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Abstract

Background: NET (neutrophil extracellular trap) has been shown to directly influence inflammation; in SLE
(systemic lupus erythematosus), it is reportedly a plausible cause for the broken self-tolerance that contributes to
this pathology. Meanwhile, the role of NET is not easily explicable, and there is a serious discrepancy in the role of
NET in SLE pathology and generally inflammation; in particular, the interactions of neutrophils with NET have been
rarely inspected. This study evaluates the effect of NET on neutrophils in the context of SLE. The neutrophils were
incubated by the collected NET (from SLE patients and healthy controls) and their expression of an activation
marker, viability and oxidative burst ability were measured.

Results: The level of cell mortality, CD11b expression and the oxidative burst capacity were elevated in NET-treated
neutrophils. Also, the elevation caused by the SLE NET was higher than that produced by the healthy NET.

Conclusion: The decreased neutrophil viability was not due to the increase in apoptosis; rather, it was because of
the augmentation of other inflammatory cell-death modes. The upregulation of CD11b implies that NET causes
neutrophils to more actively contribute to inflammation. The increased oxidative burst capacity of neutrophils can
play a double role in inflammation. Overall, the effects induced by NET on neutrophils help prolong inflammation;
accordingly, the NET collected from SLE patients is stronger than the NET from healthy individuals.

Keywords: Inflammation, Damage-associated molecular patterns (DAMP), Neutrophil extracellular trap (NET),
Neutrophils, Systemic lupus erythematosus (SLE)

Background
Systemic Lupus Erythematosus (SLE) is an auto-
inflammatory disorder that, like most other chronic in-
flammatory diseases, has a complex etiology and

pathology [1]. In SLE, accelerated cell death together
with the ineffective clearance of the subsequent debris,
the augmented oxidative stress and their added effects
result in the accumulation of myriad DAMPs (damage-
associated molecular patterns), which activate the PRRs
(pattern recognition receptors) on multiple innate im-
mune cells [2, 3]. The result is a systemic inflammatory
response that also culminates in the activation of

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: pourazar@med.mui.ac.ir
2Department of Immunology, Medical School, Isfahan University of Medical
Sciences, Hezar Jerib Street, Isfahan, IR 81746-73695, Iran
Full list of author information is available at the end of the article

Fatemi et al. BMC Immunology           (2021) 22:12 
https://doi.org/10.1186/s12865-021-00402-2

http://crossmark.crossref.org/dialog/?doi=10.1186/s12865-021-00402-2&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:pourazar@med.mui.ac.ir


adaptive immunity and eventually breaks the self-
tolerance [1, 4]. As such, many autoreactive T and B
lymphocytes emerge against cellular constituents, espe-
cially nuclear components, which are widespread in this
disease [2]. Accordingly, the expression of pathogenic
antinuclear antibodies (ANAs) is an important feature of
SLE [1, 2]. The binding of these autoantibodies to their
target forms immune complexes (ICs) that further amp-
lify the systemic inflammation that can affect almost all
tissues and organs of the body, thus resulting in broad
clinical manifestations [1].
Because of the emerging aspects of neutrophil biology,

the role of neutrophils in the onset and persistence of
DAMP-induced inflammation in SLE has recently be-
come the focus of attention [5]. Neutrophils may
undergo profound cell death and supplement the burden
of cell death DAMPs [2]. Neutrophils possess the en-
zyme complex NADPH oxidase (NOX2), the key produ-
cer of reactive oxygen species (ROS) during the
oxidative/respiratory burst process that has a robust
antimicrobial function [5]. Alternatively, the overproduc-
tion of ROS has been implicated in SLE pathogenesis by
enhancing oxidative stress [3]. Furthermore, activated
neutrophils undertake a form of inflammatory cell death
called NETosis, in which they release nuclear chromatin
together with granule proteins to form an extracellular
web-like structure known as neutrophil extracellular
traps (NETs) [6]. Most of the contributing components
of NET (dsDNA, nucleosomes, and histones) act as
DAMP [7]. Interestingly, the production of NET is in-
creased in many chronic diseases [8] and the NET from
these patients has more various DAMPs compared to
the NET from healthy people [9]. Many studies have
demonstrated that NET plays a critical role in SLE path-
ology [10]. They have shown that NET can be the target
of autoantibodies, resulting in pathologic ICs during SLE
[2]. The discovery of a subgroup of inflammatory neu-
trophils with an enhanced propensity to NET formation
and the observation of delayed NET degradation in the
subset of SLE patients reinforced previous findings [6,
11]. Further studies, however, showed that the role of
NET in SLE cannot be easily explained and remains a
controversial issue at the moment [6, 10].
To the researchers’ knowledge, unlike other inflamma-

tory cells such as macrophages [12], monocytes [13], and
lymphocytes [14], no studies have yet investigated the
various neutrophil functions after exposure to NET.
Notably, neutrophils express many PRRs whose ligands
are found in NET, and the activation of these PRRs on
other cells by NET has previously been reported in other
studies [9, 15]. This study thus hypothesized that, as the
primary responders during inflammation [8], neutrophils
are influenced by NET too. To test this hypothesis and
also help understand the enigmatic role of NET in SLE,

the effect of NET on neutrophils was evaluated in the
context of SLE with an emphasis on neutrophil func-
tions that are important in the pathogenesis of SLE. For
this purpose, NET was isolated from SLE patients and
healthy individuals and its effect on the activation, apop-
tosis and oxidative burst ability of neutrophils was
measured.

Results
Patients and controls
Seventeen patients who fulfilled the American College of
Rheumatology (ACR) classification criteria for SLE [16]
and registered at a lupus clinic affiliated with Isafahan
University of Medical Sciences, and 17 healthy volun-
teers were enrolled in this study (Supplementary Docu-
ment 1, Table S1).

