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Abstract
Neutrophil extracellular traps (NETs) are webs of extracellular nuclear DNA extruded by dying neutrophils infiltrating
tissue. NETs constitute a defence mechanism to entrap and kill fungi and bacteria. Tumours induce the formation of
NETs to the advantage of the malignancy via a variety of mechanisms shown in mouse models. Here, we investigated
the presence of NETs in a variety of human solid tumours and their association with IL-8 (CXCL8) protein expression
and CD8+ T-cell density in the tumour microenvironment. Multiplex immunofluorescence panels were developed to
identify NETs in human cancer tissues by co-staining with the granulocyte marker CD15, the neutrophil marker mye-
loperoxidase and citrullinated histone H3 (H3Cit), as well as IL-8 protein and CD8+ T cells. Three ELISA methods to
detect and quantify circulating NETs in serum were optimised and utilised. Whole tumour sections and tissue micro-
arrays from patients with non-small cell lung cancer (NSCLC; n= 14), bladder cancer (n= 14), melanoma (n= 11),
breast cancer (n = 31), colorectal cancer (n = 20) and mesothelioma (n = 61) were studied. Also, serum samples
collected retrospectively from patients with metastatic melanoma (n= 12) and NSCLC (n= 34) were ELISA assayed
to quantify circulating NETs and IL-8. NETs were detected in six different human cancer types with wide individual
variation in terms of tissue density and distribution. At least in NSCLC, bladder cancer and metastatic melanoma, NET
density positively correlated with IL-8 protein expression and inversely correlated with CD8+ T-cell densities. In a
series of serum samples from melanoma and NSCLC patients, a positive correlation between circulating NETs and
IL-8 was found. In conclusion, NETs are detectable in formalin-fixed human biopsy samples from solid tumours
and in the circulation of cancer patients with a considerable degree of individual variation. NETs show a positive
association with IL-8 and a trend towards a negative association with CD8+ tumour-infiltrating lymphocytes.
© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd. on behalf of The Pathological Society of Great
Britain and Ireland.
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Introduction

Neutrophils are critical in the defence against extracellu-
lar bacteria and fungi. One of their antimicrobial mecha-
nisms is a form of cell death upon which neutrophils
extrude nuclear DNA coated with granular and cytoplas-
mic proteins, including bactericidal polypeptides and
proteases [1,2]. Such extracellular DNA webs are called
neutrophil extracellular traps (NETs) and the process of
cell death is termed NETosis [3].

In addition to their role as a defence mechanism to
entrap and kill prokaryotic microbes, NETs have been
involved in the pathogenesis of a wide variety of human
conditions, including thrombosis [4], gout [5] and biliary
lithiasis [6], among others [7]. Cancer-associated throm-
bosis reportedly has a NET component [8].

In mouse models of cancer, NETs are formed and
diverse experimental tools have documented a role in
fostering metastasis [9,10], awakening tumour dor-
mancy [11,12] and mediating suppression of antitumour
cytotoxic immune cells [13]. NETosis can be induced by
a variety of agents and proinflammatory mediators.
Importantly, these include CXCL ELR+ chemokines
that are abundantly produced in tumour tissue microen-
vironments [13,14]. In human cancer, CXCL8 (IL-8)
seems to be the most copiously CXCL ELR+ present
chemokine [15]. IL-8 not only induces NETosis when
present in relatively high concentrations, but also seems
to be the most prominent chemoattractant for neutrophils
in humans [16,17]. Neutrophils and myeloid-derived
suppressor cells exert protumour activities, largely by
inducing interference with antitumour immunity,
although neutrophils may also mediate some anticancer
actions [15,18].

The importance of NETs in human malignancies is
beginning to emerge. B-cell lymphoma patients show
increased circulating levels of NETs that correlate with
serum IL-8 and worse prognosis [19]. Moreover, reports
suggest the presence of NETs in pancreatic, gastric and
ovarian cancer, where they correlatewithworse prognosis
[20–23]. However, accurate analytical studies supporting
reliable measurement of NETs are needed [20,23].

