 and  = 0.865, respectively). Unfortunately, 
due to sample limitations and the incapacity to ana-
lyze cfDNA, ROS and MPO-DNA in the same patients, 
associations between cfDNA levels and the values of 
ROS or MPO-DNA obtained from the in  vitro assays, 
could not be assessed. Such an analysis could have fur-
ther underlined the potential translational relevance of 
our findings.

Neutrophil apoptosis can be modulated by internal 
signals (ROS) [49] and external signals such as cytokines 
GM-CSF, IL-6, IL-8, IL-15 and TNF-ɑ [56–58]. Addi-
tionally, IL-10 has been associated with an increase in 
apoptosis rates in  vivo [56]. Consistent with what was 
previously published [26], we found no reduction in 
ROS production in AQP4 + NMOSD neutrophils stimu-
lated with PMA (see Figure S2A, Additional file  2), but 
an increase of the pro-apoptotic IL-10 and the anti-apop-
totic GM-CSF in serum from AQP4 + NMOSD patients 
compared to HC (see Figure S3, Additional file 3, 3A and 
3F, respectively). This is in line with previous reports on 
increased GM-CSF levels in the CSF of AQP4 + NMOSD 
patients, but not in MOGAD patients, compared to HC 
[59]. GM-CSF, a potent suppressor of neutrophil apopto-
sis, which triggers the expression of anti-apoptotic factors 
like Mcl-1 [53], has been described to act synergistically 
with granulocyte-colony stimulating factor (G-CSF) to 
modulate the activity of neutrophils, delaying neutro-
phil apoptosis and promoting granulopoiesis in the bone 
marrow [60]. Previous studies in patients and in a mouse 
model of AQP4 + NMOSD suggest a potential contribu-
tion of G-CSF to raising circulating granulocytes counts, 
CNS lesion severity, and disease exacerbation [18, 22].
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On the other hand, an increase in IL-10 was observed 
in serum samples from AQP4 + NMOSD patients but not 
in those from MOGAD patients (see Figure S3F; Addi-
tional file 3). This is in line with the reported increased 
IL-10 levels in CSF from AQP4 + NMOSD patients but 
not in MOGAD patients [61]. IL-10 is considered an 
anti-inflammatory cytokine, which seems to inhibit the 
GM-CSF-mediated anti-apoptotic effects [49]. How-
ever, in our setup, the survival of activated neutrophils in 
AQP4 + NMOSD may increase in response to GM-CSF 
but fails to be down-modulated by IL-10. This is a point 
that needs to be investigated in future studies.

We also observed a significant increase of IL-15 in the 
serum of both AQP4 + NMOSD and MOGAD patients 
compared to HC. This is in line with previous reports 
that showed elevated IL-15 in serum and CSF samples 
from NMOSD patients [59, 62]. Interestingly, IL-15 has 
been reported to enhance neutrophil effector functions 
and to exacerbate their migration and proinflamma-
tory activities through the delay of neutrophil apoptosis 
[63]. Apoptosis delay could be promoted directly by the 
reported IL-15-mediated down-modulation of caspase-3 
and caspase-8 activity [64] or, indirectly, by acting on 
other immune cells and enhancing the expression of neu-
trophils’ survival factors such as GM-CSF. Thus, elevated 
levels of both IL-15 and GM-CSF in AQP4 + NMOSD 
may contribute to the survival of neutrophils in this 
group of patients.

Limitations of the study
NMOSD and MOGAD are rare diseases. Therefore, we 
were limited by the number of available patients. More-
over, most of the patients received immunotherapies 
that could impact on the study results. To partly over-
come this limitation, we collected samples over several 
years (2017—2021). Additionally, neutrophils are cells 
extremely sensitive to environmental conditions, and 
their functionality can be affected by several factors such 
as age and sex of the donor, or the time of sample collec-
tion. Therefore, to allow comparability between groups, 
we compared in all our analyses patients with their cor-
responding age- and sex- matched HC, whose samples 
were collected, processed, and studied simultaneously 
to patients’ samples, except for data shown in Fig.  4. 
A direct comparison between AQP4 + NMOSD and 
MOGAD was consequently not feasible because the two 
groups of patients were not matched for age and sex, and 
data acquisition occurred on distinct days. Similarly, the 
evaluation of a potential association of cfDNA with ROS 
or MPO-DNA was not possible since the data on cfDNA 
were not obtained from exactly the same cohort as the 
in  vitro data for the other analytes. Another limitation 
of our study is the missing data on neutrophil counts for 

most of the patients and for all HC. Hemogram analysis 
were not part of the study protocol for this prospective 
study at the time of sampling. Therefore, we could not 
correlate absolute neutrophil counts with the observed 
increased neutrophil survival. In addition, due to reduced 
access to patient samples, the use of different cell-death 
inducers other than PMA was not feasible. This is an 
evident limitation since PMA is principally a NETosis 
inducer, and comparisons between different stimuli are 
missing. Finally, we could not exclude that neutrophil 
death was influenced by other factors that we did not 
consider in our analyses, such as concomitant autoim-
mune diseases, which are frequently present in NMOSD 
[30], and patients’ treatment status.

