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Abstract: Neutrophil extracellular traps (NETs) dysregulation is implicated in various diseases,
highlighting the need for accurate quantification methods. These methods must account for the
unique nature of NETs, where nuclear DNA and intracellular proteins translocate to the
extracellular space. This study addresses technical approaches in the Western blot quantification of
NETs-associated proteins (NAPs). Neutrophils were isolated from healthy donors, stimulated with
phorbol-myristate acetate (PMA), and the expression of cathelicidin antimicrobial protein LL-37
(LL-37/hCAP18), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and (-actin was analyzed
over time. LL-37/hCAP18 exhibited temporal and fraction-specific distribution patterns, while the
evaluation of GAPDH and -actin as loading controls emphasized the need for more precise
tailoring when studying NETs. This work aims to improve understanding of the techniques used to
measure them to make more accurate comparisons in the area of NETs research. Western blot
emerges as a robust and accessible tool, shedding light on the dynamics of NAPs.

Keywords: Neutrophil Extracellular Traps; Western Blot; LL-37; GAPDH; f-actin; Loading
Controls.

1. Introduction

Neutrophils constitute a crucial component of the initial defense against pathogens through
well-established mechanisms such as phagocytosis, oxidative burst, and degranulation [1]. In
addition to these widely recognized tactics, the formation of neutrophil extracellular traps (NETs)
has been more recently described as a significant aspect of this defense strategy [2,3].

NETs are intricate extracellular structures of DNA and proteins derived from various
intracellular compartments, including the cytoplasm, granules, and nucleus [4,5]. These NETs-
associated proteins (NAPs) are diverse, depending on the in vitro stimulus used or the pathological
condition studied [6-8]. NAPs play a crucial role in pathological states, where even minor variations
in their levels can significantly impact the effect on target cells [9].

To elucidate the role of NETs in pathophysiology, selecting methods that accurately evaluate the
presence, composition, and levels of the proteins being analyzed is crucial. Various techniques, such
as immunofluorescence, ELISA, and mass spectrometry, have been employed for this purpose [7,10-
13]. However, Western Blot offers several advantages, including affordability, analysis, and flexibility
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in antigen detection, making it suitable for studying NETs samples. Despite these advantages, there
is considerable variability and essential considerations in applying Western Blot to measure NAPs.
For example, choosing a reference protein with stable expression (loading control) is crucial for
accurate interpretation. Although proteins like (3-actin and GAPDH are widely used as reference
markers in other types of samples, they have also been applied to NET samples without clear
evidence of their suitability in this specific context. [11,14-16].

There is also considerable heterogeneity in NET processing methods. This includes minor
variations, such as differences in centrifugation times or the use of enzymes to enhance yield [17-19],
as well as more impactful factors like the specific sample fraction selected for analysis. Some
researchers focus exclusively on isolating the NETs, either with or without the supernatant that
contains them, while others analyze the entire sample, including both the NETs and the cells that
originally released them. [14,15,20].

In this study, we employ a time-course analysis of NETs release to assess the relevance of
GAPDH and {-actin as appropriate candidates for loading controls, and the presence of the
antimicrobial molecule LL-37/hCAP18 as a widely reported NAP[21-23], to evaluate the effectiveness
of different sample isolation approaches, such as cell lysate versus NETs fractions.

2. Materials and Methods

2.1. Ethics Statement

We used blood samples from healthy donors who signed informed consent. INER's Ethics and
Research Committee approved protocol B22-18. The study was conducted according to the
international guidelines regarding ethical and biomedical research in human subjects under the
WMA Declaration of Helsinki, and all data related to donors were kept anonymous.

2.2. Isolation of Peripheral Blood Neutrophils

Peripheral blood samples from three healthy donors were collected in
ethylenediaminetetraacetic acid (EDTA) containing tubes. Neutrophil isolation was performed
immediately using Polymorphprep (1114683, Serumwerk) per the manufacturer's instructions.
Briefly, blood was carefully layered onto Polymorphprep without mixing. After centrifugation for 30
minutes at 20°C and 500 x g, the supernatant and the upper layer containing mononuclear cells were
removed, leaving the lower layer with the neutrophils. The remaining erythrocytes were removed
using RBC Lysis Buffer. Neutrophil viability was assessed using trypan blue staining.

