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Abstract: Polymorphonuclear neutrophils (PMNs) are the most abundant white blood cell in the
circulation capable of neutrophil extracellular traps (NETs) formation after stimulation. Both NADPH
oxidase-dependent and -independent pathways are involved in NET formation. The IgG is the most
abundant immunoglobulin in human serum. However, the impact of the circulating IgG on NET
formation is totally unexplored. In this study, the all-trans retinoic acid (ATRA)-induced mature
granulocytes (dHL-60) were pre-treated with monomeric human IgG, papain-digested Fab fragment,
crystallizable IgG Fc portion, rituximab (a human IgG1), or IgG2. The NET formation of the dHL-60
in the presence/absence of phorbol 12-myristate 13-acetate (PMA) stimulation was then measured by
the fluorescent area after SYTOX green nucleic acid stain. The intracellular reactive oxygen species
(ROS) generation was measured by flow cytometry. Total and phosphorylated Syk, SHP-1, and ERK
were detected by immunoblot. We found that human monomeric IgG and its subclasses IgG1 and
IgG2 per se induced negligible NET formation of dHL-60, but the FcγRIII engagement by these IgG
subclasses and Fc portion augment PMA-stimulated dHL-60 NET formation in a dose-dependent
manner. Furthermore, we found that increased Syk and ERK phosphorylation, intracellular ROS gen-
eration, and pro-inflammatory cytokines, IL-8 and TNF-α, production could be induced after FcγRIII
engagement. Blocking FcγRIII engagement by a specific antibody diminished the augmented NET
formation. In conclusion, we discovered that cross-talk between FcγRIII engagement-induced Syk-
ERK and PMA-induced PKC signaling pathways augment NET formation of dHL-60 via increased
ROS generation and pro-inflammatory cytokines, IL-8 and TNF-α, production.

Keywords: polymorphonuclear neutrophil; neutrophil extracellular traps; differentiated HL-60 cells;
IgG subclass; FcγRIII engagement; reactive oxygen species; Syk-ERK signaling pathway; PAD4

1. Introduction

Human polymorphonuclear neutrophils (PMNs) are the most abundant leukocytes in
human blood [1]. PMNs play a pivotal role in innate immunity with a high potency and
efficacy to sense and then eradicate microbial infections [2]. Among these anti-microbial
activities, the most effective mechanism is the extrusion of the intracellular material in the
form of neutrophils extracellular traps (NETs) into the surrounding milieu [3–5]. NETs
can effectively trap the invading pathogens for preventing spreading [6]. Besides, many
granule anti-microbial molecules such as elastase, proteinase, myeloperoxidase, and LL-37
attached on the extruded DNA threads can rapidly degrade the virulence factors and kill
bacteria [6–8].
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NETs formation can be triggered by a diverse stimuli including phorbol 12-myristate
13-acetate (PMA), protein kinase C (PKC), lipopolysaccharide (LPS), bacteria, uric acid
crystals, and calcium ionophores [6,9–11]. Regardless of the stimuli, NETs can be initiated
by intracellular reactive oxygen species (ROS) and high concentration of [Ca2+] [7,12,13].
Arbitrarily, both NADPH oxidase (NOX)-dependent and NOX-independent pathways are
involved in the intracellular ROS generation [3,9,14]. In addition, peptidylarginine deimi-
nase 4 (PAD4) is required in both pathways for mediating arginine citrullination of histones
to initiate chromatin decondensation and nuclear envelope rupture [3,14–16]. Immediately
after NET formation, DNase I, C-reactive protein (CRP), and complement C1q can facil-
itate the degradation and clearance of NET products [3,17–19]. The imbalance of NETs
formation and degradation may exert detrimental effects to the immune responses [19]
because NETs contain many sources of autoantigens. Accordingly, the dysregulation in
NET formation and/or defective clearance participates in the development and flare-up
of various autoimmune diseases [8,20–23]. A scheme outlining the generation and the
physiological/pathophysiological roles of NET formation is demonstrated in Figure 1.
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Figure 1. The induction and physiological/pathophysiological roles of NET formation in human
diseases. Both NADPH oxidase (NOX)-dependent and -independent pathways are induced by
different chemicals, bacteria, or molecules for NET formation. The physiological functions of NET
formation aim to rapidly trap and kill the invading pathogens followed by clearance of NET via
DNase I, C-reactive protein (CRP), and C1q. However, in some pathophysiological conditions such
as the deficiency of these serum molecules or excessive NET formation, the released DNA, histone,
and granule proteins become the neoantigens to stimulate autoantibody production, inflammation,
and platelet entrapment. Subsequently, thrombosis, arteriosclerosis, and autoimmunity occur.
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Anti-neutrophil cytoplasmic antibodies (ANCAs) are considered the important au-
toantibodies to stimulate PMN activation and then NETosis (a kind of PMN apoptosis after
NET formation), and potentially exert positive feed-back to ANCA formation, which corre-
late with vasculitis activity [24]. When NET molecules are massively released and cannot be
cleared, a range of pathological conditions including vascular thrombosis, atherosclerosis,
autoimmune diseases, and sepsis occur [19,21,25,26]. Recently, the pandemic SARS-CoV-2
infection was found able to activate NETosis of human PMNs. The abundant NET for-
mation with increased production of intracellular reactive oxygen species (ROS) led to
thrombosis formation and lung epithelial cell injury [27–29]. Colchicine is found to be
an inhibitor of NETosis [30,31], and a recent randomized controlled trial demonstrated
that colchicine reduced the length of both supplemental oxygen therapy and hospitaliza-
tion [32]. Thus, further investigation to explore the crucial factors in regulating NETosis is
important for managing various types of autoimmune and inflammatory diseases.

Among the different immunoglobulin (Ig) isotypes, IgA has been reported to en-
hance NETs formation via Fcα receptor I on PMNs [33,34]. However, the concentration
of immunoglobulin G (IgG) is the highest among the Ig isotypes in the human serum.
Intravenous immune globulin (IVIg) therapy has been shown to be effective in certain
autoimmune and inflammatory diseases [35]. It is believed that a number of immune
effects are mediated through Fcγ receptor (FcγR) engagement after IVIg therapy [36]. Nev-
ertheless, the effects of IVIg may differ depending on different diseases [37,38]. Among the
four human Ig subclasses IgG1-IgG4, IgG1 and IgG2 are the most abundant. Ying et al. [39]
found that monomeric IgG1 Fc fragment displays unique FcγR interactions that are ex-
ploitable to treat inflammation-mediated diseases. However, the impact of circulating
IgGs on NET formation has not been reported in the literature. Jönsson et al. [40] demon-
strated that an IgG-induced neutrophil activation pathway contributes to drug-induced
anaphylaxis via enhancing NETosis. Recently, Fetz et al. [41] found that IgG adsorbed
by electrospun polydioxanone biomaterials can engage FcγRIIIB and is responsible for
biomaterial-induced NETosis of human neutrophils.

Despite the above findings, to our knowledge, there was no study on the interactions
between human IgG monomer and NET formation. We hypothesize that the circulating
IgG can modify neutrophil functions by altered NET formation via the engagement of FcγR.
In considering the short lifespan of human neutrophils in the circulation and in vitro [42],
the mature human granulocytes derived from all-trans retinoic acid-induced (ATRA)
differentiated HL-60 cells (dHL-60) were adopted in this study [43,44]. The effects and the
possible molecular mechanisms of human IgG subclasses on PMA-stimulated dHL-60 NET
formation were explored in the present study.

2. Materials and Methods
2.1. Cell Culture and Induction of HL-60 Cell Differentiation

HL-60 cells (a human promyelocytic leukemia cell line, CCL240, American Type
Culture Collection, Rockville, MD, USA) suspended in RPMI-1640 medium (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 10% (v/v) heat-inactivated fetal
bovine serum (hereafter referred to as complete culture medium) were cultured at 37 ◦C in
5% CO2–95% air. Induction of HL-60 differentiation was achieved by seeding 106 cells/mL
in 24-well plates in the presence of a final concentration of 10 µM of all-trans retinoic acid
(ATRA, Sigma-Aldrich, St. Louis, MO, USA) and 25 ng/mL of G-CSF (PeproTech, Rocky
Hill, NJ, USA) for 5 days.