Here, we developed a multiplexed immunofluores-
cence assay to measure NETs and neutrophils forming
NETs in formalin-fixed human biopsy tissue and use it
to demonstrate the levels and distribution of NETs in
multiple human solid tumours. NETs become evident
upon co-staining with the granulocyte marker CD15,
the neutrophil marker myeloperoxidase (MPO) and
citrullinated histone H3 (H3Cit). Each of these markers
alone can also be detected in other cells and processes.
For instance, MPO could be expressed by activated mac-
rophages [24] and histone 3 citrullination also occurs in
chromatin decondensation during mitosis. Furthermore,
three ELISA methods show the variable presence of
NETs in circulation. IL-8 abundance in tissue or serum
has been found to correlate to some extent with the
amount of NETs, consistent with the potent induction
of NETs by IL-8 [19].

NETosis can be therapeutically blocked at different
levels. IL-8 can be neutralised with monoclonal anti-
bodies and CXCR1/2 inhibitors are undergoing clinical
trials [25,26]. Moreover, NETosis is critically contin-
gent upon histone H3 citrullination by the enzyme
PAD-4 and selective inhibitors of PAD-4 are under
development [27]. Additionally, extracellular DNA can
be degraded by DNAse I, which is available at GMP-
grade [28]. Therefore, the dynamic evaluation of NETs
in tissue and in serum could support their possible use
as biomarkers.

Materials and methods

Patients, cohorts and tissue microarrays
Formalin-fixed, paraffin-embedded (FFPE) samples
from retrospective collections of non-small cell lung
cancer (NSCLC), bladder cancer, breast cancer, colorec-
tal cancer (CRC) and mesothelioma presented in tissue
microarrays (TMA) were analysed. In addition, whole
tissue sections frommetastatic melanomas were studied.
The NSCLC, bladder cancer, breast cancer and CRC col-
lections (in total or partially) have been reported previ-
ously [29–31]. The tissue collections included samples
seen at the Pathology Department of the Clínica Univer-
sidad de Navarra (Pamplona, Spain) from 14 patients
with NSCLC, 14 patients with bladder cancer,
31 patients with breast cancer, 20 patients with CRC,
61 patients with mesothelioma and 11 patients with met-
astatic melanoma. All tissue was used after approval
from the Universidad de Navarra Human Investigation
Committee, protocol numbers: 2010.111 mod4,
2019.012, 2019.180, 111/2010, 2019-76 and 2019.084.
All cases were reviewed by trained pathologists using
H&E-stained slides and the tumour histology variant
was confirmed by morphological analysis. TMAs were
prepared using standard procedures, as described previ-
ously [32]. In brief, after pathology review of H&E-
stained slides, 1 mm cores were obtained from the
original paraffin blocks using a needle and inserted into
a recipient paraffin block. For better representation of
the tumours, two cores obtained from different areas
were included in the TMAs. Clinicopathological infor-
mation from all patients was collected from clinical
records and pathology reports and is detailed in supple-
mentary material, Table S1.

ELISAs
Blood samples were obtained by venipuncture from
patients with melanoma and NSCLC under specimen
repository protocol from our institution (protocol num-
ber 111/2010). Cell-free serum samples were aliquoted
and immediately stored at �80 �C.
IL-8 levels were quantified using a commercially pur-

chased ELISA kit used according to the manufacturer’s
instructions (product # 555244, BD Biosciences,
Heidelberg, Germany).
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Indirect quantification of NETs in serum was carried
out by determining the MPO–DNA complexes, H3Cit
and theMPO–histone H3 complexes. Those three differ-
ent assays provided quantitative data related to the con-
centration of NETs in serum and the results of these
measurements were correlated with each other (see sup-
plementary material, Figure S1A,B) Levels of H3Cit
were measured with the Cayman Chemical ELISA kit
(product # 501620, Cayman Chemical, Ann Arbor,
MI, USA).
MPO–histone H3 complexes were measured in a sim-

ilar sandwich approach. In this case, the capturing anti-
body was also the anti-MPO monoclonal antibody that
was also coated onto 96-well microtitre plates overnight
at 4 �C. After blocking in 1% BSA for 1 h, patient serum
diluted 1:4 in 1% BSA was added. After incubation for
2 h at room temperature on a shaking device, the samples
were washed seven times with 0.1% Tween 20 in PBS
and incubated for 1 h with the HRP-conjugated anti-
histone H3 antibody taken from the Cayman Chemical
kit (Cayman Chemical). Then, samples were washed
and developed in the same way as the MPO–DNA com-
plexes. As standards, NETs isolated from supernatants
from IL-8 activated neutrophils were used. In this case,
the standard curve values were adjusted to a one phase
decay model with an r > 0.98 to extrapolate (U/ml) from
the absorbance values of the samples.