2.3. Flow Cytometry for Neutrophil Quality Assessment

For the quality of sample evaluation, 4 x 105 cells from each donor were stained and assessed by
flow cytometry using the BD FACSAria Il analyzer (BD Bioscience, Germany). The specific antibodies
used were as follows: CD66b-FITC (Biolegend, 305103), CD11b-PE (Biolegend, 101207), and CD16-
APC (Biolegend, 302012) [24]. After 45 minutes of staining in the dark, the cells were washed with
PBS and resuspended in 300 pL buffer. A minimum of 20,000 events were analyzed. Neutrophils
were identified as CD11b+, CD16+, and CD66b+ cells.

2.4. Neutrophil Cell Culture

Neutrophils from each donor were suspended in serum-free RPMI (Gibco, 11835-030). 7.5 x 10¢
cells were seeded into 10 cm plates for Western blot experiments, and for immunofluorescence
experiments, 4.8 x 105 neutrophils were attached on coverslips. Cell cultures were preincubated for
30 minutes at 37°C to allow for adherence (Time 0), followed by stimulation with 20 nM PMA (Sigma
P1585) for 0.5, 1, 2, 3, and 4 hours.
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2.5. Western Blot Assay

At the end of each stimulation time, 40 U/mL of DNase I (Invitrogen, 18047-019) was added to
the cells cultured in 10 cm plates and incubated for 15 minutes at 37°C, and then the medium was
recovered. To precipitate the proteins from conditioned media, four parts of acetone were added, and
the samples were incubated overnight at -20°C and centrifuged at 16,000 x g for 30 minutes at 4°C.
The acetone was decanted, the residual solvent evaporated at room temperature and the pellet
resuspended in RIPA (Sigma, R0278) supplemented with a cocktail of protease inhibitors
(Calbiochem 539137). Plate-anchored cells were scraped in RIPA lysis buffer plus protease inhibitors
to obtain the lysates. Thirty micrograms of NETs supernatants and cellular lysates were separated by
SDS-PAGE and transferred to a polyvinylidene fluoride (PVDF) membrane, blocked with 5% nonfat
milk diluted in PBS for one hour. Antibodies against LL-37/hCAP18 (Santa Cruz sc-166770, 1:1000
dilution), B-actin (Genetex gtx109639), and GAPDH (Genetex gtx28245, 1:10000 dilution) were used
and incubated overnight at 4°C, followed by incubation with their respective horseradish peroxidase-
conjugated secondary antibodies (Invitrogen, 62-6520 and 65-6120, both diluted 1:15000) for one hour
at room temperature. Protein detection was performed with SuperSignal West Femto Maximum
Sensitivity Substrate (Thermo Scientific, 34095) in a chemiluminescence imaging system (Chemidoc
XRS, Bio-Rad).

2.6. Immunofluorescence

At the end of each stimulation time, 1 x 104 cells were seeded on coverslips and fixed with 4%
paraformaldehyde for 10 minutes at room temperature with agitation. Subsequently, the cells were
permeabilized with 0.2% Triton X-100 and blocked with Universal Blocking Reagent (Biogenex,
HKO085-5K) for 30 minutes. After blocking, cells were incubated overnight at 4°C with an MPO-
antibody (Santa Cruz sc-52707, 1:100 dilution) to detect this protein component of NETs. Following
this, they were washed three times with PBS and incubated for 1 hour at room temperature with the
secondary antibody (goat anti-rabbit, DyLight 549 Biocare FDR549C, 1:500 dilution). Finally,
neutrophils were stained with Hoechst 33342 for 5 minutes (Invitrogen, R37605), and ProLong
Diamond Antifade Mountant (Invitrogen, P36970) was applied to each coverslip. The samples were
observed and photographed with an inverted Olympus IX-81 fluorescence microscope.

2.7. Statistical Analysis

The data presented represent the mean + SD of three independent experiments. Image analysis
was performed using Image]J software. Statistical analysis was conducted using Prism 9.3.1 software
(GraphPad, San Diego, CA, USA), with results displayed as arithmetic means + SD. Differences
between groups for multiple comparisons were assessed using one-way analysis of variance
(ANOVA) followed by Dunnett post-tests. Statistical significance was set at p <0.05.

