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trap formation in septic dogs using
immunofluorescence microscopy
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Abstract

Background: Canine neutrophils release neutrophil extracellular traps (NETs) in response to lipopolysaccharide but
NETs from clinical septic dogs had not been identified. The primary aim is to describe the methodology of
identifying and quantifying neutrophil extracellular traps (NETs) in cytology samples of septic foci in dogs with
sepsis using immunofluorescence microscopy. Cytology samples including endotracheal tracheal wash (ETW),
bronchoalveolar lavage (BAL), abdominal and pleural effusion collected from 5 dogs (3 septic, 2 non-septic) were
fixed, permeabilized and stained for myeloperoxidase (MPO), citrullinated histone H3 (citH3) and cell-free DNA
(cfDNA). Fluorescence microscopy was used to identify and quantify NETs in 10 random views at 40x magnification.
NETs were identified based on co-localization of MPO, citH3 and cfDNA. NETs were quantified as a ratio (number of
NETs: number of neutrophils). Neutrophils were identified based on cytoplasmic MPO, cellular diameter and nuclear
morphology.

Results: NETs were identified and quantified in all cytology samples collected from septic dogs. A small number of
NETs was documented in one dog with sterile chronic bronchitis. No NETs were found in sterile abdominal effusion

collected from one dog with congestive heart failure.

sepsis.

Conclusions: Immunofluorescence microscopy could be a useful tool for the study of NETs in dogs with clinical

Keywords: Peptidylarginine deiminase, Citrullinated histones, Cell-free DNA, Sepsis

Background

In response to bacterial infection, neutrophils release
neutrophil extracellular traps (NETs), which are web-like
scaffolds of extracellular DNA decorated with histones
and neutrophil granular proteins such as myeloperoxidase
(MPO) and neutrophil elastase [1]. Bacteria, entrapped
within NETs, are either phagocytosed by adjacent neutro-
phils or killed by high concentrations of extracellular anti-
microbial proteins [2]. Although NETs are found to limit
bacterial dissemination in septic mice, overzealous NET
production (NETosis) is associated with sepsis-associated
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organ dysfunction such as acute lung injury, acute kid-
ney injury and mortality [3, 4]. This paradox highlights
the fact that dysregulation of NETosis likely plays a key
role in perpetuating tissue damage and organ dysfunc-
tion. NET components such as histones, once released
extracellularly, can function as a damage-associated
molecular pattern resulting in cytotoxicity, inflamma-
tion and microvascular dysfunction [5]. In human sep-
tic patients, elevated intravascular NET components
such as cell-free DNA (cfDNA) and citrullinated
histones are associated with mortality [6, 7].

To date, NETs have not been documented in dogs
with bacterial sepsis. Isolated canine neutrophils have
been shown to release NETs in response to E. coli lipo-
polysaccharide and the chemical, phorbol 12-myristate

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12917-018-1523-z&domain=pdf
http://orcid.org/0000-0002-3325-2744
mailto:rhli@ucdavis.edu
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Li et al. BMC Veterinary Research (2018) 14:210

13-acetate [8, 9]. Several methods of plasma cfDNA
quantification have been described in dogs with sepsis,
neoplasia and immune-mediated haemolytic anemia
[8, 10]. However, the use of ¢fDNA as a NETosis bio-
marker is controversial as there is evidence suggesting
that cfDNA does not originate specifically from
NET-producing neutrophils [11]. Citrullinated histones
and myeloperoxidase (MPO), other NET biomarkers, have
not been identified in septic dogs. Because NETs may
contribute to the pathophysiology of sepsis in dogs, a
method allowing specific and objective identification and
quantification of NETs in septic dogs is needed.

In this methodology manuscript, we sought to describe
a novel technique to visualize and quantify NETs in
cytological samples of septic foci in dogs using immuno-
fluorescence microscopy.