In vitro NET production
Neutrophils were isolated from peripheral blood from a
volunteer blood donor database of young adults (male
and female) mainly composed of undergraduate students
of the Universidad de Navarra (Pamplona, Spain). Writ-
ten, signed and dated informed consent was obtained
according to a protocol approved by the Institutional
Ethical Committee, as described earlier (protocol num-
ber 2019-76). Neutrophils were resuspended in HBSS
(Gibco, Life Technologies, Stockholm, Sweden) and
plated in six-well plates at a concentration of 2 � 106

cells per 1.5 ml. Neutrophils were stimulated with
1 mg/ml PMA (Sigma-Aldrich, St Louis, MO, USA) or
100 ng/ml CXCL8 (product # 130-093-943, Miltenyi
Biotec, Bergisch Gladbach, Germany). After incubation
for 4 h at 37 �C in 5% CO2, cells were recovered with
cold Dulbecco’s PBS (Sigma-Aldrich) and centrifuged
at 4 �C, 10 000 � g for 10 min, inhibiting further stimu-
lation. Cells were fixed with 4% formaldehyde overnight
and then centrifuged again. The supernatant was dis-
carded and the pellet was stained with haematoxylin
and then embedded in paraffin wax.

Multiplexed immunofluorescence staining
The validation pipeline and details of the multiplex
immunolabelling protocol development have been
described previously by our group [33,34]. A six-colour
multiplex quantitative immunofluorescence protocol for
FFPE tissue specimens was developed for simultaneous
detection of DAPI, CD15, MPO, H3Cit, CD8 and

cytokeratin using isotype-specific antibodies and differ-
ent fluorescence conjugates. To reliably measure the
markers, we first validated single-plex assays using
human phlegmonous appendicitis and lung abscess, and
NSCLC tissues (Figure 1A–C). The single-plex assays
were used as the gold standard for cell antigen visualisa-
tion. The markers were then integrated into a multiplexed
immunofluorescence panel. Therefore, each single anti-
body was optimised individually for its optimal condi-
tions and position in the sequence of multiplex staining.
A single-plex versus multiplex comparison for each anti-
body was carried out to validate the staining patterns and
distribution. Based on this comparison, we established the
optimal signal through dilution of the primary antibodies
and/or the fluorophores to obtain staining levels and cell
counts comparable with conventional single-plex immu-
nofluorescence staining (Figure 1A–C).