Conclusion
Taken together, our data show a different response 
to PMA in neutrophils from AQP4 + NMOSD and 
MOGAD patients when compared to their correspond-
ing HC. Neutrophils from AQP4 + NMOSD patients are 
characterized by an increased survival after PMA expo-
sure in  vitro. An increased lifespan, accompanied by 
neutrophil accumulation, may contribute to the main-
tenance of a proinflammatory environment within the 
CNS. This impaired neutrophil cell death distinguishes 
AQP4 + NMOSD and MOGAD neutrophils, corroborat-
ing the notion that AQP4 + NMOSD and MOGAD are 
pathogenetically different diseases.
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Additional file 1: Figure S1. Images of neutrophils response to PMA in 
HC as well as AQP4 + NMOSD patients. Representative fluorescent micro‑
scope image of neutrophils from HC (top panel) and AQP4 + NMOSD 
(lower panel) after exposure to PMA. DNA (Hoechst 33342) in blue, 
neutrophil elastase (NE) in green and DNA fragments (TUNEL) as well as 
merged images are shown. Images obtained at 40 × magnification; scale 
bar 20 µm. HC: n = 3; AQP4 + NMOSD: n = 3. 

Additional file 2: Figure S2. Evaluation of spontaneous and PMA 
induced ROS production in AQP4 + NMOSD, MOGAD patients and HC 
granulocytes. Granulocytes from patients and matched HC were isolated 
and analyzed simultaneously and cultured without (black dots, none) and 
with PMA (red dots). Intracellular ROS were indirectly assessed by flow 
cytometry analysis of DHR 123. Depicted is the mean fluorescence inten‑
sity (MFI) of oxidized-DHR123. A) Data are represented with lines connect‑
ing the unstimulated and PMA-stimulated data points of the same patient 
sample B) Depicted are the data from unstimulated and MOGAD samples 
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in a different scale to show group differences. Each dot represents an 
individual subject. HC: n = 17; AQP4 + NMOSD: n = 9; MOGAD: n = 8.

Additional file 3: Figure S3. Evaluation of serum cytokines and 
chemokines in AQP4 + NMOSD, MOGAD patients and HC. Levels of 
GM-CSF (A), IL-6 (B), IL-8 (C), IL-15 (D), TNF-alpha (E) and IL-10 (F) were 
investigated using the Meso Scale Diagnostics MULTISPOT Assay System 
in serum samples from AQP4 + NMOSD (left panel) and MOGAD (right 
panel) patients compared with their respective HC. Data are represented 
as median and IQR in scatter plot with a bar graph. Each dot represents an 
individual subject. HC: n = 37; AQP4 + NMOSD: n = 24; MOGAD: n = 13. 

Acknowledgements
We thank patients and healthy controls who participated in this study. We 
specially thank Kristina Feldmann for the excellent English language editing 
of our manuscript. We thank Bibiane Seeger-Schwinge, Gritt Stoeffels, Claudia 
Messelhauser, Katharina Stoesslein (ECRC, Charité-Universitätsmedizin Berlin, 
Germany) and Leila Amini (BIH and BeCAT, Institute for Medical Immunol‑
ogy, Charité-Universitätsmedizin Berlin) for their excellent technical support 
on laboratory data and sample collection, and Labor Berlin-Charité Vivantes 
GmbH for ROS evaluations. We also thank Laura Hertwig (Center for Infectious 
Medicine, Karolinska Institutet, Stockholm, Sweden), Iuliia Kotko (BIH, Institute 
for Medical Immunology, Charité-Universitätsmedizin Berlin, Germany) 
Frances Evans (Neuroinflammation and Gene Therapy Laboratory, Institute 
Pasteur Montevideo, Uruguay), for helpful discussion, as well as the Nikon 
Imaging Center at the University of Heidelberg, Anna Eschelbeck and Katha‑
rina Mattes (Molecular Neuroimmunology Group, Department of Neurology, 
University of Heidelberg) for excellent technical assistance.

Author contributions
MSC, FP, CID: conceived, designed the experiments and interpreted the data; 
MSC, AW, SRS, AdRS: performed the experiments; MSC, AdRS, AW: analyzed the 
data; PS, CAG, AS, JB-S, KR, MH, GG, BW, TS-H, SJ: helped with patients’ recruit‑
ment and clinical and/or laboratory data acquisition; MSC and CID: wrote the 
manuscript; MSC, FP, SJ, CID: edited the paper. All authors read and approved 
the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. The study was 
supported by the Guthy-Jackson Charitable Foundation and the NeuroCure 
Cluster of Excellence, and MES received fellowships from the Deutscher Aka‑
demischer Austauschdienst (DAAD) and from Bayer Foundation for her PhD 
studies. SRS received from DAAD—CONACYT (Mexico) a PhD fellowship and 
CAG received from CONACYT a post-doctoral fellowship. B.W. is grateful to 
the Dietmar Hopp Foundation and to Merck Serono for funding research on 
NMOSD and MOG-EM/MOGAD.

