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Introduction
Neutrophil extracellular traps (NETs), discovered in 2004, are net-like 
complexes consisting of DNA, histones, and granule proteins, which 
are released by neutrophils to the extracellular space in a special form 
of programmed cell death (NETosis) [1, 2]. They  represent an evolu-

tionarily conserved element of the innate immune response and bind 
pathogens to prevent their spread. NETs formation is triggered by 
immune receptors through downstream intracellular mediators in-
cluding reactive oxygen species (ROS), produced by mitochondria 
or NADPH oxidases, which in turn activate myeloperoxidases (MPO), 
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ABSTR AcT

Neutrophil extracellular traps (NETs) are large structures com-
posed of chromatin, histones and granule-derived proteins re-
leased extracellularly by neutrophils. They are generally consid-
ered to be a part of the antimicrobial defense strategy, preventing 
the dissemination of pathogens. However, overproduction of NETs 
or	their	ineffective	clearance	can	drive	various	pathologies,	many	
of which are associated with advanced age and involve uncon-
trolled	inflammation,	oxidative,	cardiovascular	and	neurodegen-
erative stress as underlying mechanisms. Targeting NETs in the 
elderly as an anti-aging therapy seems to be a very attractive 
therapeutic	approach.	Therapeutic	apheresis	with	a	specific	filter	
to remove NETs could be a promising strategy worth considering.
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neutrophil elastase (NE) and protein-arginine deiminase type 4 
(PAD4) to stimulate chromatin decondensation [3, 4]. Current data 
show	that	NETosis	can	be	classified	into	two	types:	1)	‘suicidal’,	de-
pendent on NADPH oxidase activity, ultimately leading to death of 
the	neutrophils;	and	2)	‘vital’,	NADPH	oxidase-independent,	after	
which the cells are still alive [5]. Additionally, NETosis is regulated by 
the size of the microorganism, microbial virulence factors and cy-
tokines	[6–10]	and	the	created	NETs	can	have	different	forms,	rang-
ing from a band form, through a cloud-like shape, when the NET is 
fully hydrated, up to a network-like structure, exceeding 10–15 times 
the volume of the releasing cells [2, 11]. Recent studies revealed that 
NETs	are	branching	filament	networks,	with	a	highly	organized	po-
rous structure and with openings in the sizes corresponding to small 
pathogens [12].

However, in addition to current advances pointing to special-
ized protective functions of NETs, the list of medical conditions in 
which NETs are implicated as a pathogenic factor is continuously 
expanding. In addition, the role of NETs in healthy or disease-prone 
elderly is currently not well understood. Therefore, we aim to re-
view and assess the current role of NETs in aging and to discuss the 
role of NETs as a potential target for an anti-aging therapy.

NETs and the aging process: what do we 
currently know?
The process of aging is generally characterized by a gradual func-
tional decline. In mammals it occurs in a heterogeneous manner 
across multiple tissues, which leads to a progressive deterioration 
and ultimately causes organ dysfunction. In consequence, ad-
vanced age is an independent risk factor for many diseases, includ-
ing cardiovascular disease [13], dementia [14], osteoporosis [15], 
cancer	[16],	type	2	diabetes	[17],	idiopathic	pulmonary	fibrosis	
[18], glaucoma [19], and metabolic-associated fatty liver disease 
(MAFLD) [20]. Our understanding of aging remains limited, and its 
biological causes are largely unknown. What we do know, howev-
er,	is	that	aging	promotes	chronic	inflammation,	which	in	turn	is	
associated	with	the	development	of	fibrosis	and	organ	decline.	The	
release of NETs initiated by protein-arginine deiminase type 4 dam-
ages	cells	and	organs	in	various	models	of	acute	inflammation.	For	
example,	a	reduction	in	fibrosis	was	demonstrated	in	the	hearts	
and lungs of aged PAD4	−	/	−	 mice compared with wild-type litter-
mates.	In	addition,	in	an	experimental	model	of	cardiac	fibrosis,	
pressure	overload	contributed	to	NETosis	and	significant	platelet	
recruitment in myocardium from WT but not PAD4 	−	/	−	 mice 
[21, 22]. During the aging process, NETosis may be reduced  [23–26] 
or increased [21, 27], but most importantly the NETs are function-
ally	altered,	significantly	contributing	to	both	elevated	infection	
susceptibility and increased cardiovascular risk in the elderly. NETs 
are capable of targeting senescent vasculature for tissue remode-
ling in retinopathy [28]. Aged vasculature releases a secretome that 
attracts neutrophils and leads to NETosis. The NETs produced can 
remodel retinal vasculature through apoptotic elimination of en-
dothelial cells. On the other hand, abundant NETosis may exacer-
bate vasculopathy by causing microvascular occlusion or small ves-
sel vasculitis. These data are in line with the associations of diabet-
ic retinopathy in patients with elevated neutrophil levels [29, 30] 
and	the	finding	that	immunodepletion	of	neutrophils	preserves	

retinal microvasculature [31, 32]. Finally, chronic stress shifting 
normal circadian rhythm of neutrophils and leading to an increase 
in NETs formation may be related to the increased risk of metasta-
ses and worse cancer survival in the aging population [33].