NET visualization, collection and comparison
After PMA (Phorbol 12-myristate 13-acetate) stimula-
tion, the production of NET from the neutrophils was
confirmed with the observation of the filamentous ap-
pearance of unwound chromatin, which coexisted with
neutrophil elastase (NE) (Fig. 1).
After NET collection by a non-enzymatic approach

[17–19], the DNA content of the isolated NET samples
was observed in a gel; also, the extent of NET produc-
tion along with the protein and DNA content of NET
samples were quantified and compared between patients
and controls (Supplementary Document 2).

The viability of neutrophils
FITC-annexin-V, which binds specifically to phosphati-
dylserine (PS), was used to identify the early apoptotic
cells. The neutrophils were also co-stained by Propidium
Iodide (PI), a nucleophilic dye excluded from cells with
an intact membrane to differentiate viable (annexin−/PI-
), necrotic (annexin−/PI+), early (annexin+/PI-) and late
(annexin+/PI+) apoptotic cells from each other (Fig. 2).
The results showed a remarkable reduction in the viabil-
ity of neutrophils cocultured with NET rather than those
cultured alone; however, there was no statistically signifi-
cant difference between the percentage of live neutro-
phils cocultured with NET from the healthy persons and
the SLE patients (Table 1).
Analyzing the viability data in detail showed that the per-

centage of early apoptotic cells did not differ between the
groups of neutrophils that were cultured with NET from the
normal control and the patients and the no-NET cases, in-
cluding the cultures with no add-in and the cultures that
contained NCM (NET control medium)- which was the col-
lected medium from the unstimulated healthy and SLE neu-
trophils in the NET-inducing experiments (P = 0.059). The
percentage of late apoptotic and necrotic cells in the neutro-
phils cocultured with normal NET was higher compared to
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Fig. 1 The detection of neutrophil-derived NET by immunofluorescence microscopy. To observe NET, activated (A photographs) PMNs or resting
PMNs (B photographs) were fixed and immune-stained with specific anti-NE antibody followed by a fluorescent secondary antibody (red, middle
photographs). The samples were stained with DAPI to counter stain the nucleus and extracellular DNA in blue (upper photographs). The overlay
of the two channels is shown in the photographs at the bottom. All photos presented neutrophils from a control sample. NE: neutrophil elastase

Fig. 2 The Detection of dead cells by flow cytometry. The blood granulocytes isolated were cultured with the NET of either the healthy subjects
or the patients for about 4 h, then stained with FITC-annexin-V and PI to differentiate between the viable, necrotic, early and late apoptotic cells.
Plots B and C represent the same sample double-stained after coculture with normal (b) and SLE neutrophil-derived NET (c); plot A shows the
same sample unstained. An-V: annexin-V, PI: Propidium Iodide

Fatemi et al. BMC Immunology           (2021) 22:12 Page 3 of 11



the neutrophils cocultured without NET (for late apoptosis,
P = 0.000 and for necrosis, P = 0.032), and the percentage
was highest in the neutrophils cocultured with SLE NET (for
late apoptosis, P = 0.000 and for necrosis, P = 0.001). The
difference between neutrophils cocultured with normal NET
and those cocultured with SLE NET were statistically signifi-
cant regarding late apoptosis (P = 0.008) and not significant
regarding necrosis (P = 0.120) (Fig. 3).

CD11b expression of neutrophils
This study showed a significant elevation in CD11b ex-
pression on the LPS-stimulated neutrophils incubated
with either healthy (P = 0.000) or SLE NET (P = 0.017)
compared to the untreated neutrophils (Fig. 4). Also, the

neutrophils cultured with NET obtained from the SLE
neutrophils showed a higher increase in CD11b expres-
sion than those cultured with NET obtained from normal
neutrophils (P = 0.001). Yet, the differences between the
cells cocultured with or without SLE and healthy NCM
(or NET control medium which was collected from the
unstimulated healthy and SLE neutrophils in the NET-
inducing experiments) were not significant (P = 0.847).
The pretreatment of granulocytes by SLE/healthy NET
alone (without LPS stimulation) did not change the
CD11b expression on the cells (P = 0. 491) (Fig. 5).

Respiratory burst rate of neutrophils
Following the discussed treatments, oxidative burst (OB)
was measured in the PMA-induced neutrophils after
staining with DHR. The mean fluorescence of the neutro-
phils indicated the amount of ROS production. The re-
sults were shown as oxidative burst index (OBI), which is
the ratio of the mean fluorescence of the stimulated neu-
trophils to the mean fluorescence of the unstimulated
neutrophils. A significant increase was detected in the re-
spiratory burst rate of the neutrophils upon exposure to
both SLE (P = 0.000) and healthy NET (P = 0.008) com-
pared to the non-exposed cells. Besides, the PMNs incu-
bated with SLE-neutrophil-isolated NET showed a greater
increment than those incubated with the healthy
neutrophil-isolated NET (P = 0.000). No statistically

Table 1 The viability of granulocytes in contact with SLE or
healthy neutrophil-derived NET

Group Viable Cells (percent) P value

SLE NETs 45.67 ± 2.38 0.101

Normal NETs 55.04 ± 1.52

No NETs 71.26 ± 1.60 0.645

SLE NCM 71.22 ± 1.61

Normal NCM 75.64 ± 1.51

P value 0.00

NCM NET control medium, which refers to the medium that was collected
from unstimulated (SLE and healthy) neutrophils in NET-inducing experiments.