Availability of data and materials
The datasets generated and/or analyzed during the current study are not pub‑
licly available due to local regulations concerning protection of patient data, 
but on reasonable request, approval for distribution of data will be obtained 
from the institutional review board of Charité-Universitätsmedizin Berlin and 
anonymized data will be made available by the corresponding author.

Declarations

Ethics approval and consent to participate
This study was evaluated and approved by the Ethics Committee of the 
Charité-Universitätsmedizin Berlin (EA1/041/14, EA1/163/12). The participants 
provided their written informed consent to participate in this study.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Charité-Universitätsmedizin Berlin, Corporate Member of Freie Universität 
Berlin and Humboldt-Universität Zu Berlin, ECRC Experimental and Clinical 
Research Center, a Cooperation Between the Max Delbrück Center for Molecu‑
lar Medicine in the Helmholtz Association and Charité-Universitätsmedizin 
Berlin, Lindenberger Weg 80, 13125 Berlin, Germany. 2 Max Delbrück Center 
for Molecular Medicine in the Helmholtz Association (MDC), Campus 
Berlin‑Buch GmbH, Robert‑Rössle‑Straße 10, 13125 Berlin, Germany. 3 Institute 
for Medical Immunology, Charité-Universitätsmedizin Berlin, Campus Virchow 
Klinikum, Augustenburger Platz 1, 13353 Berlin, Germany. 4 BIH Center 
for Regenerative Therapies (BCRT) Charité- Humboldt-Universität Zu Berlin 
and Berlin Institute of Health, Institute for Medical Immunology, Core Unit 
Immunocheck-Biomarker Immunologisches Studienlabor (ISL), Campus 
Virchow Klinikum, Augustenburger Platz 1, 13353 Berlin, Germany. 5 Charité-
Universitätsmedizin Berlin, Corporate Member of Freie Universität Berlin, 
Humboldt-Universität Zu Berlin, NeuroCure Clinical Research Center, Campus 
Mitte, Charitéplatz 1, 10117 Berlin, Germany. 6 Department of Neurology, 
Charité-Universitätsmedizin Berlin, Campus Mitte, Charitéplatz 1, 10117 Berlin, 
Germany. 7 Molecular Neuroimmunology Group, Department of Neurology, 
University of Heidelberg, Heidelberg, Germany. 8 Department of Immunobi‑
ochemistry, Mannheim Institute for Innate Immunoscience (MI3), Medical 
Faculty Mannheim, University of Heidelberg, 68167 Mannheim, Germany. 
9 Neurologic Clinic and Policlinic, Departments of Medicine, University Hospital 
Basel & RC2NB ‑ Research Center for Clinical Neuroimmunology and Neurosci‑
ence, University of Basel, Basel, Switzerland. 

Received: 8 April 2022   Accepted: 17 September 2022

References
	1.	 Borisow N, Mori M, Kuwabara S, Scheel M, Paul F. Diagnosis and treatment 

of NMO spectrum disorder and MOG-encephalomyelitis. Front Neurol. 
2018;9:888. https://​doi.​org/​10.​3389/​fneur.​2018.​00888.

	2.	 Jarius S, Paul F, Weinshenker BG, Levy M, Kim HJ, Wildemann B. Neuromy‑
elitis optica. Nat Rev Dis Primers. 2020;6(1):85. https://​doi.​org/​10.​1038/​
s41572-​020-​0214-9.

	3.	 Jarius S, Wildemann B. Aquaporin-4 antibodies (NMO-IgG) as a serological 
marker of neuromyelitis optica: a critical review of the literature. Brain 
Pathol. 2013;23(6):661–83. https://​doi.​org/​10.​1111/​bpa.​12084.

	4.	 Wingerchuk DM, Banwell B, Bennett JL, et al. International consensus 
diagnostic criteria for neuromyelitis optica spectrum disorders. Neurol‑
ogy. 2015;85(2):177–89. https://​doi.​org/​10.​1212/​WNL.​00000​00000​001729.

	5.	 Jarius S, Paul F, Aktas O, et al. MOG encephalomyelitis: international rec‑
ommendations on diagnosis and antibody testing. J Neuroinflammation. 
2018;15(1):134. https://​doi.​org/​10.​1186/​s12974-​018-​1144-2.

	6.	 Jarius S, Ruprecht K, Kleiter I, et al. MOG-IgG in NMO and related disor‑
ders: a multicenter study of 50 patients. Part 1: Frequency, syndrome 
specificity, influence of disease activity, long-term course, association 
with AQP4-IgG, and origin. J Neuroinflam. 2016;13(1):279. https://​doi.​org/​
10.​1186/​s12974-​016-​0717-1.

	7.	 Jarius S, Ruprecht K, Kleiter I, et al. MOG-IgG in NMO and related disor‑
ders: a multicenter study of 50 patients. Part 2: Epidemiology, clinical 
presentation, radiological and laboratory features, treatment responses, 
and long-term outcome. J Neuroinflam. 2016;13(1):280. https://​doi.​org/​
10.​1186/​s12974-​016-​0718-0.