Rational for targeting NETs in the elderly
The ability of NETs to damage tissue has been demonstrated both 
in	infection	and	sterile	inflammation.	Specifically,	NETs	can	directly	
kill epithelial cells [34], endothelial cells [35], and excessive NETosis 
injures the lung epithelium in fungal infections [6] and the endothe-
lium in transfusion-related acute pulmonary injury [36]. What is 
more, emerging evidence revealed the role of NETs in many condi-
tions usually associated with more advanced age, such as chronic 
inflammation,	where	they	are	implicated	in	various	stages	of	ath-
erosclerosis	and	respond	to	sterile	inflammatory	stimuli,	such	as	
lipoproteins and cytokines [37]. Furthermore, NETs promote im-
mune thrombosis through interaction with vascular endothelial 
cells and platelets and have been linked to the progression of car-
diovascular disease, including myocardial infarction and thrombo-
sis	[38,	39].	Moreover,	NETs	promote	cancer-related	inflammation	
and myocardial stress [40] and are implicated in interstitial lung 
disease	and	associated	fibrosis	in	both	acute	and	Long-COVID	dis-
ease [41]. Finally, there is a growing body of evidence suggesting 
that	dysregulated	production	of	NETs	significantly	contributes	to	
the pathogenesis of sepsis-induced multi-organ failure, including 
hypoxemia, arterial hypotension, coagulopathy, renal, hepatic and 
neurological dysfunction [42, 43]. Mechanistically, studies on an-
tibody-mediated neutralization suggest that histones bound to 
NETs play a key role in NETs-mediated cytotoxicity [34]. Other NET 
proteins, for example, defensins, can permeabilize eukaryotic cells 
[44, 45], whereas neutrophil elastase targets extracellular matrix 
proteins, which disrupts cell junctions [46]. In addition to that, NETs 
are a source of autoantigens and may trigger autoimmunity lead-
ing to production of autoantibodies directed against NETs’ com-
ponents in rheumatoid arthritis or systemic lupus erythematosus 
(SLE) [47].

Given that the aging process is associated with cellular and im-
mune	senescence	as	well	as	chronic	inflammation	and	vascular	de-
generation, targeting NETs as an anti-aging therapy could be an 
attractive strategy.

Strategies for anti-NETs therapy and role of 
novel approaches for therapeutic apheresis
NETosis and NETs themselves have been emerging as a promising 
target	for	acute	and	chronic	inflammatory	disorders.	In	numerous	
preclinical disease models including wound healing, thrombosis, 
atherosclerosis,	sepsis-induced	endotoxic	shock,	colitis,	fibrosis,	
and	SLE	blocking	NETs	exerted	a	positive	effect	[21,	48–58]

PAD4 inhibition and DNase
Both DNase-driven removal and blockade of PAD4 have been eval-
uated as a potential NETs-targeting approach. For example, stud-
ies	in	ApoE-deficient	mice	fed	a	high-fat	diet	demonstrated	that	
administration of a PAD inhibitor successfully blocked NETs gener-
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ation, decreased the size of atherosclerotic lesions, and postponed 
the onset of carotid thrombosis [59]. In acute carotid artery injury 
experiments,	deficiency	of	PAD4	in	the	bone	marrow-derived	cells	
or	DNase	I	treatment	protected	the	mice	from	superficial	plaque	
erosion [60]. Furthermore, in a mouse model of SLE, inhibition of 
PAD4 protected against kidney injury, vascular damage, and en-
dothelial dysfunction [49], however, not against end-organ dam-
age features of proteinuria [61]. In a rat model of ischemia-reper-
fusion injury, DNase I administration contributed to faster clear-
ance	of	NETs	and	significantly	improved	microvasculature	flow,	
which led to a diminished infarct size and ameliorated left ventricu-
lar remodeling [62]. However, DNase therapy is not free from dis-
advantages, as it removes only the DNA component of the NETs. 
The	highly	active	enzymes,	which	were	held	by	the	DNA	scaffold	
are released and still can damage healthy cells [63]. In addition to 
that, free circulating histones are cytotoxic, owing to their ability 
to compromise the integrity of cell membrane [64, 65]. Inhibition 
of PAD4 does not seem like a perfect solution either, given that 
even though heterozygous deletion of PAD4 in mice models of 
pneumonia improved survival, this was not the case in mice with 
total	PAD4	deficiency	[66].	Therefore,	it	would	be	very	difficult	to	

choose the correct dose of the drug that would have to be taken 
for a long time without resulting in an easily measurable readout 
that could be regularly monitored in the clinic.