3. Results

3.1. Sample Processing

We obtained neutrophils from three healthy donors, with viability assessed by trypan blue
exclusion at over 95% after isolation. The neutrophil phenotype (CD11b+, CD16+, and CD66b+) was
verified by FACS according to the gating strategy shown in Figure 1a. Figure 1b illustrates the sample
fraction strategy to analyze NAPs after cellular stimulation with PMA which consisted of supernatant
protein recovery after DNAse treatment at different time intervals, as shown in the scheme (Figure
1b).
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Figure 1. Neutrophils and NETs sample processing. a) Strategy to identify neutrophils. Three
sequential markers were used: CD11b (blue gate), CD16 (dark green gate), and CD66b (light green
gate). Results are displayed in the yellow gate. Y-axis: side-scatter area (SSC-A), X-axis: forward-
scatter area (FSC-A) of the indicated antibody (PE-CD11b, APC-CD16, and FITC-CD66b). b).
Schematic representation of temporal course approach. Neutrophils were stimulated with 20nM of
phorbol myristate acetate (PMA) for 0.5, 1, 2, 3, and 4 hours. At the end of each stimulus, NETs fraction
was treated with DNase to release the NETs-associated proteins (NAPs). Subsequently, adherent cells
in the culture dishes were lysed with RIPA buffer to obtain the Cell Lysate protein fraction.

3.2. NETs Release Verification

To validate the presence of NETs, MPO protein was detected with specific antibodies by
immunofluorescence on cells grown on coverslips. Hoechst was employed to visualize the DNA
framework. At the initial time, MPO was predominantly located in the cytoplasm, while the DNA-
intercalating dye revealed the characteristic lobed nucleus (Figure 2a). Over time, as illustrated in
Figures 2b-c, there was a notable loss of the classical segmentation, with the double staining
becoming moderately visible within the cells and exhibiting a gradual increase over time, as depicted
in Figures 2d-e. Cell extrusion was observed, and at the final time point, fibers were seen, still
anchored to cells or their remnants, and both MPO (protein) and Hoechst (DNA) staining were shown
(Figure 2f).
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Figure 2. Immunofluorescence of NETs. Representative time-lapse immunofluorescence
photomicrographs of neutrophils from healthy subjects stimulated with 20 nM of PMA. Blue=Hoechst
stain (DNA); red=anti-myeloperoxidase stain. 40X magnification.

3.3. Loading Control and NETs-Associated Protein (NAPs) Assessment

WB represents an affordable alternative for determining protein levels. Nevertheless, load
controls that exhibit no variations are essential for accurately interpreting the results. Considering
those above, we conducted a Western blot to analyze NAPs from neutrophils stimulated with PMA
(Figure 1b), testing glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and {3-actin as loading
controls.

As shown in Figure 3a, the expression of GAPDH remained unaltered in the samples of cell
lysates throughout the initial phase of the PMA time course (0, 0.5, and 1 hour). However, at 2 hours,
a notable decline in GAPDH was observed, becoming increasingly pronounced after 3 and 4 hours
of PMA stimulation. As expected, GAPDH was not detected in the NETs fraction (Figure 3a).

Regarding [-actin, we observed that the protein bands increased over time, starting at 3 hours
of the PMA stimulus and persisting for the subsequent hour. In the NETs fraction, $-actin was not
observed (Figure 3b). These results conclude that we cannot use GAPDH or B-actin as loading
controls. Therefore, we decided to use Ponceau red staining to verify the presence and homogeneity
of protein load. The Ponceau red staining revealed a homogeneous protein load in most of the
samples, and although in some cases, such as samples of 3 hours in Figure 3b where a lower amount
of protein is observed, this does not affect the result since it is the sample with a higher level of B-
actin.
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Figure 3. Evaluation of loading controls for NETs-releasing neutrophil samples. Representative
immunoblots of GAPDH (a) and b-actin (b). The upper panels show cell lysates and NETs samples at
different times after PMA stimuli (0, 0.5, 1, 2, 3, and 4 hours). The lower panel shows membranes
stained with Ponceau red. The graph represents the results of densitometric quantification from three
independent experiments. The bars represent the average + standard deviation (SD). * p<0.01, ** p<
0.05, **** p<0.0001.