	8.	 Jarius S, Kleiter I, Ruprecht K, et al. MOG-IgG in NMO and related disor‑
ders: a multicenter study of 50 patients. Part 3: Brainstem involvement 
- frequency, presentation and outcome. J Neuroinflam. 2016;13(1):281. 
https://​doi.​org/​10.​1186/​s12974-​016-​0719-z.

	9.	 Pache F, Zimmermann H, Mikolajczak J, et al. MOG-IgG in NMO and 
related disorders: a multicenter study of 50 patients Part 4: Afferent visual 
system damage after optic neuritis in MOG-IgG-seropositive versus 
AQP4-IgG-seropositive patients. J Neuroinflam. 2016;13(1):282. https://​
doi.​org/​10.​1186/​s12974-​016-​0720-6.

	10.	 Marignier R, Hacohen Y, Cobo-Calvo A, et al. Myelin-oligodendrocyte gly‑
coprotein antibody-associated disease. Lancet Neurol. 2021;20(9):762–72. 
https://​doi.​org/​10.​1016/​S1474-​4422(21)​00218-0.

https://doi.org/10.3389/fneur.2018.00888
https://doi.org/10.1038/s41572-020-0214-9
https://doi.org/10.1038/s41572-020-0214-9
https://doi.org/10.1111/bpa.12084
https://doi.org/10.1212/WNL.0000000000001729
https://doi.org/10.1186/s12974-018-1144-2
https://doi.org/10.1186/s12974-016-0717-1
https://doi.org/10.1186/s12974-016-0717-1
https://doi.org/10.1186/s12974-016-0718-0
https://doi.org/10.1186/s12974-016-0718-0
https://doi.org/10.1186/s12974-016-0719-z
https://doi.org/10.1186/s12974-016-0720-6
https://doi.org/10.1186/s12974-016-0720-6
https://doi.org/10.1016/S1474-4422(21)00218-0


Page 16 of 17Schroeder‑Castagno et al. Journal of Neuroinflammation          (2022) 19:239 

	11.	 Lucchinetti CF, Mandler RN, McGavern D, et al. A role for humoral 
mechanisms in the pathogenesis of Devic’s neuromyelitis optica. Brain. 
2002;125(Pt 7):1450–61. https://​doi.​org/​10.​1093/​brain/​awf151.

	12.	 Roemer SF, Parisi JE, Lennon VA, et al. Pattern-specific loss of aquaporin-4 
immunoreactivity distinguishes neuromyelitis optica from multiple scle‑
rosis. Brain. 2007;130(5):1194–205. https://​doi.​org/​10.​1093/​brain/​awl371.

	13.	 Misu T, Höftberger R, Fujihara K, et al. Presence of six different lesion 
types suggests diverse mechanisms of tissue injury in neuromyelitis 
optica. Acta Neuropathol. 2013;125(6):815–27. https://​doi.​org/​10.​1007/​
s00401-​013-​1116-7.

	14.	 Jarius S, Paul F, Franciotta D, et al. Cerebrospinal fluid findings in aqua‑
porin-4 antibody positive neuromyelitis optica: results from 211 lumbar 
punctures. J Neurol Sci. 2011;306(1–2):82–90. https://​doi.​org/​10.​1016/j.​
jns.​2011.​03.​038.

	15.	 Carnero Contentti E, Delgado-García G, Criniti J, et al. An Abnormally 
High Neutrophil-to-Lymphocyte Ratio Is Not an Independent Outcome 
Predictor in AQP4-IgG-Positive NMOSD. Front Immunol. 2021;12: 628024. 
https://​doi.​org/​10.​3389/​fimmu.​2021.​628024.

	16.	 Benetou C, Berti F, Hemingway C, Hacohen Y, Lim M. Neutrophil-to-lym‑
phocyte ratio correlates with disease activity in myelin oligodendrocyte 
glycoprotein antibody associated disease (MOGAD) in children. Mult 
Scler Relat Disord. 2020;45: 102345. https://​doi.​org/​10.​1016/j.​msard.​2020.​
102345.

	17.	 Saadoun S, Waters P, Bell BA, Vincent A, Verkman AS, Papadopoulos MC. 
Intra-cerebral injection of neuromyelitis optica immunoglobulin G and 
human complement produces neuromyelitis optica lesions in mice. 
Brain. 2010;133(Pt 2):349–61. https://​doi.​org/​10.​1093/​brain/​awp309.

	18.	 Saadoun S, Waters P, MacDonald C, et al. Neutrophil protease inhibition 
reduces neuromyelitis optica-immunoglobulin G-induced damage in 
mouse brain. Ann Neurol. 2012;71(3):323–33. https://​doi.​org/​10.​1002/​ana.​
22686.