After induction, the differentiated HL-60 cells (dHL-60) were confirmed to become
mature granulocytes by the surface expression of CD11b and CD16. In brief, cells were dou-
bly stained with PerCP-Cy5.5-conjugated CD11b antibody (BD Biosciences, Oxford, UK)
and PE-conjugated CD16 antibody (BD Biosciences, Oxford, UK), followed by FACSLyric
flow cytometer analysis (BD Life Sciences, San Jose, CA, USA).
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2.2. Incubation of Human Monomeric IgG1, IgG2, and the Fab and Fc Fragments of Human IgG
with dHL-60

Native human monomeric IgG1 (ab90283), IgG2 (ab90284), papain-digested IgG
Fab fragment (ab90352), and IgG Fc fragment (ab205805) were purchased from Abcam
(Cambridge, MA, USA). The IVIg was prepared from pooled human plasma (TBSF, Taipei,
Taiwan) as surrogate human IgG molecule and rituximab (RTX) as human surrogate
IgG1 was obtained from Roche Pharmaceutical Company (Basel, Switzerland). These
molecules were diluted in complete culture medium. The dHL-60 cells were incubated
with various doses of the monomeric IgG molecules at 37 ◦C for variable times according
to the experimental design.

2.3. Measurement NETs Formation

The dHL-60 cells at a concentration of 2 × 106 cells/mL were seeded into channel
slides with a channel volume of 30 µL (µ-Slide VI 0.4, ibidi, Gräfelfing, Germany) that
allows fluorescence imaging of live cells. PMA obtained from Sigma-Aldrich (St. Louis,
MO, USA) at a final concentration of 100 nM was added for stimulating NET formation
at 37 ◦C in 5% CO2–95% air for 4 h. SYTOX green nucleic acid stain solution (Invitrogen,
Carlsbad, CA, USA) was added at a final concentration of 250 nM for extracellular DNA
detection. The fluorescence of channel slide was observed by fluorescence microscope.
The decondensed DNA expulsed into the extracellular space can be read without fixation.
For quantitation, four pictures in quarters of each channel are calculated for fluorescent
area (NET formation) using the macro script of ImageJ version 1.52p (National Institutes of
Health, Bethesda, MD, USA) as described by Rebernick et al. [45]. The ratio of fluorescent
area is calculated by dividing the fluorescence of the PMA stimulation alone. For further
confirming the NET formation indeed by dHL-60, the channel slides were stained with:
(1) DAPI solution (1:1000, Invitrogen, Carlsbad, CA, USA), and (2) rabbit anti-histone H3
(citrulline R2 + R8 + R17) antibody (1:250, Abcam, Cambridge, MA, USA) overnight and
then the cells were stained with goat anti-rabbit Alexa Fluor 594-conjugated secondary
antibody (1:500, Invitrogen, Carlsbad, CA, USA) for 1 h. After washes, the NETs formation
was further confirmed by positive staining for both citrullinated histone and DNA in
addition to extracellular green fluorescence of DNA.

Besides, monoclonal anti-human CD16 antibody (Biolegend, San Diego, CA, USA)
was added at a concentration of 5 µg/mL to dHL-60 cell suspension for 10 min at 37 ◦C in
5% CO2–95% air for blocking the FcγRIII before incubation with different IgG molecules.

2.4. Determination of ROS Generation by PMA-Stimulated dHL-60 Cells
2.4.1. Quantification of NADPH/NADP+ Ratio

The ratio of NADPH/ NADP+ was measured for assessing the intracellular redox po-
tential or capacity. To determine the intracellular NADPH/NADP+ ratio, the quantification
kit (Sigma-Aldrich, St. Louis, MO, USA) was applied for the detection. Briefly, the dHL-60
at a concentration of 2 × 106 cells/mL were suspended in glucose-free RPMI-1640 medium
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% (v/v) heat-
inactivated fetal bovine serum, and then incubation with IgG molecules (100 µg/mL), RTX
(100 µg/mL), or LPS obtained from Pseudomonas aeruginosa (0.1 µg/mL, Sigma-Aldrich,
St. Louis, MO, USA) for 0.5 h at 37 ◦C in 5% CO2–95% air. After centrifugation at 2000 RPM
at 4 ◦C for 5 min, the cell pellets were lysed by adding 400 µL extraction buffer for 10 min
on ice, followed by centrifuging at 10,000× g for 10 min. The supernatants were filtered
through a 10 kDa spin column (Merck KGaA, Darmstadt, Germany). The concentration of
NADPH and total NADP+ were measured according to the manufacturer’s instructions.

2.4.2. Measurement of Nitric Oxide

The dHL-60 cells at a concentration of 2 × 106 cells/mL were incubated with Fab or
Fc fragment of human monomeric IgG (100 µg/mL) overnight at 37 ◦C in 5% CO2–95% air.
After incubation, the supernatant was collected by centrifuging at 16,000× g for 20 min at
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4 ◦C. The Griess reagent nitrite measurement kit (Cell Signaling Technology, Danvers, MA,
USA) was used to indirectly detect the concentration of nitric oxide through measuring
one of its stable oxidation products, nitrite, according to the manufacturer’s instructions.

2.4.3. Assessment of the General ROS in Cells

The dHL-60 were incubated with IgG (200 µg/mL), IgG1 (200 µg/mL, RTX), or LPS
(1 µg/mL) for 1 h in complete culture medium at 37 ◦C. Monoclonal anti-human CD16
antibody (5 µg/mL) was added 10 min before incubation with IgG molecules to block
the FcγRIII. The intracellular ROS was measured by using the fluorescent probe 5-(and-
6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA,
Invitrogen, Carlsbad, CA, USA). After loading the ROS-sensitive probe CM-H2DCFDA,
the cells were incubated at 37 ◦C with or without PMA (20 nM) for 20 min followed by
several washes by PBS. Fluorescence was measured by a FACSLyric flow cytometer system
with excitation of 488 nm and emission of 527 nm. To measure the shift in fluorescence
intensity, the geometric mean (GeoMean) fluorescence was obtained for comparison.

2.5. Western Blot Analysis

dHL-60 cells were incubated with IgG (200 µg/mL), RTX (200 µg/mL), Fc fragments
(70 µg/mL), LPS (1 µg/mL), or PMA (100 nM) for 5, 10, and 20 min in complete culture
medium at 37 ◦C. The cells were then lysed in RIPA buffer supplemented with protease
inhibitor cocktail (Roche Applied Science, Penzberg, Germany). The lysates were then elec-
trophoresed in 10% SDS-PAGE and transferred onto polyvinylidene difluoride membrane
(Millipore, Billerica, MA, USA). The membranes were probed with rabbit anti-p44/42
MAPK (Erk1/2) antibody (Cell Signaling Technology, Danvers, MA, USA), rabbit anti-
phospho-p44/42 MAPK (Erk1/2) antibody (Thr202/Tyr204) (Cell Signaling Technology,
Danvers, MA, USA), rabbit anti-phospho-Syk (Tyr525/526) antibody (Cell Signaling Tech-
nology, Danvers, MA, USA), mouse anti-Syk antibody (Cell Signaling Technology, Danvers,
MA, USA), rabbit anti-phospho-SHP-1 (Tyr564) antibody (Cell Signaling Technology, Dan-
vers, MA, USA), and rabbit anti-SHP-1 antibody (Cell Signaling Technology, Danvers, MA,
USA), while mouse anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Sigma-
Aldrich, St. Louis, MO, USA) was used as internal control. After washes, the conjugates
were then stained with horseradish peroxidase-conjugated secondary antibodies. Im-
age densitometry was analyzed by ImageJ version 1.52p (National Institutes of Health,
Bethesda, MD, USA).

2.6. Quantitation of Proinflammatory Cytokines

Both HL-60 and dHL-60 cells at a concentration of 2 × 106 cells/mL were incubated
with IgG (200 µg/mL), RTX (200 µg/mL), or LPS (0.1 µg/mL) in complete culture medium
at 37 ◦C overnight. Monoclonal anti-human CD16 antibody (1 µg/mL) was added 10 min
before incubation with IgG molecules to block the FcγRIII. The concentration of IL-8
and TNF-α in the cultured supernatants was assessed by the respective ELISA kit (R&D
Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions.

2.7. Statistical Analyses

Data were statistically analyzed by Mann–Whitney and Wilcoxon rank sum tests
using GraphPad Prism 8.0.2 (GraphPad Software Inc, San Diego, CA, USA). Spearman’s
rank correlation coefficient was calculated via software R version 4.0.5 (R Foundation for
Statistical Computing, Vienna, Austria). All experiments were repeated at least three times.