Fig. 3 The effects of NET on the death of granulocytes. The death of neutrophils was evaluated after 4 h-contact with the NET of both healthy
subjects and patients. In the case of early apoptosis, no significant differences were observed between the coculture with NET, NCM or nothing.
Regarding late apoptosis, a significant increase was detected in the cocultures with either normal or SLE NET in comparison to the control
cocultures (the cocultures contained no NET or NCM). The level of late apoptosis was also significantly higher in the cocultures of SLE NET than
the cocultures of normal NET. The percentage of necrotic neutrophils after contact with the NET of both healthy subjects and patients for about
4 h increased significantly compared to the neutrophils in contact with no NET. The difference in the percentage of necrotic cells was statistically
insignificant between the SLE NET-contained cocultures and the normal NET-contained cocultures. NCM: NET control medium, which refers to
the medium that was collected from the unstimulated healthy and SLE neutrophils in the NET-inducing experiments
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significant differences were observed between the unincu-
bated cells and the neutrophils pre-incubated with either
SLE or healthy NCM (P = 0.303). The pretreatment of
granulocytes by SLE/healthy NET alone (without PMA
stimulation) did not change the cells’ level of oxidative
burst noticeably (Fig. 6).

Disscussion
In 2004, a definition was provided for NET that was
followed by a massive wave of research on neutrophils
that led to emphasizing their importance in acute and
chronic inflammation [5, 8]. These studies proved that
NET production increases under inflammatory condi-
tions, including in SLE [8]. NET was shown to directly
influence inflammation [20] and provide autoantigens
for pathologic autoantibodies during SLE [2]. More not-
ably, as a large complex compound in which many types
of DAMPs interact with each other, NET can interplay
with the immune cells [12–14], including its producers,
i.e. neutrophils [21]. Nonetheless, there is a serious dis-
crepancy in the role of NET in inflammation [6, 20, 22];
in particular, the interactions of neutrophils with NET

have been rarely inspected. The present study evaluated
the effect of NET on neutrophils in the context of SLE.
Regarding the prominence of cell mortality in SLE [2],

the viability and apoptosis of neutrophils upon encoun-
ter with normal and SLE neutrophil-derived NET were
assessed; while NET augmented the percentage of late
apoptotic cells, it did not affect the early apoptotic cells
of neutrophils. Although some studies have reported
that NET or its components induce apoptosis in some
cell types [23], it cannot be deduced from the present
findings that NET-treated neutrophils undergo apoptosis
more than unaffected granulocytes because of the un-
changed rate of early apoptosis.
To explain the increase in late apoptotic neutrophils

without a raise in the early apoptotic cells, it should be
noted that every dying cell with asymmetric and perme-
able plasma membrane that represents the annexin+/PI+

phenotype after annexin/PI double staining is not neces-
sarily a late apoptotic cell. The externalization of phos-
phatidylserine (PS) and permeabilization of the plasma
membrane are also seen in other types of cell death, par-
ticularly in pyroptosis and NETosis [24]. It is thus highly

Fig. 4 The upregulated CD11b expression following exposure to NET. Plot A shows the overlaid histogram of the unstimulated (as the negative
control) and the LPS-stimulated neutrophils plus the normal-NET-treated and SLE-NET-treated LPS-stimulated neutrophils of the same sample, and
their corresponding MFIs (Mean Fluorescence Intensities) are also presented in the table above the figure. The isotype control histogram is also
shown in black. Plots B-D represent the unstimulated, LPS-stimulated, and normal NET-treated neutrophils of the same sample

Fatemi et al. BMC Immunology           (2021) 22:12 Page 5 of 11



Fig. 5 The impact of NET on the activation of granulocytes. After the designated treatments (with or without healthy and SLE NET), the upregulation of
CD11b expression on the cell surface of LPS-challenged neutrophils was compared. Although the differences between the untreated and either the patient or
healthy NET-treated neutrophils were significant, the difference between CD11b expression in untreated and NCM-treated granulocytes was not significant.
NET pretreatment alone (without LPS stimulation) did not change the CD11b expression on the neutrophils. NCM: NET control medium; refers to the collected
medium from the unstimulated healthy and SLE neutrophils in the NET-inducing experiments. MFI: Mean Fluorescence Intensity

Fig. 6 The effect of NET on the respiratory burst of neutrophils. a Following treatments with or without NET, PMA-stimulated granulocytes were
stained by DHR and run on the flow cytometer to determine their OB capacity. The OB ability of the incubated neutrophils with either healthy
and SLE NET was enhanced compared to the unincubated cells; the difference between the the two latter groups was also significant. The OB
capacity of neutrophils did not change with NET pretreatment alone (with no stimulation). b The mean fluorescence of the activated neutrophils
stained by DHR (details in the Methods section) increased because of ROS production as a result of OB. The plot shows the overlaid histograms
of the unstimulated, PMA-stimulated, NET-treated unstimulated, normal-NET-treated PMA-stimulated, and SLE-NET-treated PMA-stimulated
neutrophils from the same sample plus their corresponding OBI (Oxidative Burst Index) in the table. The unstained neutrophils are also shown.
NCM or NET control medium refers to the medium that was collected from the unstimulated healthy and SLE neutrophils in the
NET-inducing experiments
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likely that some of the non-apoptotic dying cells, espe-
cially NETting and pyroptotic cells, are wrongly consid-
ered as the late apoptotic cells in studies that evaluated PS
expression plus the plasma membrane integrity to assess
apoptosis; and, as such, in the present study [25]. From
this point of view, the results of the current study suggest
that NET increases cell demise by the augmentation of
cell death modes other than apoptosis –more likely, pyr-
optosis and NETosis. This conclusion clearly needs fur-
ther proof by well-designed studies; however, there is
already ample evidence for this deduction:
First, the percentage of PS-externalizing neutrophils

