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Neutrophil extracellular traps (NETs) represent an extracellular, spider’s web-like structure
resulting from cell death of neutrophils. NETs play an important role in innate immunity
against microbial infection, but their roles in human pathological processes remain largely
unknown. NETs and fibrin meshwork both showing fibrillar structures are observed at the
site of fibrinopurulent inflammation, as described in our sister paper [Acta Histochem.
Cytochem. 49; 109-116, 2016]. In the present study, immunoelectron microscopic study was
performed for visualizing NETs and fibrin fibrils (thick fibrils in our tongue) in formalin-fixed,
paraffin-embedded sections of autopsied lung tissue of legionnaire’s pneumonia. Lactoferrin
and fibrinogen gamma chain were utilized as markers of NETs and fibrin, respectively.
Analysis of immuno-scanning electron microscopy indicated that NETs constructed thin
fibrils and granular materials were attached onto the NETs fibrils. The smooth-surfaced fibrin
fibrils were much thicker than the NETs fibrils. Pre-embedding immunoelectron microscopy
demonstrated that lactoferrin immunoreactivities were visible as dots on the fibrils, whereas
fibrinogen gamma chain immunoreactivities were homogeneously observed throughout the
fibrils. Usefulness of immunoelectron microscopic analysis of NETs and fibrin fibrils should

be emphasized.
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I. Introduction

A new mechanism for bacterial clearance by neutro-
phil extracellular traps (NETs) has been reported [2]. NETs
are extracellular spider’s web-like structures, resulting from
cell death of neutrophils [2]. NETs kill gram-positive and
gram-negative bacteria extracellularly [2, 10], prevent them
from spreading and colonizing new host surfaces [23], and
ensure a high local concentration of antimicrobial agents
able to degrade virulence factors [10]. The structural com-
ponent of NETs includes DNA stretches, histones and
neutrophil granule-derived antimicrobial proteins, such as
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neutrophil elastase, myeloperoxidase, cathepsin G, lactofer-
rin (LF), and gelatinase [2, 19, 26]. Reportedly, hypercitrul-
lination of histone H3 plays an important role in chromatin
decondensation in an early stage of NETs formation [13].
NETs carry a protective role by virtue of their property
to entrap microbes, but inappropriate NETs release may
cause tissue damage and inflammation [5]. Proteins compo-
nents of NETs accompany a detrimental impact on adjacent
tissue function, as suggested in cystic fibrosis [16],
transfusion-related acute lung injury [4], asthma [8], and
acute respiratory distress syndrome [18]. The NETs-related
pathology and clinical implications of NETs remain to be
addressed in future studies. The structure of NETSs has been
analyzed in vitro using light microscopy and electron
microscopy [2, 10, 16, 26], whereas the in vivo analysis of
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NETs is still poor.

It is highly expected that NETs are formed in exuda-
tive inflammatory lesions showing fibrinopurulent inflam-
mation, and that fibrin meshwork co-exists with NETS.
Fibrin plays an important role in the coagulation process
where they are involved in the maintenance of hemostasis
[12]. Fibrinogen is cleaved by thrombin to form fibrin, the
most abundant component of blood clots, and fibrinogen
gamma chain (FGG) is the gamma component of fibrino-
gen [9]. In the microscopic analysis of NETs structure in
vivo, distinction between NETs and fibrin is required. LF,
a representative iron-containing antimicrobial protein of
neutrophil granules [24], can bind to DNA through its
positively charged N-terminal region, so that the LF-DNA
complex is formed on NETs, with anti-microbial activity
of LF maintained [14, 24]. LF bound onto the extruded
DNA may thus serve as a marker of NETSs fibrils.

The aim of the present study was to visualize and
identify NETs and fibrin fibrils by electron microscopy.
Our sister paper described that LF served as a reliable
marker of NETs, and LF positivity often co-existed with
fibrin, demonstrated as FGG immunoreactivity [20]. We
investigated herein the ultrastructural distribution and local-
ization of LF and FGG in the formalin-fixed, paraffin-
embedded sections of autopsied lung tissue of legionnaire’s
pneumonia, rich in “thick fibrils” of our definition [20].
Immunoelectron microscopy was applied to distinguishing
both types of fibrillar components.

II. Materials and Methods

Sample

A lung tissue of legionnaire’s pneumonia was obtained
at autopsy in Fujita Health University Hospital, Toyoake,
Japan. The fresh lung tissue was cut to confirm the pres-
ence of lobar pneumonia, and then routinely fixed in 10%
formalin and embedded in paraffin wax. In the present
study, we focused to analyze the area of fibrinopurulent
inflammation accompanying deposition of spider’s web-
like structures, which were confirmed with hematoxylin-
eosin (HE) staining. Thick fibrils of our definition [20]
were the target of the present study.