3. Results
3.1. PMA-Stimulated NET Formation by dHL-60

Mature granulocytes are identified by the double expression of CD11b and CD16
on the cell surface. Before differentiation induction, there was only 10.23% of double
biomarker positivity on undifferentiated HL-60 cells (Figure 2A). In contrast, the percent-
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age of CD11b+CD16+ dHL-60 was found high up to >90% after induction, indicating that a
high proportion of HL-60 cells were differentiated into mature granulocytes as shown in
Figure 2B. The NET formation of dHL-60 induced by PMA stimulation is demonstrated in
Figure 2C. Compared to the unstimulated cells (Figure 2C(a,b)), the formation of NETs in
PMA-stimulated dHL-60 cells (Figure 2C(c,d)) was shown by increased SYTOX green nu-
cleic acid stain. The increased generation of NETs was further confirmed by a double stain
of extracellular DNA by DAPI (Figure 2C(e)) and citrullinated histone H3 (Figure 2C(f)).
Besides, the amount of NET formation can be quantified by measuring the fluorescent area
of the extracellular DNA (Figure 2C(d)) by ImageJ.
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3.2. The Effects of Preincubation of dHL-60 with Different Human Monomeric IgG Subclasses
(IgG1 and IgG2) and IgG Fragments (Fab and Fc) on PMA-Stimulated NET Formation

Incubation of human monomeric IgG1, IgG2, IgG Fab, or IgG Fc fragment with dHL-
60 cannot significantly induce NET formation by non-PNA-stimulated-dHL-60 (Figure 3A,
left panel). However, the pre-incubation of these IgG molecules, except Fab fragment, can
significantly augment the PMA-induced fluorescent area (denotes NETs formation) by
dHL-60 (Figure 3A, right panel). These results may indicate that the engagement of FcγR
can tremendously enhance PMA-stimulated NET formation of dHL-60. A representative
case is presented by measuring the fluorescence areas in the absence (upper panel) and
presence (lower panel) of PMA-stimulation after FcγR engagement in Figure 3B.

3.3. Dose-Dependent Augmenting Effect of Human IgG Fc Receptor Type III (FcγRIII)
Engagement on PMA-Stimulated dHL-60 NET Formation

In the stimulation of PMA, human IgG Fc fragment (from 10–40 µg/mL) dose-
dependently augmented NET formation compared to PMA alone as shown in Figure 4A.
In contrast, IgG Fab fragment (from 10–40 µg/mL) failed to enhance the effect (Figure 4B).
Hunan IgG1 (represented by RTX) also showed the dose-dependent augmentation in the
presence of PMA stimulation (Figure 4C). We then used a specific anti-FcγRIII antibody to
block the IgG antibody engagement in advance. The augmentation by IgG1 molecule (RTX)
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was abolished in PMA-stimulated dHL-60 NET formation (Figure 4D). These results may
further confirm that the engagement of IgG Fc receptors really augments NET formation
by PMA stimulation.

Biomedicines 2021, 9, x FOR PEER REVIEW 7 of 17 
 

 

Figure 3. The effects of pretreatment of human monomeric IgG subclasses (IgG1 and IgG2) and IgG 

fragments (Fab and Fc) on PMA-activated dHL-60 NET formation. (A) The NET formation repre-

sented by green fluorescence area is detected by SYTOX green nucleic acid stain. The left panel 

shows without PMA stimulation whereas the right panel shows with PMA stimulation. For com-

parison, the ratio of fluorescent area is calculated by the individual fluorescence area divided by the 

PMA-stimulation with medium preincubation (M). (B) A representative case showing the NET for-

mation of dHL-60 pretreated with different molecules and then without (upper panel) or with 

(lower panel) PMA stimulation. Compared to medium control, the fluorescence areas are aug-

mented in IgG1, IgG2, and IgG Fc-pretreated, but not in Fab-pretreated PMA-activated dHL-60 

granulocytes. M: medium. Scale bar: 50 μm. 

3.3. Dose-Dependent Augmenting Effect of Human IgG Fc Receptor Type III (FcγRIII) 

Engagement on PMA-stimulated dHL-60 NET Formation 

In the stimulation of PMA, human IgG Fc fragment (from 10–40 μg/mL) dose-de-

pendently augmented NET formation compared to PMA alone as shown in Figure 4A. In 

contrast, IgG Fab fragment (from 10–40 μg/mL) failed to enhance the effect (Figure 4B). 

Hunan IgG1 (represented by RTX) also showed the dose-dependent augmentation in the 

presence of PMA stimulation (Figure 4C). We then used a specific anti-FcγRIII antibody 

to block the IgG antibody engagement in advance. The augmentation by IgG1 molecule 

(RTX) was abolished in PMA-stimulated dHL-60 NET formation (Figure 4D). These re-

sults may further confirm that the engagement of IgG Fc receptors really augments NET 

formation by PMA stimulation. 

Figure 3. The effects of pretreatment of human monomeric IgG subclasses (IgG1 and IgG2) and IgG fragments (Fab and
Fc) on PMA-activated dHL-60 NET formation. (A) The NET formation represented by green fluorescence area is detected
by SYTOX green nucleic acid stain. The left panel shows without PMA stimulation whereas the right panel shows with
PMA stimulation. For comparison, the ratio of fluorescent area is calculated by the individual fluorescence area divided by
the PMA-stimulation with medium preincubation (M). (B) A representative case showing the NET formation of dHL-60
pretreated with different molecules and then without (upper panel) or with (lower panel) PMA stimulation. Compared
to medium control, the fluorescence areas are augmented in IgG1, IgG2, and IgG Fc-pretreated, but not in Fab-pretreated
PMA-activated dHL-60 granulocytes. M: medium. Scale bar: 50 µm.
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Figure 4. Dose-dependent augmenting effect of Fc, but not Fab, fragment derived from human IgG and IgG1 (rituximab, a
human chimeric monoclonal IgG1 antibody) on PMA-stimulated dHL-60 NET formation via FcγRIII engagement. The NET
area was detected by SYTOX green nucleic acid stain and was denoted by the ratio compared to PMA stimulation only.
(A) Dose-dependent augmentation (10–40 µg/mL) of human IgG Fc fragment engagement on PMA-stimulated dHL-60 NET
formation. (B) Negligible augmenting effect of human IgG Fab fragment from 10–40 µg/mL on PMA-stimulated dHL-60
NET formation. (C) Dose-dependent augmentation of rituximab (RTX, an IgG1 monoclonal antibody, 50–200 µg/mL)
on PMA-stimulated dHL-60 NET formation. (D) The anti-FcγRIII antibody (5 µg/mL) pretreatment can suppress the
RTX-augmented PMA-stimulated dHL-60 NET formation. * p < 0.05 compared to PMA only.

3.4. Increased Intracellular ROS Production and ROS Released from dHL-60 via
FcγRIII Engagement
3.4.1. Intracellular NADPH/NADP+ Ratio in dHL-60 and Nitrite in the Culture
Supernatants without PMA Stimulation

The intracellular NADPH/NADP+ ratio in dHL-60 was enhanced by human IgG and
IgG1 as well as LPS per se (Figure 5A). The extracellular nitrite concentration in the culture
supernatant was also higher in dHL-60 after overnight incubation with IgG Fc fragments
(Figure 5B). In contrast, incubation with Fab fragments did not change nitrite concentration
in the supernatant. These results may suggest that the engagement of FcγRIII can change
intracellular redox reaction toward oxidative state.
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Figure 5. Increased dHL-60 ROS production by monomeric IgG and rituximab (RTX, IgG1 subclass)
Fc region engagement per se. (A) Compared to medium control (M), RTX and normal human IgG
per se significantly enhanced NADPH/NADP+ ratio. (B) IgG Fc fragment (100 µg/mL), but not
Fab fragment (100 µg/mL), engagement significantly enhanced nitrite production from dHL-60.
(C) Anti-FcγRIII antibody (5 µg/mL) pretreatment significantly inhibits IgG (200 µg/mL) and RTX
(200 µg/mL)-enhanced intracellular ROS generation. In addition, the engagement of IgG and RTX
can augment PMA-stimulated intracellular ROS generation by dHL-60. * p < 0.05 compared to the
medium control (M).

3.4.2. Increased Intracellular ROS Concentration in dHL-60 Cells by IgG Molecules per se
via Fc Region Engagement

Incubation of dHL-60 cells with monomeric human IgG or RTX along can induce
higher intracellular ROS production than medium. The increment can be abrogated by
previous incubation with anti-FcγRIII antibody (Figure 5C). These results may further
confirm that increased intracellular ROS generation of dHL-60 cells by human IgG or IgG1
molecule per se is through FcγRIII engagement.