with an intact membrane (annexin+/PI−), which are con-
sidered specific features of (early) apoptotic cells [24],
was not affected by NET. Second, studies have reported
an enhanced NETosis in human neutrophils by HMGB1
and extracellular histones, which collectively constitute
more than 70% of NET-associated proteins [6, 26], and
also by NET-containing media collected from PMA-
stimulated neutrophil cultures [21, 27]. Third, several
studies on different DAMPs, such as HMGB1 [28] and
histone [29] and even the whole NET [29], have estab-
lished that these DAMPs can induce pyroptosis in differ-
ent types of cells [30, 31]. Similarly, Kahlenberg et al. [15]
showed that the NET isolated from both the lupus and
control subjects was an effective activator of pyroptosis in
human macrophages. More relevantly, Chen et al. [32]
demonstrated that the NET collected from PMA-
stimulated PMN following coculture with normal bone
marrow-derived macrophages caused cell pyroptosis.
Nevertheless, neither of these or other studies have ex-
plored pyroptosis in human granulocytes during SLE, but
the contribution of the DAMP-induced pyroptosis of dif-
ferent types of cells in the pathology of SLE has been dem-
onstrated in a large number of reports [15, 33]; therefore,
the increase in the pyroptosis of granulocytes in response
to the DAMP carrier structure of NET is well conceivable.
Fourth, the NET obtained from SLE patients, which is ex-
pected to carry a higher level of DAMP [9], resulted in a
greater increase in the annexin+/PI+ cell population than
the NET obtained from healthy subjects.
The present findings also showed a rise in the necrosis

of NET-treated neutrophils, which is compatible with
previous studies that had demonstrated that various
DAMPs, including nucleosomes, histone, and entire
NET, can induce necrosis in multiple types of immune
or non-immune cells [21, 29, 34]. Also, the greater in-
crease in the percentage of necrotic neutrophils follow-
ing incubation with SLE NET compared to those
incubated with healthy NET can be explained by the
higher content of DAMPs in SLE NET [9, 35].
Given our results and other above-mentioned studies,

the decreased number of viable neutrophils observed in
the current study after 4 h of co-incubation with NET is

not due to the increased apoptosis, which is considered
the only kind of cell death of an anti-inflammatory na-
ture [33], but reflects the augmentation of necrosis and
potentially other inflammatory cell-death modalities,
most likely, NETosis and pyroptosis [25]. Of course, this
notion should be confirmed by further studies that
would directly measure other types of cell death.
The upregulation of CD11b expression in neutrophils

following NET exposure was assessed as an activation/
degranulation marker of granulocytes [8]. The present
findings revealed an obvious increase in the expression
of CD11b on LPS-stimulated granulocytes after encoun-
ter with NET. The review of literature did not yield any
studies on the effect of whole NET on CD11b expression
on granulocytes; however, studies on separate DAMPs
have shown an upregulation of CD11b on neutrophils
after stimulation by nucleosome, Myeloperoxidase
(MPO) and Calprotectin (S100A8 and S100A9) [36–38]
–all of which are important constituents of NET [7, 26].
Moreover, an additional increase was observed following
incubation with SLE NET compared to those incubated
with healthy NET, which is in agreement with the re-
ports by Ribon et al. [39], who showed a higher upregu-
lated CD11b expression on neutrophils following
exposure to higher levels of purified chromatin, or the
study by Lindau et al. [40], who demonstrated a clear
dose-dependent effect for nucleosomes on the upregula-
tion of CD11b expression in neutrophils.
Despite the sufficient number of studies on the contri-

bution of ROS and their induced oxidative stress in the
pathology of SLE [1, 3], the impact of whole NET or its
many well-known contributing DAMPs, such as his-
tones, nucleosome, and chromatin, on granulocytes’ oxi-
dative burst (OB) remains exceptionally unexplored.
Likewise, few investigations were found on the effect of
NET-related DAMPs on the OB of neutrophils. Sroussi
et al. [41] showed that Calprotectin (S100A8 and
S100A9) inhibited the OB of neutrophils. Lau et al. [36]
found that MPO increases the ability of OB in human
neutrophils. Tadié et al. [42] observed that the exposure
of human neutrophils to HMGB1 diminishes the rate of
OB. All of these DAMPs are fundamental elements of
NET [6, 26]; this fact, along with the lack of data about
other NET-associated DAMPs, make explaining the im-
pact of NET on the respiratory burst of neutrophils a
very intricate matter. Nonetheless, Tadié et al. [42]
found the salient point that two distinct DAMPs
(HMGB1 and S100B, both key components of NET)
binding to the same PRR inversely affect the rate of neu-
trophil OB. Moreover, the same study [42] showed that
different DAMPs interfere with each other’s effect on
the OB of neutrophils. Similar functions also can be ex-
pected from NET as a rich source of DAMPs; although
each contributing component of NET may affect the OB

Fatemi et al. BMC Immunology           (2021) 22:12 Page 7 of 11



ability of neutrophils individually, the overall effect de-
rives from the whole existing DAMPs in NET, and their
interfering with each other is to potentiate the OB cap-
ability of neutrophils, as shown here.
One of the limitations of the present research was that

the exact components of the two NET types were not
compared. Thus, the responsible agent/s for more en-
hancements of cell mortality, CD11b expression, and OB
ability of neutrophils in SLE NET could not be identi-
fied. The work of Bruschi et al. [43], who recently inves-
tigated differences between the protein composition of
SLE and normal neutrophil-derived NET, may help
propose scientific suggestions in this regard. They dem-
onstrated a notable increase in the level of HMGB1 and
histone H1, a slight increase in Calprotectin, and a not-
able decrease in the level of MPO in SLE NET compared
to normal NET. Although these changes may be the
causes of additional increment of mortality [27, 31] and
CD11b expression [37, 44], they do not explain the in-
creased OB capacity of neutrophils. They also found sev-
eral proteins that were differently expressed by the two
NET types, the impacts of which on neutrophil functions
have not been elucidated yet. Regarding these issues plus
the fact that the interaction of DAMPs with each other
can change their effects [42, 45], determining the exact
component(s) which mediate the extra effect of SLE
NET need to be explored in the future, well-designed in-
hibitory investigations.
This study was conducted to investigate how, as a bio-