Methods

The study protocol was approved by the Institutional
Animal Care and Use Committee at the University of
California, Davis. Client-owned dogs admitted to the
William R. Pritchard Veterinary Medical Teaching Hos-
pital of University of California, Davis and diagnosed with
sepsis were eligible for enrolment. Sepsis was diagnosed
based on the presence of systemic or local bacterial
infection and systemic inflammatory response syndrome
(SIRS). SIRS was identified based on previously published
criteria [12]. Only dogs with cytological samples collected
from their respective septic foci were enrolled. Clinical
management of patients was determined by the primary
attending clinicians. Bacterial infection was diagnosed
based on cytologic identification of intracellular bacteria
and positive bacterial cultures from patient samples.
Non-septic dogs with matched cytology samples were
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included as controls. Medical records were reviewed for
patients’ signalment including age, breed and sex as well
as outcome and bacterial culture results.

In Dog 1, an ETW was performed by passing an in-
fant feeding tube down a sterile endotracheal tube to
approximately the level of the carina. In Dog 4, bron-
choalveolar lavage (BAL) at multiple sites (right cranial,
left and right caudal bronchi) was performed through the
biopsy channel of the endoscope after bronchoscopic
examination. Abdominal and pleural effusion were col-
lected via ultrasound-guided needle aspiration.

Cytology samples were immediately placed on ice and
diluted (1-fold) in Dulbecco’s phosphate buffered saline
(DPBS) with 1% bovine serum albumin. Samples were
further diluted (2 to 3-fold) before concentrated onto
microscope slides using a cytocentrifuge (Cytospin 4,
ThermoScientific Inc., Grand Island, NY) (1500 rpm,
5 min), air dried, and stored at -20 °C until further
analysis. The residual samples were submitted to the
University of California Veterinary Medical Teaching
Hospital clinical diagnostic laboratory for culture and
susceptibility, total nucleated cell counts (Advia 120,
Siemens, Deerfield, IL) and cytologic assessment by
board-certified clinical pathologists.

Immunofluorescence microscopy

Cells were first fixed in 4% paraformaldehyde then perme-
abilized using 1% NP-40 (Surfact-AMPs™ NP-40, Pierce,
Rockford, IL) before washing 3 times with DPBS. A modi-
fied double immunolabeling protocol was utilized because
the primary antibodies used to detect MPO and citrulli-
nated histone H3 (citH3) were produced in the same
species [13]. In brief, cells were first blocked with 5% goat
serum (1 h, 37 °C) before incubating with 1:400 (2.5 pg/
ml) rabbit polyclonal anti-citH3 antibodies (ab5103,

A B C D
Merge

Fig. 1 Representative immunofluorescent images of cytology samples of bronchoalveolar lavage from a dog demonstrating the use of
interference controls. Cells were fixed, permeabilized, and incubated with rabbit anti-human citrullinated histone H3 (citH3) antibody, followed
by secondary goat anti-rabbit antibody conjugated with Alexa Fluor 568. After blocking with rabbit serum and unconjugated goat anti-rabbit
Fab fragments, cells were incubated with goat anti-rabbit antibody conjugated with Alexa Fluor 488 without the second primary antibody
against myeloperoxidase (MPO). Cells analysed under the TEXAS RED channel demonstrated presence of citH3 (red) (a), while no non-specific
binding of secondary body conjugated to Alexa Fluor 488 was detected (b). DNA was stained with DAPI () to ensure the colocalization of
citH3 and DNA (d). Original 40x magnification