For the multiplexed staining, sections were deparaffi-
nised and subjected to four sequential rounds of antibody
staining. Antigen retrieval was carried out using DAKO
PT-Link (Dako, Glostrup, Denmark) heat-induced anti-
gen retrieval with low pH (pH 6) or high pH (pH 9) target
retrieval solution (Dako). The first round consisted of
antigen retrieval with low pH (pH 6), protein blocking
with antibody diluent/block (Akoya Bioscience, Menlo
Park, CA, USA), incubation with anti-histone H3 (citrul-
line R2+R8+R17, H3Cit, green) antibody (rabbit poly-
clonal, 1:100, product # ab5103; Abcam, Cambridge,
MA, USA), biotinylated anti-mouse/rabbit secondary
antibodies and streptavidin-HRP (product # 50003,
Dako), followed by tyramide signal amplification (TSA)
visualisation with fluorophore Opal 690 (Akoya Biosci-
ences). The second round comprised similar steps but
using antigen retrieval with high pH (pH 9), incubation
with CD15 (mouse monoclonal, clone Carb-3, 1:100,
product # IR062; Agilent, Santa Clara, CA, USA) and
TSA visualisation with fluorophore Opal 620 (Akoya
Biosciences). The third round consisted of antigen
retrieval with EDTA, protein blocking with 0.3% BSA
in 0.05% Tween 20 (ThermoFisher Scientific, Dreieich,
Germany) and incubation overnight at 4 �C with CD8
(mouse monoclonal, clone C8/144B, isotype IgG1,
kappa, ready-to-use, product # IR623, Agilent) and
MPO (rabbit monoclonal, clone E1E7I, isotype IgG,
1:2,000, product # 14569S, Cell Signaling Technology,
Beverly, MA, USA), followed by incubation with rabbit
Envision secondary antibody and visualisation with Cy5
tyramide (1:50, Perkin Elmer, Waltham, MA, USA),
anti-mouse IgG1 (1:100, product # ab18-4010-82,
eBioscience/Affymetrix, San Diego, CA, USA) and Cy3
tyramide Plus (1:100, Perkin Elmer). A solution of ben-
zoic hydrazide (100 mM) and hydrogen peroxide
(50 mM) was used to block residual HRP enzyme activity
after each tyramide incubation. Sections were then incu-
bated with polyclonal rabbit anti-cytokeratin, wide spec-
trum screening, (1:100, product # Z0622, Agilent) and
the secondary antibody goat anti-rabbit Alexa488.
Finally, nuclei were counterstained with spectral DAPI
(Akoya Bioscience) and sections were mounted with Far-
amount Aqueous Mounting Medium (Dako).
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Figure 1. Multiplex staining protocols and validation workflow for NET detection. (A–C) Spectrally unmixed composite image of FFPE tissue
sections from human phlegmonous appendicitis, lung abscess and NSCLC stained for CD15 (clone Carb-3, blue), MPO (clone E1E7I, red), anti-
histone H3 (citrulline R2+R8+R17, H3Cit, green), CD8 (clone C8/144B, red), cytokeratin (wide spectrum screening, cyan) and DAPI (grey).
Images for each of the individual markers and marker combinations used to identify NETs (CD15+, MPO+, H3Cit+) are shown. NETs are visua-
lised as white structures in the full composite colour images. Multiplex immunofluorescence (mIF) images were compared against corre-
sponding fluorescent channels from single-plex immunofluorescence (sIF) images from sequential tissue sections (bar charts). The total
number of cells for each marker comparing sIF against the corresponding fluorescent channel from mIF on sequential FFPE sections was used
to optimise the six-colour multiplex immunolabelling protocol. (D) Peptide competition assay in cell pellets from neutrophils activated with
PMA or IL-8 to form NETs and tissue sections from cases of appendicitis, abscess and NSCLC. The upper panel shows the mock incubation; the
lower panel represents the antibody block at 10 μg/ml with the peptide (ab32876). Scale bars: A, 400 μm; B,C, 100 μm.
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For IL-8 immunofluorescence staining, a four-colour
quantitative immunofluorescence protocol for FFPE tis-
sue specimens was developed for simultaneous detec-
tion of DAPI, IL-8, MPO, cytokeratin and different
fluorescence conjugates, as described previously by our
team [35]. Primary antibodies included IL-8 (mouse
monoclonal, clone 807, 1:5000, product # ab18672,
Abcam), MPO (rabbit monoclonal, clone E1E7I, isotype
IgG, 1:2000, product # 14569S, Cell Signaling Technol-
ogy) and pan-cytokeratin (polyclonal rabbit, 1:100,
product # Z0622, Agilent). The secondary antibodies
and fluorescent reagents used were: anti-rabbit Envision
(product # K4003, Dako) with fluorescein-tyramide
(PerkinElmer); anti-mouse IgG2a antibody (Abcam)
with Cy3 plus (PerkinElmer); anti-mouse Envision
(product # K40001, Dako) with Cy5 tyramide
(PerkinElmer).