3.5. Activation of Syk-ERK Signaling Pathway by IgG Fc Receptor Engagement

For further investigating the molecular mechanisms of FcγRIII engagement enhancing
PMA-stimulated dHL-60 NET formation, the intracellular signal molecules including
phosphorylated (P)-Syk, P-ERK, and P-SHP-1 were detected by Western blot. We repeated
the assay at least five times and a representative case is demonstrated in Figure 6A. For
quantitation, the ratio of P-Syk/total Syk (Figure 6B), P-ERK/ERK (Figure 6C) and P-SHP-
1/SHP-1 (Figure 6D) were calculated in different incubation time periods. These data
indicate that the FcγRIII engagement by human IgG, IgG1, and IgG Fc fragment enhance
the phosphorylation of Syk-ERK, but not SHP, to transduce the Syk-ERK-NF-κB interior
signaling pathway.
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Figure 6. Activation of Syk-ERK, but not SHP-1, signaling pathway by IgG Fc fragment engagement
per se. (A) A representative case of Western blot detection of P-Syk, P-ERK, and P-SHP-1 expression
in IgG (200 µg/mL), IgG1 (RTX 200 µg/mL), and IgG Fc fragment (70 µg/mL)-engaged dHL-60
compared to LPS (1 µg/mL) and PMA (100 nM) stimulation. (B) Statistical analysis of P-Syk/total
Syk ratio in different groups by five experiments. (C) Statistical analysis of P-ERK/total ERK ratio in
different groups by five experiments. (D) Statistical analysis of P-SHP-1/total SHP-1 ratio in different
groups by five experiments. * p < 0.05 compare to medium control (M).
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3.6. The Release of Proinflammatory Cytokines by dHL-60 Cells

The release of proinflammatory cytokines, IL-8 from dHL-60, into the culture super-
natants were significantly increased after incubation with IgG and RTX overnight per
se. The anti-FcγRIII antibody (1 µg/mL) pretreatment can suppress the cytokines se-
cretion stimulated by IgG and RTX (Figure 7A). In contrast, the production of IL-8 by
non-differentiated HL-60 was not enhanced by IgG or RTX as shown in Figure 7B. The
situation of TNF-α production by dHL-60 (Figure 7C) vs. HL-60 (Figure 7D) was the
same as in IL-8. These results indicate that the proinflammatory cytokine production was
enhanced by IgG and RTX requires FcγRIII engagement. The increased IL-8 and TNF-α
by FcγRIII engagement seems not enough to induce dHL-60 NET formation. However,
in synergy with PMA-induced proinflammatory cytokines production, the dHL-60 NET
formation can be augmented as shown in the right panel of Figure 3A.
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Figure 7. Increase in IL-8 and TNF-α production by dHL-60, but not by undifferentiated HL-60,
after IgG and rituximab (RTX, IgG1 subclass) engagement. (A) Increased IL-8 production by dHL-60
cells after engagement by IgG and RTX that can be abolished by anti-FcγRIII antibody (1 µg/mL).
(B) No increased IL-8 production by undifferentiated HL-60 cells. (C) Increased TNF-α production
by dHL-60 cells after engagement by IgG and RTX that can be abolished by anti-FcγRIII antibody
(1 µg/mL). (D) TNF-α production by undifferentiated HL-60 cells. * p < 0.05 compare to medium
control (M).
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4. Discussion

In this study, we originally found that human purified monomeric IgG subclasses
IgG1 and IgG2, and IgG Fc fragment can augment PMA-stimulated NET formation of
dHL-60 cells via the engagement of FcγRIII. We used the ATRA-differentiated HL-60 cells
(mature granulocytes) cultured in human immunoglobulin-free medium instead of isolated
human peripheral blood PMNs. Therefore, we can completely control the experimental
milieu to prevent previous engagement of dHL-60 by human IgGs and interference for
NET formation. It is interesting that the engagement of FcγRIII by human IgG1, IgG2, and
Fc portion of IgG can enhance intracellular ROS (Figure 5) and proinflammatory cytokines,
IL-8 and TNF-α (Figure 7), but is unable to induce NET formation of dHL-60. Unexpectedly,
the engagement with IgG subclasses or IgG Fc fragments can augment PMA-activated
NET formation of dHL-60 cells in a dose-dependent manner. It is worthy to mention that
the concentrations of IgG subclasses we used to enhance PMA-stimulated dHL-60 NET
formation are much lower than those in human serum. This finding may suggest that the
FcγR engagement already happens to influence NET formation in vivo. In clinical practice,
Yalavarthi et al. [46] found that IgG purified from anti-phospholipid syndrome patients can
stimulate NET formation by normal neutrophils with the requirement of ROS. Our findings
of increased ROS generation by FcγRIII engagement of dHL-60 is rather consistent with
this observation and may provide some novel insights with the mechanism. For further
exploring the involvement of IgG Fc receptors in PMA-stimulated NET formation, the
signaling pathways induced by IgG Fc receptor engagement and the molecules involved in
NET formation were investigated in the present study.

As demonstrated in Figure 6 and summarized in Figure 8, we propose that FcγR
engaged by human IgG Fc fragment can activate Syk-ERK-NF-κB signaling to enhance
ROS generation, which is crucial for NET formation [7,12,13]. However, the enhanced
intracellular ROS are not as high as that induced by PMA. One possible explanation may be
in the slightly increased P-SHP-1 after the FcγR engagement (Figure 6D) via FcγRII [47]. It
is believed that P-SHP-1 can down-regulate the Syk-ERK signaling pathway to suppress the
cell activation [47,48]. Although the Fc region of IgG alone cannot trigger NET formation
of dHL-60, we originally found that the FcγR engagement can augment NET formation
of dHL-60 in the presence of PMA via increased ROS and proinflammatory cytokines,
IL-8 and TNF-α, production. On the other hand, PMA can activate the PKC signaling
pathway to enhance ROS generation [49,50]. Obviously, the partial cross-talk between
FcγRIII-induced Syk-ERK signaling pathway and PMA-induced PKC signaling pathway
is directly via ROS generation, and indirectly via proinflammatory cytokines, IL-8 and
TNF-α, production. Durandy et al. [51] demonstrated that the proinflammatory property
of IgG requires binding of the IgG Fc fragment to FcγR on innate immune effector cells.
Some authors have demonstrated that the interaction between IgG Fc portion and FcγRIII
could induce proinflammatory cytokines and phagocytosis of target cells [52,53]. Although
we did not perform an experiment to test the effects of IL-8 and TNF-α on granulocytes,
it is already proved that proinflammatory cytokines, IL-8 and TNF-α, can influence NET
formation via a positive feedback to ERK pathway and ROS production [54–57].

The HL-60 cell line originated from a patient with acute promyelocytic leukemia. Our
finding of the production of IL-8 and TNF-α from myeloid cells after FcγR engagement
can be applied in the pathophysiology of a notable clinical condition. The differentiation
syndrome is a serious complication in patients with acute promyelocytic leukemia after
receiving the treatment regimens of ATRA [58,59]. This particular syndrome is associ-
ated with the presentation of organ infiltration by granulocytes and those mature white
blood cells activated by the inflammatory cytokines. It is also conceivable that the proin-
flammatory cytokines can induce a systemic inflammatory response syndrome, the main
phenomenon in this particular syndrome [60]. Although the pathogenesis of differentiation
syndrome is still not completely understood, the up-regulated proinflammatory cytokines,
IL-8 and TNF-α, production by dHL-60 upon engagement of FcγRIII seems not only con-
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sistent with the development of differentiation syndrome but enhanced PMA-stimulated
NET formation via ROS generation.
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Figure 8. A putative scheme demonstrating the cross-talk between FcγRIII engagement-induced Syk-ERK-NF-κB and
PMA-induced PKC-ROS signaling pathways in augmenting dHL-60 NET formation. Human monomeric IgG binding to
FcγRIII activates Syk-ERK- NF-κB signaling pathway, which enhances intracellular ROS generation and IL-8 and TNF-α
cytokines gene expression. These cytokines can positively feedback the ERK-NF-κB signaling and ROS generation. The
ROS and high concentration of intracellular [Ca2+] can stimulate PAD4 enzyme activity for histone citrullination. On the
other side, the PMA-activates PKC phosphorylation can potently induce ROS generation and PAD4 activation. It is quite
possible that the cross-talk between FcγRIII-Syk-ERK and PMA-PKC signaling pathways can synergistically augment NET
formation. PAD4: peptidylarginine deiminase 4.