logical product enriched by multiple DAMPs [7], NET
influences neutrophil effector responses and whether the
NET produced by the neutrophils of SLE patients differs
from healthy neutrophil-derived NET in terms of affect-
ing neutrophil activities. According to the present find-
ings, NET diminished the longevity of neutrophils and
hastened their death. While this phenomenon may help
alleviate ongoing inflammation by the elimination of
neutrophils as important inflammatory cells [5, 6], the
pro-inflammatory death (necrosis and potentially pyrop-
tosis and NETosis) induced by NET can further intensify
the inflammation. Moreover, it increases the burden of
dead cells and thus exacerbates the disease.
Furthermore, DAMPs incorporated within NET cause

neutrophils to increase CD11b upregulation. Regarding
the key role of CD11b in most inflammatory activities of
granulocytes, such as degranulation, neutrophil recruit-
ment, and aggregation at inflammatory sites [8], these
neutrophils can more actively contribute to the ongoing
inflammation and aggravate the disease. However, recent
researches suggest two anti-inflammatory functions for
CD11b in neutrophils during SLE [46].
Since ROS can act as a double-edged sword in SLE

pathogenesis [35], the effects observed for NET on the
respiratory burst of neutrophils cannot be easily

interpreted. Surplus ROS production can result in en-
hanced oxidative stress, which is involved in SLE patho-
genesis [3]. Alternatively, the deficiency of ROS allows
for the excessive degranulation of neutrophils following
stimulation, leading to tissue damage and thereby sus-
taining inflammation via the release of DAMPs; also, the
impairment of ROS can increase predisposition to SLE
[35, 47].

Conclusions
To conclude, this study indicates that, as a biological
product generated under inflammatory conditions, NET
can influence the effector functions of human neutro-
phils. The NET-induced effects on neutrophil activities
seem to be more in favor of prolongation/augmentation
of the inflammation rather than its diminishing, and the
NET obtained from SLE patients is more potent in this
effect compared to the NET obtained from healthy
individuals.

Methods
All methods and protocols were performed in accord-
ance with the guidelines of the Ethics Committee of
Isfahan University of Medical Sciences.

Blood samples
Venous blood was collected from each of the subjects
(patients and volunteers) and poured into polypropylene
tubes containing EDTA-ACD (Acid Citrate Dextrose).

Neutrophil isolation
Neutrophil isolation from the blood was carried out as
previously described [48]. Briefly, after PRP (Platelet-
Rich Plasma) separation and RBC sedimentation by dex-
tran, the sample was decanted into a discontinuous two-
layer density gradient of Percoll (Santa Cruz; 86 and
55%) and centrifuged at 480 rcf for 17 min at 18 °C (with
no brakes). The granulocyte layer (on Percoll 86%) was
then carefully removed, washed once with RPMI (5 min,
300 rcf, 18 °C) and suspended in RPMI medium. Hypo-
osmotic lysis was used to lyse the residual RBCs in some
of the samples. The cell viability and count were evalu-
ated by Trypan blue exclusion. The purity of the neutro-
phil population was > 95% [48].

NET formation, visualization and collection
The isolated neutrophils were seeded on poly-L-lysine-
treated circle coverslips at a concentration of 106 neu-
trophils/mL in RPMI-1640 without serum. The Cell Ac-
tivation Cocktail (Biolegend) was added to the test
cultures while nothing was added to the control cultures.
The cells were incubated for 4 h at 37 °C in CO2 5%
with 90% humidity. Shortly afterwards, the neutrophils
were fixed (4% paraformaldehyde, 4 h, room temperature
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(RT)), permeabilized (0.5% Triton X-100, 1 min, RT) and
blocked by 5% BSA (30 min, 37 °C). The coverslips were
then incubated with primary anti-neutrophil elastase
antibody (NP57, Santa Cruz; 1 h, 37 °C), followed by sec-
ondary m-IgGκ BP-CFL 555 antibody (Santa Cruz; 1 h,
37 °C), and were then counter stained by DAPI (Santa
Cruz) to detect DNA. The specimens were visualized
under the microscope (Nikon Ti-U Inverted Fluores-
cence Microscope).
To collect NET, we applied the method successfully

used by many other researchers lately [17–19] and best
described by Najmeh et al. [17], which is a simple non-
enzymatic approach of NET isolation. Briefly, neutro-
phils were stimulated as described, and after incubation,
the cells were washed by a pre-warmed medium twice
with great caution. The NET was then separated from
the cells by pipetting in RPMI and the NET-contained
medium was collected and centrifuged (10 min at 300
rcf, RT) to precipitate the remaining cells or debris, and
the cell-free supernatant was finally collected as NET.
The same collection procedure was carried out for the
neutrophils without stimulation and the final superna-
tants were collected as the NET control medium (NCM)
and later used as suitable controls. For greater conform-
ation, the DNA content of the isolated NET samples was
observed in a gel (Fig. S2). Also, the amount of NET was
quantified and compared between patients and controls
(Table S3 and Table S4).

Treatment with NET
To assess the impact of NET on neutrophils, the isolated
neutrophils from three healthy volunteers were cultured
in RPMI medium, supplemented by autologous plasma
(AP) 10% at a density of 1 × 106 cell/ml, and the col-
lected NET was added at a concentration of 25% (v/v) of
the culture medium. The same culture procedure was
also performed on the controls (Fig. S1). All the cultures
were incubated at 37 °C, in CO2 5%, with 90% humidity,
for 4 h and were done in triplicate.