Li et al. BMC Veterinary Research (2018) 14:210 Page 3 of 7

Fig. 2 Representative immunofluorescent images of cytology samples from 3 septic and 2 non-septic dogs. Cells were fixed, permeabilized and
stained for citrullinated histone H3 (citH3, red), myeloperoxidase (MPO, green) and DNA (blue). NETs were identified by co-localization of
decondensed cell-free DNA (cfDNA), citH3 and MPO. a, b Endotracheal wash from a dog with aspiration pneumonia. Note the vast amount of
decondensed DNA decorated with extracellular citH3 and MPO surrounding nearby neutrophils (dotted outline). Activated pulmonary
macrophages also were identified (¥). ¢ In the respective phase contrast image, phagocytized bacteria within activated pulmonary macrophages
(*) and bacteria (arrow) within a NET (dash outline) were detected. NETs (dotted outline) were identified in septic abdominal (d) and pleural fluid
(e). e, f The respective phase contrast image showed bacteria within a NET (dotted outline) and phagocytized bacteria within macrophages (¥).
Some neutrophils in septic effusion (a, e) had chromatin stained positive for citH3 (arrow heads). Non-degenerate neutrophils and activated
macrophages were seen in abdominal fluid acquired from a dog with congestive heart failure (g) and a dog with chronic bronchitis (h); no NETs
were identified. i A grayscale image stained for MPO and DNA demonstrating the measurement of cell diameter and nuclear morphology.
Diameter of cell 1 was measured to be 8 pm. Cell 1 was identified to be a neutrophil based on its lobulated nuclei. Cell 2 was identified to be an
activated pulmonary macrophage with a cell diameter of 18.5 um, with rounded non-lobulated nuclei and presence of cytoplasmic vacuoles.
Original 40x magnification. a~h Scale bar =100 pm; (i) Scale bar =50 um
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Abcam, Cambridge, MA) (1 h, 37 °C). After washing
(DPBS, 3 times), secondary antibodies (1:200, 10 pg/ml,
polyclonal goat anti-rabbit antibodies conjugated with
Alexa Fluor 568, A-11011, ThermoFisher Scientific,
Rockford, IL) was added to cells and incubated for 1 h at
37 °C. Blocking steps utilizing 10% rabbit serum (4 °C,
overnight) followed by incubation with unconjugated goat
anti-rabbit Fab fragments (50 pg/mL, Jackson ImmunoRe-
search Laboratories, West Grove, PA) for 2 h at room
temperature were performed to prevent the MPO primary
antibody from binding to the first secondary antibody.
To identify MPO, samples were labelled with polyclonal
rabbit anti-human MPO antibody (1:200, 2 pg/ml, A 0398,
Dako, Denmark) for 1 h at 37 °C followed by a secondary
antibody (1:200, 10 pg/ml, Alexa Fluor 488 conjugated
polyclonal goat anti-rabbit IgG, A-11008, ThermoFisher
Scientific, Rockford, IL). DNA was stained with 300 nM
4',6-Diamidino-2-Phenylindole, Dihydrochloride. Interfer-
ence controls without either primary antibodies in the
second immunolabeling step (Type II inference) were
demonstrated in Fig. 1 [13].

An EVOS FL Cell Imaging System (ThermoFisher
Scientific, Rockford, IL) was used to acquire the
immunofluorescent images. Prior to image capture and
analysis, the authors were blinded to the conditions by
randomly assigning a number to each slide. At 40x magni-
fication, 10 random fields were captured for each sample
and the images were acquired and analyzed in a blinded
manner using available software (Image], v1.50 g, National
Institute of Health). Exposure times of each channel (blue,
green or red) were kept constant throughout the analysis.
Neutrophils were identified based on nuclear morphology,
cell diameter of less than 15 pm (Fig. 2i) and presence of
MPO within the cytoplasm. NETs were identified based
on co-localization of cfDNA, extracellular MPO, and
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citH3 [14]. The quantity of NETs in each slide was
expressed as a ratio (number NETs: number of neutro-
phils) in 10 random fields. Cells with citH3 expression
were quantified as a ratio (Cells cjuqz: Cells 1o i) by
dividing the total of number of cells expressing intracellu-
lar citH3 by the total number of cells without intracellular
citH3. For septic samples, phase-contrast microscopy was
used to visualize bacteria.