We used several types of IgG molecules containing the Fc region, including monomeric
IgG1 (RTX), IgG2, and Fc fragments derived from human IgG in this study. Since IgG1 is the
most abundant IgG in human serum, it is worthy to investigate its role in NET formation.
As a chimeric mouse-human IgG1 monoclonal antibody, RTX had the advantages of stable
structure and being easily available. The IgG we used in the present study was purified
from the pooled plasma of healthy blood donors in Taiwan, whereas the Fc fragment
was obtained from the normal human plasma of Caucasians. The Fc glycosylation may
differ relying on the origin, especially after papain digestion. Therefore, the FcγRIII
engagement of IgG and Fc fragments may produce unequal degrees of immunological
effects. Nevertheless, we found the effects of different Fc region-containing IgG molecules
to be rather consistent with the results obtained.

Human neutrophils can express both FcγRIIIA and FcγRIIIB on the cell surface [36,41,61].
FcγRIIIB is well known as the most abundant receptor on the surface of mature neu-
trophils [62,63]. Human neutrophils also express low levels of FcγRIIIA, which plays a role
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in PMN activation [61,63]. The phosphorylation of Syk can be induced by both FcγRIIIA
and FcγRIIIB engagement [36,64]. We found that blocking FcγRIII with specific antibod-
ies could significantly diminish intracellular ROS generation and NET formation. The
concentration of anti-FcγRIII antibody (1 or 5 µg/mL) required to suppress the activated
dHL-60 is much lower than the concentration (200 µg/mL) for IgG monomer engagement.
This result may imply that the binding affinity between a non-specific IgG monomer and
FcγRIII is much weaker than that of a specific anti-receptor antibody. Our data strongly
suggest that at least partial cross-talk between FcγRIII engagement-induced Syk-ERK
signaling pathway and PMA-induced PKC signaling pathway is mediated by ROS that
activates PAD4 enzyme activity and NET formation. Another crucial factor in inducing
NET formation is the increased intracellular calcium concentration [3,14,16]. Although we
did not measure the calcium flux and PAD4 activity in the present investigation, some
authors have already reported that the Syk-ERK pathway can increase intracellular ROS
generation for activating PAD4 enzyme activity [65–67].

In clinical practice, the excessive NET formation contributes to a wide range of disease
pathogenesis, including vascular thrombosis, atherosclerosis, autoimmune diseases, and
sepsis [19,21,25,26]. As the crucial NET components, DNA, histones, elastase, proteinase 3,
myeloperoxidase, and LL-37 are the potential sources of autoantigens participating in the
flare-up of autoimmune diseases [8,20–23]. In recent years, IVIg therapy has become an
important option for the treatment of intractable autoimmune diseases [68,69]. Despite the
fact that FcγR has been considered an important therapeutic target, only a limited number
of investigational drug candidates have been developed for the treatment of autoimmune
and inflammatory diseases [70]. We suggest that the elucidation of the effects of IgG
engagement on neutrophil biology/pathobiology are crucial for further understanding the
molecular basis of autoimmune diseases, inflammatory diseases, and therapeutic rationale
of IVIg therapy in future.

5. Conclusions

We originally found the engagement of FcγRIII by human monomeric IgG1, IgG2, and
the IgG Fc fragment in augmenting the PMA-stimulated NET formation by dHL-60. We
further identified that the molecular basis of the augmentation is partially via the cross-talk
between the FcγRIII-induced Syk-ERK-NF-κB and the PMA-induced PKC-ROS signaling
pathways by increased ROS generation and pro-inflammatory cytokines, IL-8 and TNF-α,
production. Whether Syk-ERK signaling can induce intracellular [Ca2+] mobilization and
PAD4 enzyme activation are now under investigation.

Author Contributions: Conceptualization, C.-L.Y., K.-J.L. and S.-C.H.; writing—original draft prepa-
ration, C.-H.L.; writing—review and editing, C.-H.W., C.-Y.S. and Y.-M.K. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was funded by the Ministry of Science and Technology (National Science Coun-
cil) of Taiwan (Grant No. 108-2314-B-002-098 and 109-2314-B-002-234), the Taiwan Rheumatology
Association (Grant No. TRA201602), and the National Taiwan University Hospital Yunlin Branch
Grant (Grant No. NTUHYL.104N004).

Institutional Review Board Statement: This study did not involve human or animal experiment.

Informed Consent Statement: Not applicable.

Data Availability Statement: All figures and data used to support this study are included within
this article.

Acknowledgments: We would like to acknowledge the service provided by the RCF7 Lab. of
Department of Medical Research at National Taiwan University Hospital. And we are grateful to
thank Yu-Hsuan Chen (Department of Internal Medicine, National Taiwan University Hospital) for
the technical assistances and valuable comments on the manuscript.

Conflicts of Interest: The authors declare that there is no conflict of interest regarding publication of
this paper.



Biomedicines 2021, 9, 1127 15 of 17

References
1. Vidarsson, G.; Dekkers, G.; Rispens, T. IgG subclasses and allotypes: From structure to effector functions. Front. Immunol. 2014,

5, 520. [CrossRef]
2. Mortaz, E.; Alipoor, S.D.; Adcock, I.M.; Mumby, S.; Koenderman, L. Update on Neutrophil Function in Severe Inflammation.

Front. Immunol. 2018, 9, 2171. [CrossRef]
3. Ravindran, M.; Khan, M.A.; Palaniyar, N. Neutrophil Extracellular Trap Formation: Physiology, Pathology, and Pharmacology.

Biomolecules 2019, 9, 365. [CrossRef]
4. Yipp, B.G.; Petri, B.; Salina, D.; Jenne, C.N.; Scott, B.N.; Zbytnuik, L.D.; Pittman, K.; Asaduzzaman, M.; Wu, K.; Meijndert, H.C.;

et al. Infection-induced NETosis is a dynamic process involving neutrophil multitasking in vivo. Nat. Med. 2012, 18, 1386–1393.
[CrossRef]

5. Jorch, S.K.; Kubes, P. An emerging role for neutrophil extracellular traps in noninfectious disease. Nat. Med. 2017, 23, 279–287.
[CrossRef]

6. Brinkmann, V.; Reichard, U.; Goosmann, C.; Fauler, B.; Uhlemann, Y.; Weiss, D.S.; Weinrauch, Y.; Zychlinsky, A. Neutrophil
extracellular traps kill bacteria. Science 2004, 303, 1532–1535. [CrossRef] [PubMed]

7. Papayannopoulos, V.; Metzler, K.D.; Hakkim, A.; Zychlinsky, A. Neutrophil elastase and myeloperoxidase regulate the formation
of neutrophil extracellular traps. J. Cell Biol. 2010, 191, 677–691. [CrossRef] [PubMed]

8. Apel, F.; Zychlinsky, A.; Kenny, E.F. The role of neutrophil extracellular traps in rheumatic diseases. Nat. Rev. Rheumatol. 2018, 14,
467–475. [CrossRef] [PubMed]

9. Aleman, O.R.; Mora, N.; Cortes-Vieyra, R.; Uribe-Querol, E.; Rosales, C. Differential Use of Human Neutrophil Fcgamma
Receptors for Inducing Neutrophil Extracellular Trap Formation. J. Immunol. Res. 2016, 2016, 2908034. [CrossRef]

10. Khan, M.A.; Farahvash, A.; Douda, D.N.; Licht, J.C.; Grasemann, H.; Sweezey, N.; Palaniyar, N. JNK Activation Turns on LPS- and
Gram-Negative Bacteria-Induced NADPH Oxidase-Dependent Suicidal NETosis. Sci. Rep. 2017, 7, 3409. [CrossRef] [PubMed]

11. Pilsczek, F.H.; Salina, D.; Poon, K.K.; Fahey, C.; Yipp, B.G.; Sibley, C.D.; Robbins, S.M.; Green, F.H.; Surette, M.G.; Sugai, M.; et al.
A novel mechanism of rapid nuclear neutrophil extracellular trap formation in response to Staphylococcus aureus. J. Immunol.
2010, 185, 7413–7425. [CrossRef]

12. Stoiber, W.; Obermayer, A.; Steinbacher, P.; Krautgartner, W.D. The Role of Reactive Oxygen Species (ROS) in the Formation of
Extracellular Traps (ETs) in Humans. Biomolecules 2015, 5, 702–723. [CrossRef]