	19.	 Kitic M, Hochmeister S, Wimmer I, et al. Intrastriatal injection of interleu‑
kin-1 beta triggers the formation of neuromyelitis optica-like lesions in 
NMO-IgG seropositive rats. Acta Neuropathol Commun. 2013;1:5. https://​
doi.​org/​10.​1186/​2051-​5960-1-5.

	20.	 Winkler A, Wrzos C, Haberl M, et al. Blood-brain barrier resealing in neu‑
romyelitis optica occurs independently of astrocyte regeneration. J Clin 
Invest. 2021;131:5. https://​doi.​org/​10.​1172/​JCI14​1694.

	21.	 Iwamoto S, Itokazu T, Sasaki A, et al. RGMa Signal in Macrophages Induces 
Neutrophil-Related Astrocytopathy in NMO. Ann Neurol. 2022;91(4):532–
47. https://​doi.​org/​10.​1002/​ana.​26327.

	22.	 Jacob A, Saadoun S, Kitley J, et al. Detrimental role of granulocyte-colony 
stimulating factor in neuromyelitis optica: clinical case and histological 
evidence. Mult Scler. 2012;18(12):1801–3. https://​doi.​org/​10.​1177/​13524​
58512​443994.

	23.	 Zhang H, Bennett JL, Verkman AS. Ex vivo spinal cord slice model of 
neuromyelitis optica reveals novel immunopathogenic mechanisms. Ann 
Neurol. 2011;70(6):943–54. https://​doi.​org/​10.​1002/​ana.​22551.

	24.	 Herges K, de Jong BA, Kolkowitz I, et al. Protective effect of an elastase 
inhibitor in a neuromyelitis optica-like disease driven by a peptide of 
myelin oligodendroglial glycoprotein. Mult Scler. 2012;18(4):398–408. 
https://​doi.​org/​10.​1177/​13524​58512​440060.

	25.	 Hertwig L, Pache F, Romero-Suarez S, et al. Distinct functionality of 
neutrophils in multiple sclerosis and neuromyelitis optica. Mult Scler. 
2016;22(2):160–73. https://​doi.​org/​10.​1177/​13524​58515​586084.

	26.	 Piatek P, Domowicz M, Lewkowicz N, et al. C5a-preactivated neutrophils 
are critical for autoimmune-induced astrocyte dysregulation in neuromy‑
elitis optica spectrum disorder. Front Immunol. 2018;9:1694. https://​doi.​
org/​10.​3389/​fimmu.​2018.​01694.

	27.	 Murata H, Kinoshita M, Yasumizu Y, et al. Cell-Free DNA derived from 
neutrophils triggers type 1 interferon signature in neuromyelitis optica 
spectrum disorder. Neurol Neuroimmunol Neuroinflam. 2022;9:3. https://​
doi.​org/​10.​1212/​NXI.​00000​00000​001149.

	28.	 Fuchs TA, Abed U, Goosmann C, et al. Novel cell death program leads to 
neutrophil extracellular traps. J Cell Biol. 2007;176(2):231–41. https://​doi.​
org/​10.​1083/​jcb.​20060​6027.

	29.	 Fresneda Alarcon M, McLaren Z, Wright HL. Neutrophils in the Pathogen‑
esis of Rheumatoid Arthritis and Systemic Lupus Erythematosus: Same 
Foe Different M.O. Front Immunol. 2021;12:649693. https://​doi.​org/​10.​
3389/​fimmu.​2021.​649693.

	30.	 Jarius S, Ruprecht K, Wildemann B, et al. Contrasting disease patterns 
in seropositive and seronegative neuromyelitis optica: A multicentre 
study of 175 patients. J Neuroinflam. 2012;9:14. https://​doi.​org/​10.​1186/​
1742-​2094-9-​14.

	31.	 Kurtzke JF. Rating neurologic impairment in multiple sclerosis: an 
expanded disability status scale (EDSS). Neurology. 1983;33(11):1444–52. 
https://​doi.​org/​10.​1212/​wnl.​33.​11.​1444.

	32.	 Akaishi T, Ishii T, Aoki M, Nakashima I. Calculating and comparing the 
annualized relapse rate and estimating the confidence interval in relaps‑
ing neurological diseases. Front Neurol. 2022. https://​doi.​org/​10.​3389/​
fneur.​2022.​875456.

	33.	 Jarius S, Probst C, Borowski K, et al. Standardized method for the detec‑
tion of antibodies to aquaporin-4 based on a highly sensitive immuno‑
fluorescence assay employing recombinant target antigen. J Neurol Sci. 
2010;291(1–2):52–6. https://​doi.​org/​10.​1016/j.​jns.​2010.​01.​002.

	34.	 Jarius S, Pellkofer H, Siebert N, et al. Cerebrospinal fluid findings in 
patients with myelin oligodendrocyte glycoprotein (MOG) antibodies. 
Part 1: Results from 163 lumbar punctures in 100 adult patients. J Neuro‑
inflam. 2020;17(1):261. https://​doi.​org/​10.​1186/​s12974-​020-​01824-2.