Immunoperoxidase staining

Paraffin sections at 3 um thickness were mounted on
coated glass slides New Silane II (Muto Pure Chemicals,
Tokyo, Japan), deparaffinized with xylene, and rehydrated
through graded ethanol. For amino acid polymer immuno-
histochemical staining, endogenous peroxidase activity was
quenched with 0.3% hydrogen peroxide in methanol for 30
min at room temperature. After a brief dip in tap water, sec-
tions were heat-treated using a pressure pan cooker (Delicio
6L, T-FAL, Rumily, France) in 10 mmol/L citrate buffer,
pH 6.0, for 10 min, and left for 30 min at room temperature
for cooling. A phosphate-buffered saline (PBS) rinse was
interposed between every step. Anti-LF rabbit polyclonal

antibody (diluted at 1:300, GenWay Biotech, San Diego,
CA, USA) and anti-FGG mouse monoclonal antibody
(clone: 1F2, diluted at 1:300, Abnova, Taipei, Taiwan) were
incubated overnight at room temperature. As the second
layer reagent, Simple Stain MAX-PO (Nichirei Bioscience,
Tokyo, Japan) was incubated for 30 min at room tempera-
ture. The reaction products were visualized in 50 mmol/L
Tris-HCI buffer, pH 7.6, containing 20 mg/dl diaminoben-
zidine tetrahydrochloride and 0.006% hydrogen peroxide.
Finally, the nuclei were lightly counterstained with Mayer’s
hematoxylin.

Conventional scanning electron microscopy

Paraffin sections at 20 pm thickness were mounted on
the coated glass slides New Silane II (Muto Pure Chemicals),
deparaffinized with xylene, and rehydrated through graded
ethanol. Sections were post-fixed with 1% osmium tetrox-
ide in PBS for | hr at room temperature, dehydrated
through a graded ethanol series and tertial-butyl alcohol,
and dried in a freeze-drying apparatus (JFD-310, JEOL,
Tokyo, Japan). After sputter-coated with gold palladium by
JFC-1500 (JEOL), the sections were observed on a scan-
ning electron microscopy (S-4000, Hitachi, Tokyo, Japan).

Immuno-scanning electron microscopy

Paraffin sections at 20 um thickness were mounted on
the coated glass slides New Silane II (Muto Pure Chemicals),
deparaffinized with xylene, rehydrated through graded
ethanol, heat-treated using a pressure pan cooker in 10
mmol/L citrate buffer, pH 6.0, for 10 min, and left for 30
min at room temperature for cooling. A PBS rinse was
interposed between every step. Sections were incubated
with the anti-LF rabbit polyclonal antibody (diluted at
1:300) and the anti-FGG mouse monoclonal antibody
(clone: 1F2, diluted at 1:300) overnight at room tempera-
ture, followed by incubation with 20 nm gold-conjugated
goat anti-rabbit IgG (diluted at 1:50, Cytodiagnostics,
Burlington, Canada) and 60 nm gold-conjugated goat
anti-mouse IgG (diluted at 1:50, Cytodiagnostics) for 1 hr
at room temperature. To stabilize the antigen-antibody
binding, the sections were subsequently fixed in 2.5% glu-
taraldehyde in PBS for 30 min at room temperature, and
post-fixed in 1% osmium tetroxide in PBS for 30 min at
room temperature. Sections were then dehydrated in a
graded ethanol series and tertial-butyl alcohol, and dried
in a freeze-drying apparatus (JED-310, JEOL). Finally, the
sections were sputter-coated with gold palladium by JFC-
1500 (JEOL), and observed on a scanning electron micros-
copy (S-4000, Hitachi).