13. Kawakami, T.; He, J.; Morita, H.; Yokoyama, K.; Kaji, H.; Tanaka, C.; Suemori, S.; Tohyama, K.; Tohyama, Y. Rab27a is essential for
the formation of neutrophil extracellular traps (NETs) in neutrophil-like differentiated HL60 cells. PLoS ONE 2014, 9, e84704.
[CrossRef]

14. Hamam, H.J.; Khan, M.A.; Palaniyar, N. Histone Acetylation Promotes Neutrophil Extracellular Trap Formation. Biomolecules
2019, 9, 32. [CrossRef] [PubMed]

15. Sorensen, O.E.; Borregaard, N. Neutrophil extracellular traps-the dark side of neutrophils. J. Clin. Investig. 2016, 126, 1612–1620.
[CrossRef]

16. Thiam, H.R.; Wong, S.L.; Qiu, R.; Kittisopikul, M.; Vahabikashi, A.; Goldman, A.E.; Goldman, R.D.; Wagner, D.D.; Waterman,
C.M. NETosis proceeds by cytoskeleton and endomembrane disassembly and PAD4-mediated chromatin decondensation and
nuclear envelope rupture. Proc. Natl. Acad. Sci. USA 2020, 117, 7326–7337. [CrossRef]

17. Tsai, C.Y.; Hsieh, S.C.; Liu, C.W.; Lu, C.S.; Wu, C.H.; Liao, H.T.; Chen, M.H.; Li, K.J.; Shen, C.Y.; Kuo, Y.M.; et al. Cross-Talk among
Polymorphonuclear Neutrophils, Immune, and Non-Immune Cells via Released Cytokines, Granule Proteins, Microvesicles, and
Neutrophil Extracellular Trap Formation: A Novel Concept of Biology and Pathobiology for Neutrophils. Int. J. Mol. Sci. 2021,
22, 3119. [CrossRef] [PubMed]

18. Jiménez-Alcázar, M.; Napirei, M.; Panda, R.; Köhler, E.C.; Kremer Hovinga, J.A.; Mannherz, H.G.; Peine, S.; Renné, T.; Lämmle,
B.; Fuchs, T.A. Impaired DNase1-mediated degradation of neutrophil extracellular traps is associated with acute thrombotic
microangiopathies. J. Thromb. Haemost. 2015, 13, 732–742. [CrossRef]

19. de Buhr, N.; von Köckritz-Blickwede, M. The Balance of Neutrophil Extracellular Trap Formation and Nuclease Degradation: An
Unknown Role of Bacterial Coinfections in COVID-19 Patients? mBio 2021, 12, e03304-20. [CrossRef]

20. Granger, V.; Peyneau, M.; Chollet-Martin, S.; de Chaisemartin, L. Neutrophil Extracellular Traps in Autoimmunity and Allergy:
Immune Complexes at Work. Front. Immunol. 2019, 10, 2824. [CrossRef] [PubMed]

21. Trofimenko, A.S.; Mozgovaya, E.E.; Bedina, S.A.; Spasov, A.A. Ambiguities in Neutrophil Extracellular Traps. Ongoing Concepts
and Potential Biomarkers for Rheumatoid Arthritis: A Narrative Review. Curr. Rheumatol. Rev. 2019. [CrossRef]

22. Leffler, J.; Martin, M.; Gullstrand, B.; Tyden, H.; Lood, C.; Truedsson, L.; Bengtsson, A.A.; Blom, A.M. Neutrophil extracellular
traps that are not degraded in systemic lupus erythematosus activate complement exacerbating the disease. J. Immunol. 2012, 188,
3522–3531. [CrossRef]

23. Nakazawa, D.; Tomaru, U.; Suzuki, A.; Masuda, S.; Hasegawa, R.; Kobayashi, T.; Nishio, S.; Kasahara, M.; Ishizu, A. Abnormal
conformation and impaired degradation of propylthiouracil-induced neutrophil extracellular traps: Implications of disordered
neutrophil extracellular traps in a rat model of myeloperoxidase antineutrophil cytoplasmic antibody-associated vasculitis.
Arthritis Rheum. 2012, 64, 3779–3787. [CrossRef]

24. Söderberg, D.; Segelmark, M. Neutrophil Extracellular Traps in ANCA-Associated Vasculitis. Front. Immunol. 2016, 7, 256.
[CrossRef]

http://doi.org/10.3389/fimmu.2014.00520
http://doi.org/10.3389/fimmu.2018.02171
http://doi.org/10.3390/biom9080365
http://doi.org/10.1038/nm.2847
http://doi.org/10.1038/nm.4294
http://doi.org/10.1126/science.1092385
http://www.ncbi.nlm.nih.gov/pubmed/15001782
http://doi.org/10.1083/jcb.201006052
http://www.ncbi.nlm.nih.gov/pubmed/20974816
http://doi.org/10.1038/s41584-018-0039-z
http://www.ncbi.nlm.nih.gov/pubmed/29930301
http://doi.org/10.1155/2016/2908034
http://doi.org/10.1038/s41598-017-03257-z
http://www.ncbi.nlm.nih.gov/pubmed/28611461
http://doi.org/10.4049/jimmunol.1000675
http://doi.org/10.3390/biom5020702
http://doi.org/10.1371/journal.pone.0084704
http://doi.org/10.3390/biom9010032
http://www.ncbi.nlm.nih.gov/pubmed/30669408
http://doi.org/10.1172/JCI84538
http://doi.org/10.1073/pnas.1909546117
http://doi.org/10.3390/ijms22063119
http://www.ncbi.nlm.nih.gov/pubmed/33803773
http://doi.org/10.1111/jth.12796
http://doi.org/10.1128/mBio.03304-20
http://doi.org/10.3389/fimmu.2019.02824
http://www.ncbi.nlm.nih.gov/pubmed/31849989
http://doi.org/10.2174/1573397115666191127141801
http://doi.org/10.4049/jimmunol.1102404
http://doi.org/10.1002/art.34619
http://doi.org/10.3389/fimmu.2016.00256


Biomedicines 2021, 9, 1127 16 of 17

25. Li, T.; Zhang, Z.; Li, X.; Dong, G.; Zhang, M.; Xu, Z.; Yang, J. Neutrophil Extracellular Traps: Signaling Properties and Disease
Relevance. Mediat. Inflamm. 2020, 2020, 9254087. [CrossRef]

26. Petito, E.; Falcinelli, E.; Paliani, U.; Cesari, E.; Vaudo, G.; Sebastiano, M.; Cerotto, V.; Guglielmini, G.; Gori, F.; Malvestiti, M.; et al.
Neutrophil more than platelet activation associates with thrombotic complications in COVID-19 patients. J. Infect. Dis. 2020, 223,
933–944. [CrossRef] [PubMed]

27. Arcanjo, A.; Logullo, J.; Menezes, C.C.B.; de Souza Carvalho Giangiarulo, T.C.; Dos Reis, M.C.; de Castro, G.M.M.; da Silva
Fontes, Y.; Todeschini, A.R.; Freire-de-Lima, L.; Decoté-Ricardo, D.; et al. The emerging role of neutrophil extracellular traps in
severe acute respiratory syndrome coronavirus 2 (COVID-19). Sci. Rep. 2020, 10, 19630. [CrossRef] [PubMed]

28. Shaw, R.J.; Bradbury, C.; Abrams, S.T.; Wang, G.; Toh, C.H. COVID-19 and Immunothrombosis: Emerging understanding and
clinical management. Br. J. Haematol. 2021, 194, 518–529. [CrossRef] [PubMed]

29. Veras, F.P.; Pontelli, M.C.; Silva, C.M.; Toller-Kawahisa, J.E.; de Lima, M.; Nascimento, D.C.; Schneider, A.H.; Caetité, D.; Tavares,
L.A.; Paiva, I.M.; et al. SARS-CoV-2-triggered neutrophil extracellular traps mediate COVID-19 pathology. J. Exp. Med. 2020,
217, e20201129. [CrossRef]

30. Vaidya, K.; Tucker, B.; Kurup, R.; Khandkar, C.; Pandzic, E.; Barraclough, J.; Machet, J.; Misra, A.; Kavurma, M.; Martinez, G.;
et al. Colchicine Inhibits Neutrophil Extracellular Trap Formation in Patients With Acute Coronary Syndrome After Percutaneous
Coronary Intervention. J. Am. Heart Assoc. 2021, 10, e018993. [CrossRef]

31. Apostolidou, E.; Skendros, P.; Kambas, K.; Mitroulis, I.; Konstantinidis, T.; Chrysanthopoulou, A.; Nakos, K.; Tsironidou, V.;
Koffa, M.; Boumpas, D.T.; et al. Neutrophil extracellular traps regulate IL-1β-mediated inflammation in familial Mediterranean
fever. Ann. Rheum. Dis. 2016, 75, 269–277. [CrossRef]