Cell viability and apoptosis measurement
Once the incubation process was complete, the neutro-
phils were harvested, washed and resuspended in RPMI
without serum and stained using an Annexin V-FITC
Apoptosis detection kit (BMS500FI/300 CE, eBioscience)
as per the manufacturer’s protocol and were then ana-
lyzed immediately by flow cytometry.

Measurement of oxidative burst
After the completion of the incubation time, the neutro-
phil cultures were either activated or not (for the con-
trols) by Cell Activation Cocktail (Biolegend; 1 μL to 1 ×
106 cell/ml) and incubated for 20 min (37 °C, CO2 5%,
90% humidity). Dihydrorhodamine 123 (DHR, Santa

Cruz) was then added and the neutrophils were re-
incubated for another 20min (37 °C, CO2 5%, 90% humid-
ity). Thereupon, the cells were placed in an ice bath (10
min), washed with cold PBS (300 g, 3min, RT), suspended
in FACS solution (flow cytometry sheath fluid) containing
formaldehyde 0.5% and analyzed by flow cytometry.

CD11b expression assay
After incubation, the neutrophils were washed, resus-
pended in PBS, stimulated (though not for the controls)
with 100 ng/ml of endotoxin (LPS from Escherichia coli,
serotype 0111: B4, Sigma) and incubated for 30 min at
37 °C, in CO2 5%, and with 90% humidity. The cells
were then transferred to RT and either FITC anti-
human CD11b mAb (ICRF44, Biolegend) or an isotype
control antibody was added. The samples were incu-
bated at RT for 20 min before they were washed twice
with PBS containing BSA 0.5% (300 g, 3 min, RT) and
then run on flow cytometer.

Statistical analysis
Data were analyzed using IBM SPSS statistics 25 soft-
ware. The results were reported as mean ± Standard
Error (SE). The one-way ANOVA, followed by Bonferro-
ni’s multiple comparison test, were used to compare the
differences between the groups. A p-value of < 0.05 was
considered significant.
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The online version contains supplementary material available at https://doi.
org/10.1186/s12865-021-00402-2.

Additional file 1. Supplementary Document 1.

Additional file 2. Supplementary Document 2.

Additional file 3: Fig. S1 A schematic diagram of the neutrophil
culture. The schematic diagram of the treatment of neutrophils is shown
in the figure in black and the subsequent stimulation related to “CD11b
expression assay” is presented. Number (7) denotes the baseline
expression. Numbers (6) and (5) are controls for the NET isolation; they
determine whether the observed effects of the collected NET are really
from NET. Number (4) determines whether NET (a mixture of the patient
and healthy NET) can change CD11b expression by itself. NCM: NETs’
control medium.

Additional file 4: Fig. S2 The visualization of DNA of NET in gel. Lane 1
corresponds to the molecular weight marker, with a higher band of 3000
bp and a lower 100-bp band. The high molecular weight bands in lanes
3, 4, 7, and 8 correspond to DNA present in NET samples. Two NCM (NET
control medium) samples -collected from unstimulated neutrophils in
NET-inducing experiments- were loaded in lanes 5 and 6. No sample was
loaded in lane 2.

Additional file 5: Fig. S3 A standard curve and its corresponding brief
data plotted using StepOne™ software. The number of NETting
neutrophils (or the copy number of the target genomic sequence) in 10
samples (5 SLE patients and 5 controls) is shown. With the standard
curve generated by data from the standard dilution series, the software
determined the absolute quantity for each sample. In the plot, red
squares correspond to standards, and blue squares correspond to
samples (all tests were performed in triplicate). The quantity of a sample
refers to the absolute copy number of the target gene (here, TLR-4) in
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the sample, which was taken as the number of neutrophils that released
their nuclear DNA (or the absolute count of NETting neutrophils) in the
sample. For each sample, the percentage of NETting neutrophils was
calculated in relation to the known total neutrophil number from which
each NET sample obtained.

Acknowledgements
The authors would like to thank Nasrin Sereshki and Mitra Rafiee for scientific
assistance in discussion and also all individuals (patients and controls) who
participated in this study.

Authors’ contributions
RA and AF carried out the experiments and preformed statistical analysis. HK
and FA participated in the design of the experiments and interpretation of
the results. AP participated in the study design, interpretation of the findings,
and obtained funding for the work. AF, AA edited the manuscript and
prepared the final manuscript. All authors have reviewed the final
manuscript.

Funding
This work was financially supported by Research and Technology Assistant of
Isfahan University of Medical Sciences.

Availability of data and materials
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Ethics approval and consent to participate
Informed consent was obtained from all individual participants included in
the study. The protocol for this study was approved by the Ethics
Committee of Isfahan University of Medical Sciences; the ethics committee
approval code was MUI. REC.1395.3.536.

Consent for publication
Not applicable.

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

Author details
1Department of Internal Medicine, School of Medicine, Isfahan University of
Medical Sciences, Isfahan, Iran. 2Department of Immunology, Medical School,
Isfahan University of Medical Sciences, Hezar Jerib Street, Isfahan, IR
81746-73695, Iran. 3Department of Genetics and Molecular Biology, School of
Medicine, Pediatric Inherited Diseases Research Center, Research Institute for
Primordial Prevention of Non-communicable Disease, Isfahan University of
Medical Sciences, Isfahan, Iran.

Received: 14 October 2020 Accepted: 25 January 2021

References
1. Moulton VR, Suarez-Fueyo A, Meidan E, Li H, Mizui M, Tsokos GC.

Pathogenesis of human systemic lupus erythematosus: a cellular
perspective. Trends Mol Med. 2017;23(7):615–35.