Results

Five dogs (3 with sepsis, 2 without sepsis) were enrolled
between February and December 2016. Initial present-
ing signs and other clinical parameters are summarized
in Table 1. All dogs survived to discharge, except Dog
3, which underwent cardiopulmonary arrest shortly
after presentation.

Cytology and bacterial culture results, as well as NET
and citH3 quantification are summarized in Table 2.
Immunofluorescent images revealed the presence of
NETs in the samples from septic dogs including ETW
(Fig. 2a, b), abdominal fluid (Fig. 2d) and pleural effu-
sion (Fig. 2e). NETs consisted of extracellular DNA,
MPO and citH3. Using phase contrast microscopy of
the respective immunofluorescent views, intracellular
bacteria were noted within neutrophils and/or macro-
phages as well as within NETs (Fig. 2¢, f). The quantity
of NETs was 3-fold higher in septic ET'W compared to
that in BAL of chronic bronchitis (Table 2). Although
an abundance of non-degenerate neutrophils was found
in sterile abdominal effusion obtained from the dog
with congestive heart failure, no NETs were identified
(Fig. 2g). A subset of neutrophils from septic effusions
also underwent intracellular histone H3 citrullination
(Fig. 2a, e), whereas intracellular citH3 was rarely

Table 1 Summary of demographic variables, presenting signs and clinical parameters

SIRS criteria
Dog Age Breed Presenting Signs HR RR Body WBC Diagnosis
(per min) (per minute) temperature (°C) (X 103/uL)

1 11 Pug Acute onset of respiratory distress 60 60 372 273 Respiratory failure secondary
following 24 h of treatment for to aspiration pneumonia
presumed aspiration pneumonia

2 2 Mixed Acute onset of respiratory distress 84 60 394 220 Bacterial pyothorax
with right-sided pneumothorax
and small-volume pleural effusion

3 9 German Chronic lethargy, inappetence and 150 36 43.5 9.72 Septic peritonitis due to

Shepherd Dog  abdominal pain gastric wall necrosis
4 8 Brittany Spaniel Intermittent productive cough 114 30 389 183 Chronic bronchitis
5 14 Newfoundland 1-week history of cough and 240 40 38.1 N/A Congestive heart failure

abdominal swelling
Atrial fibrillation

HR heart rate

RR respiratory rate

WBC white blood count
N/A not available
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Table 2 Summary of cytology, bacteriology results and NET quantification
Differential cytology — Cytological diagnosis Bacteriology NET Ratio of intracellular

(NET:cells)  citH3

Endotracheal Tracheal Lavage

Dog 1 TNCC 10.36x10°/uL  Marked suppurative inflammation
Neutrophils: 85%
Lymphocytes: 0%
Macrophages: 15%
Eosinophils: 0%

Pleural effusion

Dog 2 TNCC: 482x10° /uL  Marked septic suppurative inflammation
Neutrophils: 78%
Macrophages: 20%
Others: 2%

Abdominal Fluid

Dog 3 TNCC 216x 10%/uL Moderate septic suppurative inflammation
Neutrophils: 84%
Lymphocytes:12%
Macrophages: 4%
Eosinophils: 0%

Bronchoalveolar Lavage

Dog 4 TNCC: 054x10%uL  Mild mixed inflammation
Neutrophils: 17%
Lymphocytes: 18%
Macrophages: 41%
Eosinophils: 24%

Pleural Effusion

Dog 5 TNCC 25x10%ul  Mild mixed inflammation
Neutrophils: 28%
Lymphocytes: 1%
Macrophages: 69%
Others: 2%

Staphylococcus intermedius, 0.070 0.093
Corynebacterium sp., Mycoplasma sp.

Streptococcus Viridans 0.26 0.67

Fusobacterium nucleatum

Enterococcus faecalis 0.14 0.24

Enterococcus faecium

Negative 0.016 0.032

Negative 0 0.0032

TNCC total nucleated cell count
NET neutrophil extracellular trap
CitH3 citrullinated histone H3

observed in cytology obtained from dogs without bac-
terial infections (Fig. 2g, h) (Table 2).