Tissue imaging, measurement and scoring
TMAs and whole tissue sections were scanned on a
Vectra-Polaris Automated Quantitative Pathology Imag-
ing System (Akoya Biosciences). Tissue imaging and
spectral unmixing were performed using inForm soft-
ware (version 2.4.8, Akoya Biosciences), as described
previously [33,34]. Image analysis was then carried out
on whole TMA spots and whole tumour area using the
open-source digital pathology software QuPath version
0.2.3 (University of Edinburgh, Edinburgh, UK;
https://qupath.github.io) and ImageJ software version
1.52c (NIH, Bethesda, MD, USA; http:// imagej.nih.
gov/ij). In brief, cell segmentation based on nuclear
detection was performed using the StarDist 2D algo-
rithm [36]. A random trees algorithm classifier was
trained separately for each cell marker by an experienced
pathologist (CEA) annotating the tumour regions. Inter-
active feedback on cell classification performance was
provided during training in the form of a markup image,
significantly improving the accuracy of machine
learning-based phenotyping [37]. Based on the markers,
cells were further classified as CD8+ T cells (CD8+) and
neutrophils (CD15+/MPO+ cells). Cells negative for
these markers were defined as ‘ignored’. Cells close to
the border of the images were removed to reduce the risk
of staining artefacts or phenotyping errors.
An ImageJ software plugin was developed and

validated to reliably identify and measure NETs and
neutrophils forming NETs based on the co-staining with
CD15, MPO and H3Cit. In brief, Otsu thresholding was
applied on each TMA spot and tissue section to establish
single threshold levels of detection for each individual
marker. This automated thresholding method allowed
the detections acquired at different exposure times to
be comparable. A median filter with one-pixel radius
for denoising and a size filtering for small, noisy particle
removal was then applied. The total tissue area was also
calculated by the same plugin and used to normalise the
area of NETs and calculate the area percentage NETs for
each TMA spot and tissue section and tile. The NETs
ImageJ plugin was further validated by correlating the

NETs and neutrophils forming NETs area percentage
from each TMA spot and tissue section with the neutro-
phil density obtained by the random trees algorithm clas-
sifier described above (see supplementary material,
Figure S2A–F).

For each whole tissue section of metastatic melanoma,
a grid of tiles (250 � 250 μm2 per tile) covering the
entire tumour tissue was analysed for CD8+ T-cell and
neutrophil densities and NETs/neutrophils forming
NETs area.

IL-8 protein expression was calculated as described
previously by our team [35]. IL-8 was measured by the
mean-normalised pixel intensity in the total tissue com-
partment by collecting the signal score in the area
defined by DAPI staining (e.g. all cells in the sample).

Peptide competition
To determine the specificity of the antibody targeted
against histone H3 (citrulline R2+R8+R17, product #
ab5103, Abcam) a peptide competition assay was carried
out. The antibody incubation was replaced with either a
mock incubation (with only blocking solution) or antibody
preincubated with 1 or 10 μg/ml human histone H3 (citrul-
line R2+R8+R17) peptide (product # ab32876, Abcam)
for 1 h at room temperature in a roller mixer.

Single-plex immunofluorescence against H3Cit was
performed on the following positive controls: neutrophil
pellets stimulated with PMA or IL-8 as described above;
human phlegmonous appendicitis; lung abscess; lung ade-
nocarcinomas. During the primary antibody incubation,
the mock solution or preincubated antibody plus compet-
ing peptide was added to the slides at 10 μg/ml (in those
cases incubated with antibody), as shown in Figure 1D.

Statistical analyses
Scores between targets (CD8+ T-cell and neutrophil den-
sities, NETs area and IL-8 protein expression) were ana-
lysed using linear regression, correlation functions and
expressed as regression/correlation coefficients. For the
retrospective TMA collections including two spots per
case, we analysed the mean score for each case. For the
correlation of CD8 densities and NETs in each tile area
of metastatic melanoma, quartile 1 (tumours with the low-
est NETs area percentage) were compared to quartile
4 (tumours with the highest NETs area percentage). Cor-
relation studies were carried out to calculate linear regres-
sion coefficients and/or Spearman rho-rank functions.
Associations between the markers and statistical signifi-
cance were determined using GraphPad Prism v7.0a soft-
ware (Graphpad Software, San Diego, CA, USA).

Results

Detection and quantification of NETs in human
tissue
Multiplex tissue immunofluorescence permits simulta-
neous detection of multiple molecules with tissue spatial
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resolution. We reasoned that NETs would be unequivo-
cally identified by co-staining with the granulocyte
marker CD15, the neutrophil marker MPO and H3Cit.
Such triple staining would not be confounded due to its
ability to distinguish NETs from other forms of extracel-
lular DNA. For example, some nuclei of tumour cells
also seem to be characterised by H3Cit staining [38]
and macrophages may express MPO [39].