32. Lopes, M.I.; Bonjorno, L.P.; Giannini, M.C.; Amaral, N.B.; Menezes, P.I.; Dib, S.M.; Gigante, S.L.; Benatti, M.N.; Rezek, U.C.;
Emrich-Filho, L.L.; et al. Beneficial effects of colchicine for moderate to severe COVID-19: A randomised, double-blinded,
placebo-controlled clinical trial. RMD Open 2021, 7, e001455. [CrossRef]

33. Aleyd, E.; van Hout, M.W.; Ganzevles, S.H.; Hoeben, K.A.; Everts, V.; Bakema, J.E.; van Egmond, M. IgA enhances NETosis and
release of neutrophil extracellular traps by polymorphonuclear cells via Fcalpha receptor I. J. Immunol. 2014, 192, 2374–2383.
[CrossRef]

34. Aleyd, E.; Al, M.; Tuk, C.W.; van der Laken, C.J.; van Egmond, M. IgA Complexes in Plasma and Synovial Fluid of Patients with
Rheumatoid Arthritis Induce Neutrophil Extracellular Traps via FcalphaRI. J. Immunol. 2016, 197, 4552–4559. [CrossRef]

35. Gelfand, E.W. Intravenous immune globulin in autoimmune and inflammatory diseases. N. Engl. J. Med. 2012, 367, 2015–2025.
[CrossRef]

36. Bournazos, S.; Gupta, A.; Ravetch, J.V. The role of IgG Fc receptors in antibody-dependent enhancement. Nat. Rev. Immunol. 2020,
20, 633–643. [CrossRef] [PubMed]

37. Kaneko, Y.; Nimmerjahn, F.; Ravetch, J.V. Anti-inflammatory activity of immunoglobulin G resulting from Fc sialylation. Science
2006, 313, 670–673. [CrossRef]

38. Campbell, I.K.; Miescher, S.; Branch, D.R.; Mott, P.J.; Lazarus, A.H.; Han, D.; Maraskovsky, E.; Zuercher, A.W.; Neschadim, A.;
Leontyev, D.; et al. Therapeutic effect of IVIG on inflammatory arthritis in mice is dependent on the Fc portion and independent
of sialylation or basophils. J. Immunol. 2014, 192, 5031–5038. [CrossRef] [PubMed]

39. Ying, T.; Feng, Y.; Wang, Y.; Chen, W.; Dimitrov, D.S. Monomeric IgG1 Fc molecules displaying unique Fc receptor interactions
that are exploitable to treat inflammation-mediated diseases. mAbs 2014, 6, 1201–1210. [CrossRef] [PubMed]

40. Jönsson, F.; de Chaisemartin, L.; Granger, V.; Gouel-Chéron, A.; Gillis, C.M.; Zhu, Q.; Dib, F.; Nicaise-Roland, P.; Ganneau, C.;
Hurtado-Nedelec, M.; et al. An IgG-induced neutrophil activation pathway contributes to human drug-induced anaphylaxis. Sci.
Transl. Med. 2019, 11. [CrossRef]

41. Fetz, A.E.; Radic, M.Z.; Bowlin, G.L. Human Neutrophil FcγRIIIb Regulates Neutrophil Extracellular Trap Release in Response to
Electrospun Polydioxanone Biomaterials. Acta Biomater. 2021, 130, 281–290. [CrossRef] [PubMed]

42. Tak, T.; Tesselaar, K.; Pillay, J.; Borghans, J.A.; Koenderman, L. What’s your age again? Determination of human neutrophil
half-lives revisited. J. Leukoc. Biol. 2013, 94, 595–601. [CrossRef]

43. Teimourian, S.; Moghanloo, E. Role of PTEN in neutrophil extracellular trap formation. Mol. Immunol. 2015, 66, 319–324.
[CrossRef]

44. Guo, Y.; Gao, F.; Wang, Q.; Wang, K.; Pan, S.; Pan, Z.; Xu, S.; Li, L.; Zhao, D. Differentiation of HL-60 cells in serum-free
hematopoietic cell media enhances the production of neutrophil extracellular traps. Exp. Ther. Med. 2021, 21, 353. [CrossRef]
[PubMed]

45. Rebernick, R.; Fahmy, L.; Glover, C.; Bawadekar, M.; Shim, D.; Holmes, C.L.; Rademacher, N.; Potluri, H.; Bartels, C.M.; Shelef,
M.A. DNA Area and NETosis Analysis (DANA): A High-Throughput Method to Quantify Neutrophil Extracellular Traps in
Fluorescent Microscope Images. Biol. Proced. Online 2018, 20, 7. [CrossRef] [PubMed]

46. Yalavarthi, S.; Gould, T.J.; Rao, A.N.; Mazza, L.F.; Morris, A.E.; Nunez-Alvarez, C.; Hernandez-Ramirez, D.; Bockenstedt,
P.L.; Liaw, P.C.; Cabral, A.R.; et al. Release of neutrophil extracellular traps by neutrophils stimulated with antiphospholipid
antibodies: A newly identified mechanism of thrombosis in the antiphospholipid syndrome. Arthritis Rheumatol. 2015, 67,
2990–3003. [CrossRef]

http://doi.org/10.1155/2020/9254087
http://doi.org/10.1093/infdis/jiaa756
http://www.ncbi.nlm.nih.gov/pubmed/33280009
http://doi.org/10.1038/s41598-020-76781-0
http://www.ncbi.nlm.nih.gov/pubmed/33184506
http://doi.org/10.1111/bjh.17664
http://www.ncbi.nlm.nih.gov/pubmed/34114204
http://doi.org/10.1084/jem.20201129
http://doi.org/10.1161/JAHA.120.018993
http://doi.org/10.1136/annrheumdis-2014-205958
http://doi.org/10.1136/rmdopen-2020-001455
http://doi.org/10.4049/jimmunol.1300261
http://doi.org/10.4049/jimmunol.1502353
http://doi.org/10.1056/NEJMra1009433
http://doi.org/10.1038/s41577-020-00410-0
http://www.ncbi.nlm.nih.gov/pubmed/32782358
http://doi.org/10.1126/science.1129594
http://doi.org/10.4049/jimmunol.1301611
http://www.ncbi.nlm.nih.gov/pubmed/24760152
http://doi.org/10.4161/mabs.29835
http://www.ncbi.nlm.nih.gov/pubmed/25517305
http://doi.org/10.1126/scitranslmed.aat1479
http://doi.org/10.1016/j.actbio.2021.06.007
http://www.ncbi.nlm.nih.gov/pubmed/34116225
http://doi.org/10.1189/jlb.1112571
http://doi.org/10.1016/j.molimm.2015.03.251
http://doi.org/10.3892/etm.2021.9784
http://www.ncbi.nlm.nih.gov/pubmed/33732326
http://doi.org/10.1186/s12575-018-0072-y
http://www.ncbi.nlm.nih.gov/pubmed/29618953
http://doi.org/10.1002/art.39247


Biomedicines 2021, 9, 1127 17 of 17

47. Okubo, K.; Brenner, M.D.; Cullere, X.; Saggu, G.; Patchen, M.L.; Bose, N.; Mihori, S.; Yuan, Z.; Lowell, C.A.; Zhu, C.; et al.
Inhibitory affinity modulation of FcγRIIA ligand binding by glycosphingolipids by inside-out signaling. Cell Rep. 2021, 35, 109142.
[CrossRef]

48. Heneberg, P.; Dráber, P. Nonreceptor protein tyrosine and lipid phosphatases in type I fc(epsilon) receptor-mediated activation of
mast cells and basophils. Int. Arch. Allergy Immunol. 2002, 128, 253–263. [CrossRef]

49. Hakkim, A.; Fuchs, T.A.; Martinez, N.E.; Hess, S.; Prinz, H.; Zychlinsky, A.; Waldmann, H. Activation of the Raf-MEK-ERK
pathway is required for neutrophil extracellular trap formation. Nat. Chem. Biol. 2011, 7, 75–77. [CrossRef]

50. Gray, R.D.; Lucas, C.D.; MacKellar, A.; Li, F.; Hiersemenzel, K.; Haslett, C.; Davidson, D.J.; Rossi, A.G. Activation of conventional
protein kinase C (PKC) is critical in the generation of human neutrophil extracellular traps. J. Inflamm. 2013, 10, 12. [CrossRef]