Pre-embedding immunoelectron microscopy

Pre-embedding immunoelectron microscopy for visu-
alizing NETs and fibrin fibrils was performed as follows.
Paraffin sections at 3 pm thickness were mounted on coated
glass slides Thinlayer Advanced Cytology Assay System
(TACAS, Medical & Biological Laboratories, Nagoya,
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Japan). When heat-induced epitope retrieval is needed,
TACAS slides are the most optimal coated glass slides for
pre-embedding immunoelectron microscopy [17]. Sections
were deparaffinized with xylene, and rehydrated through
graded ethanol. After endogenous peroxidase quenching,
the sections were heat-treated using the pressure pan cooker
in 10 mmol/L citrate buffer, pH 6.0, for 10 min, and left for
30 min at room temperature for cooling. A PBS rinse was
interposed between every step. Anti-LF rabbit polyclonal
antibody (diluted at 1:300) and anti-FGG mouse monoclo-
nal antibody (clone: 1F2, diluted at 1:300) were incubated
overnight at room temperature. The secondary reagent
(Simple Stain MAX-PO; Nichirei Bioscience) was incu-
bated for 30 min at room temperature, followed by the
diaminobenzidine coloring reaction. The sections were
sequentially post-fixed in 1% osmium tetroxide in PBS for
1 hr at room temperature, dehydrated in graded ethanol, and
embedded in epoxy resin (EPON812, TAAB, Berkshire,
UK) with an inverted gelatin capsule method. The opposite
surface of the fully dehydrated stained sections was briefly
heated by a burner as the tissue transfer procedure. Ultra-
thin sections were cut on an ultramicrotome (Ultracut N,
Reichert-Nissei, Tokyo, Japan) at 80 nm thickness, put on
the copper grid, and observed on a transmission electron
microscope (H-7650, Hitachi).

To compare the size of NETs and fibrin fibrils, the
diameter of randomly-selected 30 LF-positive fibrils
(representing NETs fibrils) and 30 FGG-positive fibrils
(representing fibrin fibrils) on the immunostained ultrathin
sections was measured.

Statistical analysis

Values were presented as the meantstandard error of
the mean. The diameter of LF-positive fibrils and FGG-
positive fibrils on the immunostained ultrathin sections was
compared with two-tailed Student’s t-test. Values of P<0.05
were considered to indicate statistical significance.

Ethical issue

Use of human material was approved by the ethical
review board for clinical and epidemiological investiga-
tions at Fujita Health University, Toyoake (approval num-
ber: HM15-583).

III. Results

Light microscopic observation

To examine the distribution of NETs and fibrin fibrils
in the lesion of legionnaire’s pneumonia, HE staining and
immunohistochemical staining were comparatively observed
(Fig. 1). The deposition of fibrillar structures was con-
firmed with HE staining (Fig. la, d). NETs fibrils were
labeled with LF (Fig. 1b, ¢), and fibrin fibrils were visual-
ized as FGG immunoreactivity (Fig. 1c, f). NETs and fibrin
fibrils co-localized to form a web-like structure, corre-
sponding to the thick fibrils as described in our sister paper

[20]. In the light microscopic analysis, no apparent differ-
ence in the web-like pattern was noted between NETs and
fibrin fibrils, except for LF-labeled neutrophils within the
lesion.

Conventional scanning electron microscopic observation
Ultrastructural differences between NETs and fibrin
fibrils were evaluated. By conventional scanning electron
microscopy (Fig. 2), a number of thin (green arrowheads)
and thick (red arrowheads) fibrils were observed in areas
with LF and FGG co-localization. Granular materials
(arrows) were scattered on the surface of thin fibrils.

Immuno-scanning electron microscopic observation

Next, immuno-scanning electron microscopy was per-
formed. Secondary antibodies were conjugated with differ-
ent sizes of colloidal-gold particles. Anti-rabbit IgG was
labeled with 20 nm particles, and anti-mouse IgG was
labeled with 60 nm particles. Figure 3 illustrates that the 20
nm gold particles were seen on the surface of thin fibrils
(Fig. 3a, c), and the 60 nm gold particles on the surface of
thick fibrils (Fig. 3b, d). The thin fibrils were as thin as the
diameter of the 20 nm gold particles. The results of
immuno-scanning electron microscopy indicated that thin
fibrils represented NETs fibrils, while thick fibrils were
composed of fibrin.

Pre-embedding immunoelectron microscopic observation

Using pre-embedding immunoelectron microscopy,
we evaluated the width of LF-positive fibrils (representing
NETs fibrils) and FGG-positive fibrils (representing fibrin
fibrils), and the localization pattern of LF and FGG
immunoreactivities on the fibrils (Fig. 4). There was sig-
nificant difference in fibril size between LF-positive fibrils
and FGG-positive fibrils: LF-positive fibrils measured 53+
16 nm, while FGG-positive fibrils measured 466+98 nm
(P<0.0001). LF immunoreactivities (Fig. 4a, c) were visible
as dots on the thin fibrils (arrows). FGG immunoreactivity
was homogeneously distributed throughout the fibrils (Fig.
4b, d).