	35.	 Clark RA, Nauseef WM. Isolation and functional analysis of neutrophils. 
Curr Protoc Immunol. 2001;7:23. https://​doi.​org/​10.​1002/​04711​42735.​
im072​3s19.

	36.	 Kessenbrock K, Krumbholz M, Schönermarck U, et al. Netting neutro‑
phils in autoimmune small-vessel vasculitis. Nat Med. 2009;15(6):623–5. 
https://​doi.​org/​10.​1038/​nm.​1959.

	37.	 Watanabe M, Nakamura Y, Michalak Z, et al. Serum GFAP and neurofila‑
ment light as biomarkers of disease activity and disability in NMOSD. 
Neurology. 2019;93(13):e1299–311. https://​doi.​org/​10.​1212/​WNL.​00000​
00000​008160.

	38.	 Schindler P, Grittner U, Oechtering J, et al. Serum GFAP and NfL as 
disease severity and prognostic biomarkers in patients with aquaporin-4 
antibody-positive neuromyelitis optica spectrum disorder. J Neuroinflam‑
mation. 2021;18(1):105. https://​doi.​org/​10.​1186/​s12974-​021-​02138-7.

	39.	 Lucchinetti CF, Mandler RN, McGavern D, et al. A role for humoral 
mechanisms in the pathogenesis of Devic’s neuromyelitis optica. Brain. 
2002;125(Pt 7):1450–61. https://​doi.​org/​10.​1093/​brain/​awf151.

	40.	 Gupta S, Chan DW, Zaal KJ, Kaplan MJ. A high-throughput real-time imag‑
ing technique to quantify NETosis and distinguish mechanisms of cell 
death in human neutrophils. J Immunol. 2018;200(2):869–79. https://​doi.​
org/​10.​4049/​jimmu​nol.​17009​05.

	41.	 Kenny EF, Herzig A, Krüger R, et al. Diverse stimuli engage different neu‑
trophil extracellular trap pathways. Elife. 2017;6:e24437. https://​doi.​org/​
10.​7554/​eLife.​24437.

	42.	 Remijsen Q, Berghe TV, Wirawan E, et al. Neutrophil extracellular trap cell 
death requires both autophagy and superoxide generation. Cell Res. 
2011;21(2):290–304. https://​doi.​org/​10.​1038/​cr.​2010.​150.

	43.	 Brinkmann V, Zychlinsky A. Neutrophil extracellular traps: Is immunity the 
second function of chromatin? J Cell Biol. 2012;198(5):773–83. https://​doi.​
org/​10.​1083/​jcb.​20120​3170.

	44.	 Douda DN, Yip L, Khan MA, Grasemann H, Palaniyar N. Akt is essential 
to induce NADPH-dependent NETosis and to switch the neutrophil 
death to apoptosis. Blood. 2014;123(4):597–600. https://​doi.​org/​10.​1182/​
blood-​2013-​09-​526707.

	45.	 Azzouz D, Khan MA, Sweezey N, Palaniyar N. Two-in-one: UV radiation 
simultaneously induces apoptosis and NETosis. Cell Death Discovery. 
2018;4(1):1–13. https://​doi.​org/​10.​1038/​s41420-​018-​0048-3.

	46.	 Farrera C, Fadeel B. Macrophage clearance of neutrophil extracellular 
traps is a silent process. J Immunol. 2013;191(5):2647–56. https://​doi.​org/​
10.​4049/​jimmu​nol.​13004​36.

	47.	 Hakkim A, Fuchs TA, Martinez NE, et al. Activation of the Raf-MEK-ERK 
pathway is required for neutrophil extracellular trap formation. Nat Chem 
Biol. 2011;7(2):75–7. https://​doi.​org/​10.​1038/​nchem​bio.​496.

	48.	 Gray RD, Hardisty G, Regan KH, et al. Delayed neutrophil apoptosis 
enhances NET formation in cystic fibrosis. Thorax. 2018;73(2):134–44. 
https://​doi.​org/​10.​1136/​thora​xjnl-​2017-​210134.

	49.	 Noseykina EM, Schepetkin IA, Atochin DN. Molecular mechanisms for 
regulation of neutrophil apoptosis under normal and pathological condi‑
tions. J Evol Biochem Physiol. 2021;57(3):429–50. https://​doi.​org/​10.​1134/​
S0022​09302​10300​17.