51. Durandy, A.; Kaveri, S.V.; Kuijpers, T.W.; Basta, M.; Miescher, S.; Ravetch, J.V.; Rieben, R. Intravenous immunoglobulins–
understanding properties and mechanisms. Clin. Exp. Immunol. 2009, 158, 2–13. [CrossRef]

52. Shields, R.L.; Lai, J.; Keck, R.; O’Connell, L.Y.; Hong, K.; Meng, Y.G.; Weikert, S.H.; Presta, L.G. Lack of fucose on human IgG1
N-linked oligosaccharide improves binding to human Fcgamma RIII and antibody-dependent cellular toxicity. J. Biol. Chem. 2002,
277, 26733–26740. [CrossRef]

53. Golay, J.; Da Roit, F.; Bologna, L.; Ferrara, C.; Leusen, J.H.; Rambaldi, A.; Klein, C.; Introna, M. Glycoengineered CD20 antibody
obinutuzumab activates neutrophils and mediates phagocytosis through CD16B more efficiently than rituximab. Blood 2013, 122,
3482–3491. [CrossRef]

54. de Buhr, N.; von Köckritz-Blickwede, M. How Neutrophil Extracellular Traps Become Visible. J. Immunol. Res. 2016, 2016, 4604713.
[CrossRef]

55. Goldmann, O.; Medina, E. The expanding world of extracellular traps: Not only neutrophils but much more. Front. Immunol.
2012, 3, 420. [CrossRef]

56. Yuo, A.; Kitagawa, S.; Suzuki, I.; Urabe, A.; Okabe, T.; Saito, M.; Takaku, F. Tumor necrosis factor as an activator of human
granulocytes. Potentiation of the metabolisms triggered by the Ca2+-mobilizing agonists. J. Immunol. 1989, 142, 1678–1684.

57. Brown, G.E.; Stewart, M.Q.; Bissonnette, S.A.; Elia, A.E.; Wilker, E.; Yaffe, M.B. Distinct ligand-dependent roles for p38 MAPK in
priming and activation of the neutrophil NADPH oxidase. J. Biol. Chem. 2004, 279, 27059–27068. [CrossRef]

58. Larson, R.S.; Tallman, M.S. Retinoic acid syndrome: Manifestations, pathogenesis, and treatment. Best Pract. Res. Clin. Haematol.
2003, 16, 453–461. [CrossRef]

59. Gasparovic, L.; Weiler, S.; Higi, L.; Burden, A.M. Incidence of Differentiation Syndrome Associated with Treatment Regimens in
Acute Myeloid Leukemia: A Systematic Review of the Literature. J. Clin. Med. 2020, 9, 3342. [CrossRef]

60. Stahl, M.; Tallman, M.S. Differentiation syndrome in acute promyelocytic leukaemia. Br. J. Haematol. 2019, 187, 157–162.
[CrossRef]

61. Golay, J.; Valgardsdottir, R.; Musaraj, G.; Giupponi, D.; Spinelli, O.; Introna, M. Human neutrophils express low levels of FcγRIIIA,
which plays a role in PMN activation. Blood 2019, 133, 1395–1405. [CrossRef]

62. Fanger, M.W.; Shen, L.; Graziano, R.F.; Guyre, P.M. Cytotoxicity mediated by human Fc receptors for IgG. Immunol. Today 1989,
10, 92–99. [CrossRef]

63. Wang, Y.; Jonsson, F. Expression, Role, and Regulation of Neutrophil Fcgamma Receptors. Front. Immunol. 2019, 10, 1958.
[CrossRef]

64. Alemán, O.R.; Mora, N.; Cortes-Vieyra, R.; Uribe-Querol, E.; Rosales, C. Transforming Growth Factor-β-Activated Kinase 1 Is
Required for Human FcγRIIIb-Induced Neutrophil Extracellular Trap Formation. Front. Immunol. 2016, 7, 277. [CrossRef]

65. Nguyen, G.T.; Green, E.R.; Mecsas, J. Neutrophils to the ROScue: Mechanisms of NADPH Oxidase Activation and Bacterial
Resistance. Front. Cell. Infect. Microbiol. 2017, 7, 373. [CrossRef] [PubMed]

66. Belambri, S.A.; Rolas, L.; Raad, H.; Hurtado-Nedelec, M.; Dang, P.M.; El-Benna, J. NADPH oxidase activation in neutrophils: Role
of the phosphorylation of its subunits. Eur. J. Clin. Investig. 2018, 48, e12951. [CrossRef]

67. Li, R.H.L.; Tablin, F. A Comparative Review of Neutrophil Extracellular Traps in Sepsis. Front. Vet. Sci. 2018, 5, 291. [CrossRef]
68. Orbach, H.; Katz, U.; Sherer, Y.; Shoenfeld, Y. Intravenous immunoglobulin: Adverse effects and safe administration. Clin. Rev.

Allergy Immunol. 2005, 29, 173–184. [CrossRef]
69. Kivity, S.; Katz, U.; Daniel, N.; Nussinovitch, U.; Papageorgiou, N.; Shoenfeld, Y. Evidence for the use of intravenous

immunoglobulins—A review of the literature. Clin. Rev. Allergy Immunol. 2010, 38, 201–269. [CrossRef] [PubMed]
70. Bosques, C.J.; Manning, A.M. Fc-gamma receptors: Attractive targets for autoimmune drug discovery searching for intelligent

therapeutic designs. Autoimmun. Rev. 2016, 15, 1081–1088. [CrossRef] [PubMed]

http://doi.org/10.1016/j.celrep.2021.109142
http://doi.org/10.1159/000063864
http://doi.org/10.1038/nchembio.496
http://doi.org/10.1186/1476-9255-10-12
http://doi.org/10.1111/j.1365-2249.2009.04022.x
http://doi.org/10.1074/jbc.M202069200
http://doi.org/10.1182/blood-2013-05-504043
http://doi.org/10.1155/2016/4604713
http://doi.org/10.3389/fimmu.2012.00420
http://doi.org/10.1074/jbc.M314258200
http://doi.org/10.1016/S1521-6926(03)00043-4
http://doi.org/10.3390/jcm9103342
http://doi.org/10.1111/bjh.16151
http://doi.org/10.1182/blood-2018-07-864538
http://doi.org/10.1016/0167-5699(89)90234-X
http://doi.org/10.3389/fimmu.2019.01958
http://doi.org/10.3389/fimmu.2016.00277
http://doi.org/10.3389/fcimb.2017.00373
http://www.ncbi.nlm.nih.gov/pubmed/28890882
http://doi.org/10.1111/eci.12951
http://doi.org/10.3389/fvets.2018.00291
http://doi.org/10.1385/CRIAI:29:3:173
http://doi.org/10.1007/s12016-009-8155-9
http://www.ncbi.nlm.nih.gov/pubmed/19590986
http://doi.org/10.1016/j.autrev.2016.07.035
http://www.ncbi.nlm.nih.gov/pubmed/27491569

	Introduction 
	Materials and Methods 
	Cell Culture and Induction of HL-60 Cell Differentiation 
	Incubation of Human Monomeric IgG1, IgG2, and the Fab and Fc Fragments of Human IgG with dHL-60 
	Measurement NETs Formation 
	Determination of ROS Generation by PMA-Stimulated dHL-60 Cells 
	Quantification of NADPH/NADP+ Ratio 
	Measurement of Nitric Oxide 
	Assessment of the General ROS in Cells 

	Western Blot Analysis 
	Quantitation of Proinflammatory Cytokines 
	Statistical Analyses 

	Results 
	PMA-Stimulated NET Formation by dHL-60 
	The Effects of Preincubation of dHL-60 with Different Human Monomeric IgG Subclasses (IgG1 and IgG2) and IgG Fragments (Fab and Fc) on PMA-Stimulated NET Formation 
	Dose-Dependent Augmenting Effect of Human IgG Fc Receptor Type III (FcRIII) Engagement on PMA-Stimulated dHL-60 NET Formation 
	Increased Intracellular ROS Production and ROS Released from dHL-60 via FcRIII Engagement 
	Intracellular NADPH/NADP+ Ratio in dHL-60 and Nitrite in the Culture Supernatants without PMA Stimulation 
	Increased Intracellular ROS Concentration in dHL-60 Cells by IgG Molecules per se via Fc Region Engagement 

	Activation of Syk-ERK Signaling Pathway by IgG Fc Receptor Engagement 
	The Release of Proinflammatory Cytokines by dHL-60 Cells 

	Discussion 
	Conclusions 
	References