IV. Discussion

NETs formation represents a potent antimicrobial
mechanism of neutrophils. NETs contain proteins that are
able to kill or inhibit pathogens. The antimicrobial proteins
include granule-derived neutrophil elastase, myeloperoxi-
dase, cathepsin G, lactoferrin (LF), and gelatinase [2, 19,
26]. In vivo roles of NETs have been documented in several
pathological conditions, such as acute appendicitis and
experimental models of shigellosis and preeclampsia [2,
11]. The importance of NETs in host defense was also sug-
gested in experimental models of necrotizing fasciitis and
pneumonia [1, 3]. Fibrin meshwork is commonly deposited
in exudative inflammatory lesions [6, 25], and the spider’s
web-like appearance was shown with scanning electron
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Immunoreactivities of LF and FGG in legionnaire’s pneumonia. Consecutive sections demonstrate (a, d) HE-stained features, (b, ¢) LF immuno-

reactivity representing NETs fibrils, and (¢, f) FGG immunoreactivity representing fibrin fibrils. Panels (d—f) are enlarged images of the squared areas in
panels (a—c), respectively. “Thick fibrils” of our definition [20] are shown. Bars=100 um (a—c) and 30 um (d-f).

Fig. 2.

Conventional scanning electron microscopic observation of thin
and thick fibrils in legionnaire’s pneumonia. Light green arrowheads
indicate thin fibrils, whereas red arrowheads demonstrate thick fibrils.
Granular materials on the thin fibrils are shown by blue arrows.
Bar=10 um.

microscopy [22].

Reportedly, when sample shrinkage due to dehydra-
tion was considered, the fibril diameter should not be used
as a criterion for distinguishing NETs from the fibrin web-

like ultrastructure [15]. To challenge this issue, we dared to
choose the area accompanying mixed deposition of NETs
and fibrin within the same focus of legionnaire’s pneumo-
nia as the target of electron microscopic observation. NETs
and fibrin fibrils were co-deposited to form a web-like
fibrillar structure. Light microscopically, there was little
morphologic difference between NETs and fibrin fibrils.
However, NETs fibrils showed unique ultrastructural fea-
tures. It has been reported that a NETs fibril is formed by
chromatin filaments of 15 to 17 nm diameter [2], consisting
of modified nucleosomes [21], and that they are studded
with globular domains of proteins with a diameter up to 50
nm [2]. By scanning electron microscopy, granular materi-
als were often attached on the surface of NETs fibrils,
whereas thick fibrin fibrils were smooth-surfaced. Immuno-
scanning electron microscopy was performed using
secondary antibodies conjugated with two different sized
colloidal-gold particles. NETs fibrils were labeled with 20
nm-sized particles corresponding to LF immunoreactivity,
and fibrin fibrils were decorated with the 60 nm particles
corresponding to FGG immunoreactivity. NETs fibrils
were as thin as the 20 nm gold particle. Pre-embedding
immunoelectron microscopy also distinguished the thin
LF-positive fibrils from the thick FGG-positive fibrils. LF-
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Fig. 3. Immuno-scanning electron microscopy for LF and FGG in legionnaire’s pneumonia. (a, ¢) 20 nm immunogold particles (green arrowheads) label
LF immunoreactivity on the surface of the thin fibrils. (b, d) 60 nm immunogold particles (red arrowheads) label FGG immunoreactivity on the surface
of the thick fibrils. Panels (¢, d) are enlarged images of the squared areas in panels (a, b), respectively. Bars=1 um (a), 2 pm (b), 250 nm (¢) and
500 nm (d).

Fig. 4. Pre-embedding immunoelectron microscopy for LF and FGG in legionnaire’s pneumonia. LF (a, ¢) and FGG (b, d) are labeled with the diamino-
benzidine product intensified by osmium black. Panels (¢, d) are enlarged images of the squared areas in panels (a, b), respectively. Blue arrows
indicate LF-positive granular materials along the thin fibrils. Bars=1 um (a, b) and 300 nm (¢, d).
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positive fibrils dotted with LF-positive globular structures
measured 53+16 nm in width, while FGG-positive fibrils
measured 466+98 nm (P<0.0001). The diameter of fibrin
frameworks was consistent with the previous reports,
describing them as filaments sized 35 to 480 nm [7, 15, 22].

Actually, the diameter of the thick fibrils at the light
microscopic level appeared much thicker than that at
the electron microscopic level. The discrepancy can be
explained as follows. The fibril at the light microscopic
level represents a fascicle composed of fine fibrillar com-
ponents. The detailed observation results will be reported
in a separate paper, employing the correlative light and
electron microscopy (CLEM) technique.

The present study is the first report demonstrating the
ultrastructure of NETs and fibrin fibrils (thick fibrils in our
tongue [20]) in routinely prepared paraffin sections. It is of
note that formalin-fixed, paraffin-embedded sections were
applicable to the immunoelectron microscopic analysis.
Archival pathology materials under varied inflammatory/
exudative conditions can thus be analyzed for the fine
morphology of NETs and fibrin meshwork.
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