Finally, we analyzed LL-37/hCAP18 as a NAP due to the distinct reported localization:
intracellularly within granules or extracellularly associated with NETs. Two bands were observed on
the blot of LL-37/hCAP18, one of approximately 14 kDa and a smaller one of 10 kDa (Figure 4a). The
intensity of the upper bands shows a different temporal dynamic than the lower bands, both in cell
lysate samples and in the supernatants containing NETs (Figure 4a). The LL-37/hCAP18 lower band
in the cell lysates exhibits a discernible tendency towards a decrease; however, this only reaches
statistical significance at 4 hours of PMA stimulation. Concurrently, the upper band (~14 kDa)
increases without reaching significance (Figure 4b). In the case of NETs samples, the upper band of
LL-37/hCAP18 increases at 0.5 h, reaching a peak at the 1-hour interval and exhibiting a gradual
decline. The ~10 kDa protein band of LL-37/hCAP18 tended to increase at the end of the time course,
although this was not statistically significant (Figure 4b).
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Figure 4. Evaluation of hCAP18/LL-37 as proof of suitability for NET-releasing neutrophil samples.
a) Representative immunoblot of hCAP18/LL-37 in cell lysate and NETs fraction samples at different
time points are shown (upper panel). The arrowheads indicate the molecular weight references
(15kDa and 10kDa). The membrane was stained with Ponceau red (lower panel). b) A graph of
densitometric analysis from three independent experiments. The bars represent the average +
standard deviation (SD). The blue lines show the trends. (* indicates p<0.01, and **** p<0.0001).

4. Discussion

During NETs release, atypical changes occur: the cytoskeleton disassembles, mitochondria
become permeable, the nuclear envelope breaks down, and chromatin decondenses. Furthermore,
part of the intracellular content externalizes, with some proteins being carried out with the NETs,
while others remain inside the cell. This reflects the unique nature of the studied samples,
complicating the correct protein analysis.

It is common practice to use reference proteins involved in key metabolic pathways or
cytoskeleton's structural elements, such as GAPDH and B-actin. However, neither of these proteins
remains static, so it is prudent to evaluate reference markers. Our system found a significant
difference, showing a lower amount of GAPDH after two hours of treatment with PMA. GAPDH
was initially identified as a protein with a limited function and localization, and due to its
characteristics, its use as a loading control is often accepted. However, recent discoveries show it is a
complex protein found in unexpected locations, such as the plasma membrane, mitochondria, and
the nucleus [25]. Additionally, beyond its variability in location, GAPDH has been found to undergo
modifications and play different roles in disease. For example, in COVID-19, GAPDH was observed
to inhibit NETs, which aligns with the inverse correlation we observed [26]. Our results suggest that
GAPDH might not be an adequate normalization protein for studying the NETSs release process. On
the other hand, when using {3-actin as a loading control, we observed multiple smaller bands that
increased over time, possibly due to the disassembly and subsequent degradation described in the
literature [27,28]. The search for a protein to serve as a loading control for NET samples can be
challenging due to the variability in the composition of extracellular traps. Other methods to verify
Western blot loading could be considered, such as Ponceau Red staining, which we used in this work
or stain-free methods.

Assessment of LL-37/hCAP18 revealed that its distribution is not homogeneous between the
NETs and the intracellular fraction. First, the upper band, approximately 14 kDa in size and
consistent with the reported weight of the precursor protein[29], appeared only in the NETs fraction.
Second, the lower band, around 10 kDa, which may correspond to the active form of LL-37/hCAP18,
was exclusively present in the intracellular fraction, showing apparent differences compared to the
NETs fraction. Although we expected the active form at 5 kDa, we observed a 10 kDa band, which
has been reported in other studies [30]. There are still uncertainties regarding the regulation,
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synthesis, transport, and activation of hCAP18/LL-37 during NETs release. However, what is clear is
that the protein, in both identified forms, behaves differently, emphasizing the discontinuity between
the intracellular space and the NETs fraction. While the exact mechanism by which cellular contents
are externalized during NETs release remains unclear, the involvement of Gasdermin D in this
process has been strongly suggested [31,32]. Its selective pore-forming capabilities, as described in
other contexts, along with its ability to be regulated [33,34], further underscore the critical distinction
between the intracellular compartment and the NETs fraction.

Finally, the release of NETs appears to be a series of intricate, sequential steps, ultimately leading
to the extracellular trap release at a variable time. We employed a temporal course approach to a
better understanding of how loading controls and NAPs behave throughout the process. Beyond our
specific use of this method, it could also be valuable for studying the events preceding NETs release
or characterizing both,early and late-stage NETs. This approach could provide an alternative view of
a process whose temporality has yet to be fully clarified.

Western blotting offers specific advantages that can be harnessed in the study of NETs. It

remains the backbone of protein sample analysis and characterization in many laboratories, mainly
due to its cost-effectiveness and ease of setup. These attributes allowed us to perform a detailed
temporal analysis, enabling the visualization of both forms of hCAP18/LL-37. Focusing on critical
details such as proper loading controls and carefully separating protein fractions for reliable results
is essential.
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