Th2 cytokines
Interestingly,	patients	suffering	from	allergic	diseases	like	atopic	der-
matitis have reduced numbers of neutrophils in the skin compared 
to healthy people and diminished NETosis [67]. Experimental evi-
dence indicates that Th2 cytokines including IL-4 and IL-13 are in-
volved in this phenomenon, rising the intriguing possibility of utiliz-
ing them in a NETs-targeting therapy, however, more research is 
needed	to	investigate	the	clinical	benefits	of	this	approach	[68].

Hydroxychloroquine
Hydroxychloroquine (HDQ) is a drug used primarily for treating ma-
laria, but also SLE and RA [69, 70]. Interestingly, studies have re-
ported that HDQ can also reduce NETosis by suppressing PAD4 ex-
pression [71]. The utility of this approach was shown in a mouse 
model of ischemia/reperfusion injury [72]. Furthermore, HDQ was 

▶Fig. 1 NETs levels in patients referred for lipoprotein apheresis before the treatment, immediately after and 1 week after the treatment, divided 
according to apheresis method. The bars represent mean ± SEM. Data were analyzed using repeated measures ANOVA, or, if missing data is present, 
using	mixed-effects	analysis.	The	Geisser–Greenhouse	correction	was	used	to	adjust	for	the	lack	of	sphericity	and	the	Sidak	correction	was	used	to	
adjust for multiple comparisons. *p < 0.05; **p < 0.01; ****p < 0.0001.
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demonstrated to prevent neutrophils from absorbing tumor-de-
rived extracellular vesicles, which contribute to NETs formation 
[73]. However, there is also contradictory experimental evidence 
available,	showing	no	effect	of	HDQ	on	NETosis	[74].	Therefore,	the	
therapeutic potential of HDQ remains unclear.

Molecular hydrogen
Recently, the therapeutic potential of molecular hydrogen (H2) to 
inhibit formation of NETs has been demonstrated [75]. In vitro ex-
periments on human neutrophils showed that H2 can suppress neu-
trophil aggregation and subsequent NETosis. In vivo, inhalation of 
H2 limits NETs formation in the pulmonary arteries of a lipopoly-
saccharide-induced sepsis model of aged mini pigs [76].

N-Acetylcysteine
N-Acetylcysteine (NAC), is an antioxidant used in the treatment of 
chronic obstructive lung disease, acetaminophen overdose, bron-
chiectasis, and other diseases associated with ROS [77–80] Intrigu-
ingly, the drug has also been reported to dose-dependently reduce 
formation of NETs in human neutrophils stimulated with phorbol-

12-myristate-13 acetate (PMA) [81]. It also has been shown to limit 
NETosis in primary human neutrophils extracted from patients with 
chronic hematologic malignancies and healthy individuals [82].

Antibiotics
In addition to their antibacterial properties, some antibiotics can 
also be used as immunomodulators, as they are able to interact 
with various immune cells, including neutrophils [83, 84]. Follow-
ing this observation, pretreatment of human PMA-stimulated neu-
trophils with azithromycin and chloramphenicol has been demon-
strated to reduce NETs formation [85].

In	summary,	targeting	specific	steps	of	NETosis	or	NETs	them-
selves	can	offer	therapeutic	benefits	in	NETs-associated	patholo-
gies. However, all the approaches considered so far are not free 
from	severe	side	effects,	such	as	increased	susceptibility	to	infec-
tions and weakened immune system, which can be particularly det-
rimental in the elderly. Additionally, it has to be taken into account 
that most of the data on the potential anti-NETs approaches have 
been generated using PMA, a plant-derived organic compound, as 
a neutrophil stimulant. This substance is inducing only one of many 
molecular pathways involved in NETosis [3]. It cannot be excluded 

▶Fig. 2 NETs levels in patients referred for lipoprotein apheresis before the treatment, immediately after and 1 week after the treatment, divided 
according to the concomitant disease. The bars represent mean ± SEM. Data were analyzed using repeated measures ANOVA, or, if missing data is 
present,	using	mixed-effects	analysis.	The	Geisser–Greenhouse	correction	was	used	to	adjust	for	the	lack	of	sphericity	and	the	Sidak	correction	was	
used to adjust for multiple comparisons. *p < 0.05; **p < 0.01; ****p < 0.0001.
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that	the	results	would	have	been	different	with	a	more	physiolog-
ically relevant stimulus. What is more, proteomic analysis revealed 
that NETs induced by various stimuli are highly heterogeneous in 
terms	of	post-translational	modifications	and	protein	composition.	
This	data	strongly	suggest	that	NETs	induced	in	different	conditions	
may	exert	different	biological	functions	[86].