Using profusely NET-infiltrated phlegmonous appen-
dicitis tissue, triple NET staining (CD15+/MPO+/
H3Cit+) was shown (Figure 1A). We added CD8 stain-
ing to the multiplex panel, as we had hypothesised that
CD8+ T lymphocytes might be negatively impacted by
neutrophils and NETs [13,35]. Such findings were fur-
ther confirmed in a surgically excised human lung
abscess (Figure 1B).

The new methodology could be used in cancer tis-
sue, as in sections of NSCLC adenocarcinoma with
abundant neutrophils and CD8+ T cells, multiplex
immunofluorescence offered clear-cut quantitative
results (Figure 1C).

Each of the antibodies was validated by single-plex
immunofluorescence staining and showed similar quan-
titative results (bar charts in Figure 1A–C). Nonetheless,
the specificity of the anti- H3Cit was further confirmed
to exclude cross-reactivity or non-specific staining.
Figure 1D shows that competition with the immunising
peptide to generate the anti-histone H3 polyclonal anti-
body wholly abrogated the staining, except in the areas
of autofluorescence. We also documented that some
tumour cells showed nuclear staining for H3Cit, perhaps
as a result of mitosis. However, triple staining (CD15+/
MPO+/H3Cit+) results offered a quantitative estimation
of NETs formed by neutrophils.

Multiple human cancer types contain NETs with
individual heterogeneity
Using the multiplex immunofluorescence panel to detect
and quantitate NETs and neutrophils forming NETs, we
stained a series of TMAs derived from a collection of
NSCLC (10 adenocarcinomas and four squamous cell
carcinomas), bladder cancer (n = 14), breast cancer
(n = 31), CRC (n = 20) and mesothelioma (n = 61).
Furthermore, 11 cases of metastatic melanoma resec-
tions were included in the study (see supplementary
material, Table S1). Overall, our data indicated the
unequivocal presence of NETs in at least a fraction of
the examined cases (Figure 2).

NETs, defined by the result of triple staining (CD15+/
MPO+/H3Cit+), appear as white co-stained structures
(Figures 1–4), quantified as area percentage. Using this
parameter, a marked level of heterogeneity among cases
of each disease was found, as indicated by prominent
coefficients of variation (Figure 2). This is illustrated
by cases with lower and higher densities of NETs in rep-
resentative images corresponding to each disease
(Figure 2).

These results show the presence of NETs in human
solid tumours. Importantly, not all tumour-infiltrating

neutrophils form H3Cit NETs. However, the density of
neutrophil infiltration strongly correlated with the per-
centage of NET area (see supplementary material,
Figure S2A–F), indicating a relationship between
neutrophil entrance to cancer tissue and NETosis.

Associations of tumour NETs with IL-8 and reduced
CD8+ T-cell infiltrates
Our previous mouse model work suggested that NETs
interfere with CD8+ T-cell infiltrates and function in
engrafted tumours [13]. Therefore, we added CD8 stain-
ing to the multiplex panel. Furthermore, we recently set
up a method for multiplex immunostaining of IL-8 at
the protein level [35] that could be used in sequential
sections.
Using these protocols, we analysed TMAs of NSCLC

and bladder cancer. A series of tissue sections of mela-
noma were also evaluated. The results shown in
Figure 3 indicated a positive association between IL-8
protein expression andNETs area in these three tumours.
Furthermore, the density of CD8+ T lymphocytes nega-
tively correlated with NET area, with the exception of
melanoma, where such a relationship was less pro-
nounced. Local IL-8 protein expression did not correlate
with CD8+ T-cell infiltration in none of three tumour
types studied (NSCLC: r = 0.15, p = 0.60; bladder
cancer: r = �0.43, p = 0.13; melanoma: r = 0.32,
p = 0.41).

Spatial variation of NET presence in cancer tissue
The results using melanoma whole tissue sections
revealed areas with lower and higher density of NETs.
Taking advantage of this fact, large tumour areas were
divided into 250 � 250 μm2 tiles clearly indicating het-
erogeneous distribution, as shown by a representative
case in Figure 4A and quantitative data of the tiles in four
melanoma cases with NET content (Figure 4B).
Interestingly, NETs seemed to be more abundant in

and around areas of tumour cell necrosis, as shown
by H&E staining of serial contiguous sections
(Figure 4A). Using the tiles from the four melanoma
cases, we found a negative correlation between the den-
sity of NETs in each tile and the density of CD8+ T
lymphocytes.