2. Mistry P, Kaplan MJ. Cell death in the pathogenesis of systemic lupus
erythematosus and lupus nephritis. Clin Immunol. 2017;185:59–73.

3. Perl A. Oxidative stress in the pathology and treatment of systemic lupus
erythematosus. Nat Rev Rheumatol. 2013;9(11):674.

4. Land WG. The role of damage-associated molecular patterns in human
diseases: part i-promoting inflammation and immunity. Sultan Qaboos Univ
Med J. 2015;15(1):e9.

5. Liew PX, Kubes P. The neutrophil’s role during health and disease. Physiol
Rev. 2019;99(2):1223–48.

6. Castanheira FV, Kubes P. Neutrophils and NETs in modulating acute and
chronic inflammation. Blood. 2019;133(20):2178–85.

7. Magna M, Pisetsky DS. The alarmin properties of DNA and DNA-associated
nuclear proteins. Clin Ther. 2016;38(5):1029–41.

8. Kolaczkowska E, Kubes P. Neutrophil recruitment and function in health and
inflammation. Nat Rev Immunol. 2013;13(3):159.

9. Pieterse E, Hofstra J, Berden J, Herrmann M, Dieker J, Van Der Vlag J.
Acetylated histones contribute to the immunostimulatory potential of
neutrophil extracellular traps in systemic lupus erythematosus. Clin Exp
Immunol. 2015;179(1):68–74.

10. Lee KH, Kronbichler A, Park DD-Y, Park Y, Moon H, Kim H, et al. Neutrophil
extracellular traps (NETs) in autoimmune diseases: a comprehensive review.
Autoimmun Rev. 2017;16(11):1160–73.

11. Skopelja-Gardner S, Jones JD, Rigby WF. “NETtling” the host: breaking of
tolerance in chronic inflammation and chronic infection. J Autoimmun.
2018;88:1–10.

12. Nakazawa D, Shida H, Kusunoki Y, Miyoshi A, Nishio S, Tomaru U, et al. The
responses of macrophages in interaction with neutrophils that undergo
NETosis. J Autoimmun. 2016;67:19–28.

13. Guimarães-Costa AB, Rochael NC, Oliveira F, Echevarria-Lima J, Saraiva EM.
Neutrophil extracellular traps reprogram IL-4/GM-CSF-induced monocyte
differentiation to anti-inflammatory macrophages. Front Immunol. 2017;8:
523.

14. Tillack K, Breiden P, Martin R, Sospedra M. T lymphocyte priming by
neutrophil extracellular traps links innate and adaptive immune responses. J
Immunol. 2012;188(7):3150–9.

15. Kahlenberg JM, Carmona-Rivera C, Smith CK, Kaplan MJ. Neutrophil
extracellular trap–associated protein activation of the NLRP3 inflammasome
is enhanced in lupus macrophages. J Immunol. 2013;190(3):1217–26.

16. Hochberg MC. Updating the American College of Rheumatology revised
criteria for the classification of systemic lupus erythematosus. Arthritis
Rheum. 1997;40(9):1725.

17. Najmeh S, Cools-Lartigue J, Giannias B, Spicer J, Ferri LE. Simplified Human
Neutrophil Extracellular Traps (NETs) Isolation and Handling. JoVE. 2015;(98):
e52687.

18. Saffarzadeh M, Juenemann C, Queisser MA, Lochnit G, Barreto G, Galuska SP,
et al. Neutrophil extracellular traps directly induce epithelial and endothelial
cell death: a predominant role of histones. PLoS One. 2012;7(2):e32366.

19. Folco EJ, Mawson TL, Vromman A, Bernardes-Souza B, Franck G, Persson O,
et al. Neutrophil extracellular traps induce endothelial cell activation and
tissue factor production through interleukin-1α and cathepsin G. Arterioscler
Thromb Vasc Biol. 2018;38(8):1901–12.

20. Schauer C, Janko C, Munoz LE, Zhao Y, Kienhöfer D, Frey B, et al.
Aggregated neutrophil extracellular traps limit inflammation by degrading
cytokines and chemokines. Nat Med. 2014;20(5):511.

21. Nakazawa D, Kumar SV, Marschner J, Desai J, Holderied A, Rath L, et al.
Histones and neutrophil extracellular traps enhance tubular necrosis and
remote organ injury in ischemic AKI. J Am Soc Nephrol. 2017;28(6):1753–68.

22. Ribon M, Seninet S, Mussard J, Sebbag M, Clavel C, Serre G, et al. Neutrophil
extracellular traps exert both pro-and anti-inflammatory actions in rheumatoid
arthritis that are modulated by C1q and LL-37. J Autoimmun. 2019;98:122–31.

23. Barrero CA, Perez-Leal O, Aksoy M, Moncada C, Ji R, Lopez Y, et al. Histone
3.3 participates in a self-sustaining cascade of apoptosis that contributes to
the progression of chronic obstructive pulmonary disease. Am J Respir Crit
Care Med. 2013;188(6):673–83.

24. Liu L, Sun B. Neutrophil pyroptosis: new perspectives on sepsis. Cell Mol Life
Sci. 2019;76(11):2031–42.

25. Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D, Agostinis P, et al.
Molecular mechanisms of cell death: recommendations of the
Nomenclature Committee on Cell Death 2018. Cell Death Differ. 2018;25(3):
486.

26. Urban CF, Ermert D, Schmid M, Abu-Abed U, Goosmann C, Nacken W, et al.
Neutrophil extracellular traps contain calprotectin, a cytosolic protein
complex involved in host defense against Candida albicans. PLoS Pathog.
2009;5(10):e1000639.