https://doi.org/10.1093/brain/awf151
https://doi.org/10.1093/brain/awl371
https://doi.org/10.1007/s00401-013-1116-7
https://doi.org/10.1007/s00401-013-1116-7
https://doi.org/10.1016/j.jns.2011.03.038
https://doi.org/10.1016/j.jns.2011.03.038
https://doi.org/10.3389/fimmu.2021.628024
https://doi.org/10.1016/j.msard.2020.102345
https://doi.org/10.1016/j.msard.2020.102345
https://doi.org/10.1093/brain/awp309
https://doi.org/10.1002/ana.22686
https://doi.org/10.1002/ana.22686
https://doi.org/10.1186/2051-5960-1-5
https://doi.org/10.1186/2051-5960-1-5
https://doi.org/10.1172/JCI141694
https://doi.org/10.1002/ana.26327
https://doi.org/10.1177/1352458512443994
https://doi.org/10.1177/1352458512443994
https://doi.org/10.1002/ana.22551
https://doi.org/10.1177/1352458512440060
https://doi.org/10.1177/1352458515586084
https://doi.org/10.3389/fimmu.2018.01694
https://doi.org/10.3389/fimmu.2018.01694
https://doi.org/10.1212/NXI.0000000000001149
https://doi.org/10.1212/NXI.0000000000001149
https://doi.org/10.1083/jcb.200606027
https://doi.org/10.1083/jcb.200606027
https://doi.org/10.3389/fimmu.2021.649693
https://doi.org/10.3389/fimmu.2021.649693
https://doi.org/10.1186/1742-2094-9-14
https://doi.org/10.1186/1742-2094-9-14
https://doi.org/10.1212/wnl.33.11.1444
https://doi.org/10.3389/fneur.2022.875456
https://doi.org/10.3389/fneur.2022.875456
https://doi.org/10.1016/j.jns.2010.01.002
https://doi.org/10.1186/s12974-020-01824-2
https://doi.org/10.1002/0471142735.im0723s19
https://doi.org/10.1002/0471142735.im0723s19
https://doi.org/10.1038/nm.1959
https://doi.org/10.1212/WNL.0000000000008160
https://doi.org/10.1212/WNL.0000000000008160
https://doi.org/10.1186/s12974-021-02138-7
https://doi.org/10.1093/brain/awf151
https://doi.org/10.4049/jimmunol.1700905
https://doi.org/10.4049/jimmunol.1700905
https://doi.org/10.7554/eLife.24437
https://doi.org/10.7554/eLife.24437
https://doi.org/10.1038/cr.2010.150
https://doi.org/10.1083/jcb.201203170
https://doi.org/10.1083/jcb.201203170
https://doi.org/10.1182/blood-2013-09-526707
https://doi.org/10.1182/blood-2013-09-526707
https://doi.org/10.1038/s41420-018-0048-3
https://doi.org/10.4049/jimmunol.1300436
https://doi.org/10.4049/jimmunol.1300436
https://doi.org/10.1038/nchembio.496
https://doi.org/10.1136/thoraxjnl-2017-210134
https://doi.org/10.1134/S0022093021030017
https://doi.org/10.1134/S0022093021030017


Page 17 of 17Schroeder‑Castagno et al. Journal of Neuroinflammation          (2022) 19:239 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	50.	 Abdgawad M, Pettersson Å, Gunnarsson L, et al. Decreased neutrophil 
apoptosis in quiescent ANCA-associated systemic vasculitis. PLoS ONE. 
2012;7(3):e32439. https://​doi.​org/​10.​1371/​journ​al.​pone.​00324​39.

	51.	 Brannigan AE, O’Connell PR, Hurley H, et al. Neutrophil apopto‑
sis is delayed in patients with inflammatory bowel disease. Shock. 
2000;13(5):361–6. https://​doi.​org/​10.​1097/​00024​382-​20000​5000-​00003.

	52.	 Barrera L, Montes-Servín E, Hernandez-Martinez JM, et al. CD47 overex‑
pression is associated with decreased neutrophil apoptosis/phagocytosis 
and poor prognosis in non-small-cell lung cancer patients. Br J Cancer. 
2017;117(3):385–97. https://​doi.​org/​10.​1038/​bjc.​2017.​173.

	53.	 Paunel-Görgülü A, Zörnig M, Lögters T, et al. Mcl-1-mediated impair‑
ment of the intrinsic apoptosis pathway in circulating neutrophils from 
critically ill patients can be overcome by Fas stimulation. J Immunol. 
2009;183(10):6198–206. https://​doi.​org/​10.​4049/​jimmu​nol.​09012​64.

	54.	 O’Neill S, O’Neill AJ, Conroy E, Brady HR, Fitzpatrick JM, Watson RW. 
Altered caspase expression results in delayed neutrophil apoptosis in 
acute pancreatitis. J Leukoc Biol. 2000;68(1):15–20.

	55.	 Duvvuri B, Lood C. Cell-Free DNA as a biomarker in autoimmune rheu‑
matic diseases. Front Immunol. 2019;10:502. https://​doi.​org/​10.​3389/​
fimmu.​2019.​00502.

	56.	 Wright HL, Lyon M, Chapman EA, Moots RJ, Edwards SW. Rheumatoid 
arthritis synovial fluid neutrophils drive inflammation through production 
of chemokines, reactive oxygen species, and neutrophil extracellular 
traps. Front Immunol. 2021. https://​doi.​org/​10.​3389/​fimmu.​2020.​584116.

	57.	 Dang PMC, Elbim C, Marie JC, Chiandotto M, Gougerot-Pocidalo MA, 
El-Benna J. Anti-inflammatory effect of interleukin-10 on human 
neutrophil respiratory burst involves inhibition of GM-CSF-induced 
p47PHOX phosphorylation through a decrease in ERK1/2 activity. FASEB J. 
2006;20(9):1504–6. https://​doi.​org/​10.​1096/​fj.​05-​5395f​je.