Circulating NETs correlate with serum IL-8
concentrations in melanoma and NSCLC
The presence and abundance of NETs in circulation
could be capturing the formation of NETs in the tumour
or elsewhere in the body of the tumour-bearing patient.
We set up three quantitative ELISA methods to

unequivocally evaluate the presence of NETs in serum
(see supplementary material, Figure S1A). As positive
controls and standards, we used NETs induced in iso-
lated neutrophils from healthy donors and cancer
patients with PMA or IL-8 [40], rendering linear ranges
of quantitative detection based on simultaneous
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Figure 2. Identification and quantification of NET and neutrophils forming NETs in human solid tumours. Full composite images of represen-
tative cases with lower and higher NETs from NSCLC, bladder cancer, breast cancer, CRC, mesothelioma and metastatic melanoma. Higher
magnifications from the composite images are displayed, as shown. NETs are identified by triple marker immunostaining: CD15 (blue),
MPO (red) and anti-histone H3 (citrulline R2+R8+R17, H3Cit, green), and are visualised as white structures in the full composite images.
Tumour cells are shown in cyan and cell nuclei in grey. Tissue density (% area) of NET and neutrophils forming NETs and the coefficient of
variation (CV) are shown for all tumour types. Scale bars, 50 μm.
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antibody binding to dsDNA, H3Cit or MPO in sandwich
ELISA pairs (see supplementary material, Figure S1A).

These ELISA methods were used in retrospective
serum sample collections of melanoma (Figure 5A)
and NSCLC (Figure 5B) cases with high tumour
burden. The correlation among the ELISA methods on

these samples is shown in supplementary material,
Figure S1B.
NET serum concentration showed prominent levels of

interindividual variability (Figure 5) that we correlated
with the circulating concentration of IL-8 (Figure 5A,
B) to show a positive association between these two

Figure 3. NET association with IL-8 protein expression and CD8+ T-cell density in NSCLC, bladder cancer and metastatic melanomas. Full
composite images of cases with lower NETs and low IL-8 protein expression and higher NETs and high IL-8 protein expression. Sequential
tissue sections are shown. As indicated, regions of interests are shown at higher magnifications for each representative tumour images. Scat-
ter plots measuring the degree of correlation between variables, NETs, CD8+ T-cell density and IL-8 protein expression are shown. Spearman
correlation coefficient and P value are shown for all relationships. Filled circles indicate primary cases; circles indicate metastatic cases (see
supplementary material, Table S1). Scale bars, 50 μm.
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Figure 4. Spatial variation of NETs in whole tissue sections from melanomas. (A) Sequential tissue sections of a representative case of met-
astatic melanoma (case #8) stained with H&E and with multiplex immunofluorescence targeting NETs CD15, blue; MPO, red; and anti-
histone H3 (citrulline R2+R8+R17, H3Cit, green) and CD8+ T cells (orange). NETs are identified by triple marker immunostaining: CD15,
MPO and H3Cit, and are visualised as white structures in the full composite images (magenta circles). On the H&E slide, areas with neutro-
phils are indicated by the black line. For the quantification of NETs and CD8+ T cells on each multiplex immunofluorescence image, a grid of
tiles (each tile: 250 � 250 μm2) covering the whole tissue section was applied. (B) NET densities (% area) from the cases with detectable NETs
are shown. Each dot represents a tile area. Mean values are indicated by a black dash. (C) Scatter plot measuring the degree of correlation
between NETs and CD8+ T-cell densities in each tile area. Spearman correlation coefficient and P values are shown. Scale bars, 200 μm.
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parameters, when measuring NETs by the three ELISA
methods and IL-8 concentrations by a commercial sand-
wich ELISA. All in all, NETs are detectable in the circu-
lation of patients with solid malignancies with a broad
variation that seems to correlate to some extent with
circulating IL-8.