Therapeutic apheresis?
Therapeutic apheresis (TA) is an extracorporeal treatment meth-
od, which selectively removes cells or molecules from the blood, 
which are contributing to or directly cause certain pathologies. 
Given the involvement of NETs in many pathologies described 
above	and	the	lack	of	specific,	approved	and	safe	approaches	to	in-
hibit the formation of or to remove NETs, we raised the intriguing 
question,	whether	therapeutic	apheresis	may	have	a	non-specific,	
additional	effect	of	removal	of	NETs.	With	this	goal	in	mind,	we	col-
lected blood samples from 52 patients treated with lipoprotein 
apheresis at the Lipid Center of the University Hospital in Dresden, 
Germany, just before and after a single treatment session and one 
week later (ethics vote: EK403102014). Apheresis was performed 
using	methods	based	on	double-filtration,	precipitation	or	(immu-
no) adsorption and NETs in plasma were measured using a chemi-
luminescence immunoassay including labeled anti-nucleosome 
and	anti-histone	modification	antibodies.	Surprisingly,	all	aphere-
sis methods investigated led not to a decrease, but an increase in 
the levels of circulating NETs right after the treatment session. One 
week later the plasma levels of NETs were back to baseline. We ob-
served the same pattern of response regardless of the apheresis 
method used or the concomitant disease (▶Fig. 1,  2). Our results 
suggest	the	possible	benefit	of	adding	an	additional	NETs-specific	
filter	to	remove	the	excess	of	NETs	before	reinfusion	of	plasma	in	
patients undergoing apheresis. However, at this point we do not 

know what the physiological consequence of the abrupt increase 
in the NETs levels after apheresis is or how long does it last. Under-
standing the mechanisms responsible for the elevated NETs levels 
after apheresis requires further research, but one possible expla-
nation might be that cell injury in the extracorporeal circuits leads 
to release of NETs.

In	the	next	step,	we	tested	the	efficiency	of	the	NucleoCapture	
column (Santersus) to remove NETs from circulation. A patient with 
systemic lupus erythematosus and severe exacerbation (SLEDAI-2K 
– 32) was treated with 3 sessions of apheresis with the NecleoCap-
ture column with one-day interval between procedures together 
with the standard therapy (6-methylprednisolone at a dose of 16 
mg/day). The treatment not only led to almost complete removal 
of cell-free DNA (▶Fig. 3), but also to a reduction of the SLEDAI-2k 
score to 12 right after the procedure and to 6 three months later. 
Even though the patient received a standard therapy, which poten-
tially	could	affect	the	NETs	levels,	the	effect	of	steroids	on	NETs	is	
complex	and	current	findings	seem	to	be	conflicting.	While	in	vitro	
data	show	little	effect	on	NETs,	there	is	recent	data	showing	that	
endogenous glucocorticoids via activation of the hypothalamic-pi-
tuitary-adrenal axis may induce NETosis [33]. However, high dose 
of external glucocorticoids has been reported to decrease NETs for-
mation in vivo in an equine model of asthma [87].

Conclusions
Targeting NETs and their removal in elderly patients could poten-
tially be an intriguing anti-aging strategy capable of alleviating at 
least some of the diseases associated with advanced age. Current-
ly considered approaches compromise the defensive functions of 
neutrophils, which may be particularly detrimental in the elderly. 
We have demonstrated that usual lipoprotein apheresis, contrary 
to our initial hypothesis, leads to an increase in the levels of circu-
lating	NETs.	Our	observations	suggest	the	potential	benefit	of	add-
ing	an	additional	NETs-specific	filter	to	remove	the	excess	of	NETs	
before reinfusing plasma in patients undergoing lipoprotein apher-
esis. Special attention will have to be paid not to introduce this ther-
apy	in	circumstances	where	NETs	are	beneficial,	like	acute	infec-
tion. After all, it is all about right timing.

Limitations
The study is observational only, we did not study the mechanism 
of increase in NETs after the conventional apheresis methods.
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