27. Tadie J-M, Bae H-B, Jiang S, Park DW, Bell CP, Yang H, et al. HMGB1
promotes neutrophil extracellular trap formation through interactions with
Toll-like receptor 4. Am J Phys Lung Cell Mol Phys. 2013;304(5):L342–L9.

28. Xu J, Jiang Y, Wang J, Shi X, Liu Q, Liu Z, et al. Macrophage endocytosis of
high-mobility group box 1 triggers pyroptosis. Cell Death Differ. 2014;21(8):
1229.

29. Wei Z, Wang J, Wang Y, Wang C, Liu X, Han Z, et al. Effects of Neutrophil
extracellular traps on bovine mammary epithelial cells in vitro. Front
Immunol. 2019;10:1003.

30. Yang J, Zhao Y, Zhang P, Li Y, Yang Y, Yang Y, et al. Hemorrhagic shock
primes for lung vascular endothelial cell pyroptosis: role in pulmonary
inflammation following LPS. Cell Death Dis. 2016;7(9):e2363.

Fatemi et al. BMC Immunology           (2021) 22:12 Page 10 of 11



31. Yang M, Yang X, Wang S, Xu L, Ke S, Ding X, et al. HMGB1-induced
endothelial cell pyroptosis is involved in systemic inflammatory response
syndrome following radiofrequency ablation of hepatic hemangiomas. Am J
Transl Res. 2019;11(12):7555–67.

32. Chen L, Zhao Y, Lai D, Zhang P, Yang Y, Li Y, et al. Neutrophil extracellular
traps promote macrophage pyroptosis in sepsis. Cell Death Dis. 2018;9(6):
597.

33. Magna M, Pisetsky D. The role of cell death in the pathogenesis of SLE: is
pyroptosis the missing link? Scand J Immunol. 2015;82(3):218–24.

34. Decker P, Wolburg H, Rammensee HG. Nucleosomes induce lymphocyte
necrosis. Eur J Immunol. 2003;33(7):1978–87.

35. Glennon-Alty L, Hackett AP, Chapman EA, Wright HL. Neutrophils and redox
stress in the pathogenesis of autoimmune disease. Free Radic Biol Med.
2018;125:25–35.

36. Lau D, Mollnau H, Eiserich JP, Freeman BA, Daiber A, Gehling UM, et al.
Myeloperoxidase mediates neutrophil activation by association with CD11b/
CD18 integrins. Proc Natl Acad Sci. 2005;102(2):431–6.

37. Rönnefarth VM, Erbacher AI, Lamkemeyer T, Madlung J, Nordheim A,
Rammensee H-G, et al. TLR2/TLR4-independent neutrophil activation and
recruitment upon endocytosis of nucleosomes reveals a new pathway of
innate immunity in systemic lupus erythematosus. J Immunol. 2006;177(11):
7740–9.

38. Newton RA, Hogg N. The human S100 protein MRP-14 is a novel activator
of the β2 integrin Mac-1 on neutrophils. J Immunol. 1998;160(3):1427–35.

39. Ribon M, Mussard J, Semerano L, Singer BB, Decker P. Extracellular
Chromatin Triggers Release of Soluble CEACAM8 upon Activation of
Neutrophils. Front Immunol. 2019;10:1346.

40. Lindau D. Autoimmune Inflammation in Systemic Lupus Erythematosus and
Alzheimer's Disease; 2010.

41. Sroussi HY, Lu Y, Villines D, Sun Y. The down regulation of neutrophil
oxidative metabolism by S100A8 and S100A9: implication of the protease-
activated receptor-2. Mol Immunol. 2012;50(1–2):42–8.

42. Tadié J-M, Bae H-B, Banerjee S, Zmijewski JW, Abraham E. Differential
activation of RAGE by HMGB1 modulates neutrophil-associated NADPH
oxidase activity and bacterial killing. Am J Phys Cell Phys. 2011;302(1):C249–
C56.

43. Bruschi M, Petretto A, Santucci L, Vaglio A, Pratesi F, Migliorini P, et al.
Neutrophil Extracellular Traps protein composition is specific for patients
with Lupus nephritis and includes methyl-oxidized αenolase (methionine
sulfoxide 93). Sci Rep. 2019;9(1):1–13.

44. Berthelot F, Fattoum L, Casulli S, Gozlan J, Maréchal V, Elbim C. The effect of
HMGB1, a damage-associated molecular pattern molecule, on
polymorphonuclear neutrophil migration depends on its concentration. J
Innate Immunity. 2012;4(1):41–58.

45. Marsman G, Zeerleder S, Luken BM. Extracellular histones, cell-free DNA, or
nucleosomes: differences in immunostimulation. Cell Death Dis. 2016;7(12):
e2518-e.

46. Khan SQ, Khan I, Gupta V. CD11b activity modulates pathogenesis of lupus
nephritis. Front Med. 2018;5:52.

47. Zeng MY, Miralda I, Armstrong CL, Uriarte SM, Bagaitkar J. The roles of
NADPH oxidase in modulating neutrophil effector responses. Mol Oral
Microbiol. 2019;34(2):27–38.

48. Alipour R, Fatemi A, Alsahebfosul F, Andalib A, Pourazar A. Autologous
plasma versus fetal calf serum as a supplement for the culture of
neutrophils. BMC Res Notes. 2020;13(1):1–7.

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

Fatemi et al. BMC Immunology           (2021) 22:12 Page 11 of 11


	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Patients and controls
	NET visualization, collection and comparison
	The viability of neutrophils
	CD11b expression of neutrophils
	Respiratory burst rate of neutrophils

	Disscussion
	Conclusions
	Methods
	Blood samples
	Neutrophil isolation
	NET formation, visualization and collection
	Treatment with NET
	Cell viability and apoptosis measurement
	Measurement of oxidative burst
	CD11b expression assay
	Statistical analysis

	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