Discussion

This study offers unambiguous evidence for NETosis
in human cancer. According to mouse models, NETs
are elements that exacerbate cancer progression
through multiple mechanisms [15,41]. Neutrophils in
these experimental settings and in cancer patients are
perceived as pro-cancer elements, even though there
is some controversy regarding other putative anticancer
mechanisms mediated by neutrophils [42–44].

Our multiplex immunofluorescence methodology
detects and quantitates NETs and neutrophils forming
NETs in human tissue. Importantly, our methodology
offers (i) robust analytical validation of the assay that
can be used to analyse clinically relevant FFPE samples,
(ii) automated quantitative analysis, and (iii), the possi-
bility for spatial analysis.

Previous reports on single parameter staining indi-
cated that the abundance of NETs in lymphoma as well
as pancreatic and ovarian cancer, correlates with worse
overall prognosis [19–21]. Mouse data are supportive
of pathogenic mechanisms exerted by NETs, but this
remains unresolved in humans. One of the most promi-
nent factors that elicits NETosis on human neutrophils is

IL-8 acting on CXCR1 and CXCR2 [14,17]. Such a
function cannot be addressed in mice as IL-8 is absent
from the genome of rodents, precluding direct preclini-
cal experiments. In our hands, IL-8 immunostaining
shows positive association with NETs, suggesting that
this factor is involved, although other mediators
enriched in the tumour microenvironment probably also
contribute [15]. Such a correlation is also found between
serum IL-8 concentrations and NET presence in the cir-
culation. Whether circulating NETs play a pathogenic
role remains to be seen, but our previous work in mice
suggests that NETs in the circulation may protect metas-
tasising tumour cells from immune-mediated cytotoxic-
ity [13]. Furthermore, NETs are probably important in
the premetastatic niche conditioning the organ soil to
accept the metastatic seeds [10,45]. In this sense, circu-
lating NETs could reflect such metastasis propensity
that is upregulated in mice by systemic inflamma-
tion [46].
It is very important to consider that wide variability is

observed among individual cases ofmultiple human cancer
types, both in tissue and in serum. This offers a great oppor-
tunity for correlative studies [47], which we have started in
a prospective manner given the fact that our present report
has the limitation of working on retrospective series.
Heterogeneity is also spatial within a given tumour for

reasons that are unclear, but may be related to hypoxia
and necrosis. Other potential factors are heterogeneous
expression of proinflammatory factors such as TNF,
IL-17 or IL-1β, known to induce IL-8 [48] as well as
other NET inducers (I Olivera, University of Navarra,
personal communication 2021).

Figure 5. Serum IL-8 concentrations correlate with NETs in melanoma and NSCLC patients. Scatter plot measuring the degree of correlation
between IL-8 concentrations and NETs measured in serum as complexes of MPO-DNA, H3Cit and complexes of MPO-histone 3. (A,B) The
measurements were carried out in serum of metastatic melanoma (n= 12) and NSCLC (n= 34) patients. MPO-DNA and MPO-3H complexes
are quantified in units referred to a standard made with NETs produced in vitro by neutrophils activated with IL-8. Spearman correlation coef-
ficient and P values are shown.
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Another intriguing conclusion of our studies is the
inverse correlation between CD8+ T cells and NETs.
This suggests that NETs could be impairing CD8-
mediated antitumour immunity [13,48]. This has rele-
vance in cancer immunotherapy, both as a putative
biomarker and because it would allow actionable targets
to be identified. Indeed, neutrophils and IL-8 have been
shown to negatively correlate with clinical benefit from
checkpoint inhibitors [18,35,49,50]. Clinical trials test-
ing CXCR1/2 inhibitors and IL-8 blocking antibodies
in combination with anti-PD(L)1 agents are in progress
or about to begin [51,52].
The non-immune effects of IL-8 and NETs can also be

important to foster metastasis and cancer progression,
including their actions in the premetastatic niche
[10,14]. The detection of NETs in the circulation, which
probably represents overall NETosis levels in patients,
may be complementary to tissue determinations, com-
pensating for spatial heterogeneity in the manner that liq-
uid biopsies do.
All things considered, conclusive evidence for the

presence and individual variation of NETs in human
cancer sets the stage for prospective or retrospective cor-
relative studies with prognosis and response to immune
and non-immune therapies.
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