	58.	 Keel M, Ungethüm U, Steckholzer U, et al. Interleukin-10 counterregulates 
proinflammatory cytokine-induced inhibition of neutrophil apoptosis 
during severe sepsis. Blood. 1997;90(9):3356–63.

	59.	 Kaneko K, Sato DK, Nakashima I, et al. CSF cytokine profile in MOG-IgG+ 
neurological disease is similar to AQP4-IgG+ NMOSD but distinct from 
MS: a cross-sectional study and potential therapeutic implications. J 
Neurol Neurosurg Psychiatry. 2018;89(9):927–36. https://​doi.​org/​10.​1136/​
jnnp-​2018-​317969.

	60.	 Spiekermann K, Roesler J, Emmendoerffer A, Elsner J, Welte K. Functional 
features of neutrophils induced by G-CSF and GM-CSF treatment: dif‑
ferential effects and clinical implications. Leukemia. 1997;11(4):466–78. 
https://​doi.​org/​10.​1038/​sj.​leu.​24006​07.

	61.	 Wei Y, Chang H, Li X, et al. Cytokines and tissue damage biomarkers 
in first-onset neuromyelitis optica spectrum disorders: significance of 
interleukin-6. NeuroImmunoModulation. 2018;25(4):215–24. https://​doi.​
org/​10.​1159/​00049​4976.

	62.	 Yandamuri SS, Jiang R, Sharma A, et al. High-throughput investigation 
of molecular and cellular biomarkers in NMOSD. Neurol Neuroimmunol 
Neuroinflam. 2020;7:5. https://​doi.​org/​10.​1212/​NXI.​00000​00000​000852.

	63.	 Girard D, Paquin R, Beaulieu AD. Responsiveness of human neutrophils to 
interleukin-4: induction of cytoskeletal rearrangements, de novo protein 
synthesis and delay of apoptosis. Biochem J. 1997;325(1):147–53.

	64.	 Costantini C, Micheletti A, Calzetti F, Perbellini O, Pizzolo G, Cassatella MA. 
Neutrophil activation and survival are modulated by interaction with NK 
cells. Int Immunol. 2010;22(10):827–38. https://​doi.​org/​10.​1093/​intimm/​
dxq434.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1371/journal.pone.0032439
https://doi.org/10.1097/00024382-200005000-00003
https://doi.org/10.1038/bjc.2017.173
https://doi.org/10.4049/jimmunol.0901264
https://doi.org/10.3389/fimmu.2019.00502
https://doi.org/10.3389/fimmu.2019.00502
https://doi.org/10.3389/fimmu.2020.584116
https://doi.org/10.1096/fj.05-5395fje
https://doi.org/10.1136/jnnp-2018-317969
https://doi.org/10.1136/jnnp-2018-317969
https://doi.org/10.1038/sj.leu.2400607
https://doi.org/10.1159/000494976
https://doi.org/10.1159/000494976
https://doi.org/10.1212/NXI.0000000000000852
https://doi.org/10.1093/intimm/dxq434
https://doi.org/10.1093/intimm/dxq434

	Impaired response of blood neutrophils to cell-death stimulus differentiates AQP4-IgG-seropositive NMOSD from MOGAD
	Abstract 
	Background: 
	Objective: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Material and methods
	Study participants
	Standard protocol approvals, registrations, and patient consents
	Antibody detection in serum
	Sample collection
	Neutrophil isolation and in vitro induction of neutrophil death with PMA
	Ex vivo analysis of neutrophil death by flow cytometry
	Protein extraction and western blot analysis
	Ex vivo assessment of granulocyte ROS production by flow cytometry
	Immunocytochemical staining and neutrophil cell death evaluation by fluorescence microscopy
	Evaluation of soluble markers of cell death in neutrophil culture supernatants and serum samples
	Evaluation of cytokines in serum samples of AQP4 + NMOSD and MOGAD patients and HC
	Evaluation of neurofilament light chain in serum
	Data analysis

	Results
	Clinical and demographic characteristics of study participants
	Neutrophils from AQP4 + NMOSD patients show an impaired cell death in response to in vitro PMA stimulation
	AQP4 + NMOSD-derived neutrophils undergo both apoptosis and NETosis in presence of PMA stimuli
	Modulation of caspase-3 activation in response to PMA differentiates AQP4 + NMOSD from HC neutrophils
	Soluble markers of NETosis are not affected in cultured AQP4 + NMOSD neutrophils
	ROS generation is not affected in AQP4 + NMOSD and MOGAD-derived granulocytes after PMA stimulation
	cfDNA is elevated in serum samples of AQP4 + NMOSD and is associated with serum NfL levels
	Increased levels of anti-apoptotic cytokines in AQP4 + NMOSD patients’ serum

	Discussion
	Limitations of the study

	Conclusion
	Acknowledgements
	References