Discussion

By utilizing double immunolabelling and 3-channel
fluorescence microscopy, we identified, for the time first,
NET formation in dogs with clinical sepsis. We also de-
veloped a protocol for quantifying NETs and intracellu-
lar citH3 expression in clinical cytology samples using
accessible public domain software.

In this study, NETs from cytology samples were quanti-
fied based on co-localization of NET components: cfDNA,
MPO and citH3. MPO, which resides within neutrophil pri-
mary granules, catalyzes the formation of hypochlorite and
is released into phagosomes where bacteria are killed by
high concentrations of hypochlorite and peroxides [15].
During NETosis, granular proteins including MPO along
with cfDNA, are released into the extracellular space [16].
However, since leakage of MPO and DNA also occurs in
necrosis, cfDNA and extracellular MPO are not specific
markers of NETosis. Histone citrullination or deimination,
which converts the N-terminus arginine to citrulline, is a

unique process occurring in neutrophils undergoing NETo-
sis [17]. Histone citrullination, catalzyed by the enzyme,
peptidylarginine deiminase 4 (PAD4), alters the electrostatic
interactions between DNA and histones causing chromatin
decondensation and release of cfDNA during NETosis [18].
We have recently shown that lipopolysaccharide-mediated
NETosis in vitro requires histone H3 hypercitrullination by
PAD in canine neutrophils [9]. The substantial number of
citH3 positive cells identified in culture-positive samples
suggests that a similar cellular process also occurs in vivo.
Thus, citH3 within canine NETs may serve as diagnostic
marker of bacterial infection in dogs.

The discovery of NETs in septic foci highlights that
NETosis is likely a highly-conserved component of in-
nate immunity during bacterial infections in dogs as in
other species. We provided, for the first time, direct im-
aging evidence for the binding of bacteria within the
structural elements of canine NETs. This, however, does
not definitively indicate that NETs in dogs can entrap
bacteria and prevent systemic dissemination of bacteria
in vivo. Based on other in vitro and in vivo experiments,
bacteria like Staphylococcus aureus can acquire
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resistance to the bactericidal properties of NETs over
time [19]. An added level of complexity in the study of
NETs is that while NETs possess important antimicrobial
properties, overzealous production of NETs can be detri-
mental to the host [4]. MPO can augment tissue inflam-
mation by activating nearby neutrophils and inducing
further NETosis [16, 20]. Free histones have been
shown to act as damage-associated molecular patterns
impairing endothelial function and initiating inflamma-
tion, cytotoxicity and coagulation in mice [5, 21]. It is
unknown if citH3 released via NETosis within body
compartments could lead to elevated circulating levels
of citH3 in dogs. CitH3 as a biomarker of canine sepsis
requires further investigation.

The abundance of NETs found in septic tracheal
wash fluid from Dog 1 suggests that canine neutrophils
release NETs into the airways in response to acute
bacterial infection. However, a small quantity of NETs
also was found in BAL from Dog 4 with sterile chronic
pulmonary inflammation. In human beings, NETosis is
commonly associated with chronic bronchitis and chronic
obstructive pulmonary disease. The degree of NETosis
correlates with the presence of neutrophils in the airways,
and it is conceivable that NETosis also occurs in cases of
canine chronic bronchitis with progressively severe neu-
trophilic inflammation [22]. This requires further investi-
gation in a larger number of dogs.

This study has several limitations. Direct visualization
and quantification of NETs in cytology samples can be
challenging due to the lack of standardized cell counts
and variable cell types. Because the number of NETs is
dependent on the number of neutrophils in each sample,
we measured NETSs and citH3 positive neutrophils relative
to the number of neutrophils. Due to the presence of vari-
ous cell types, we also employed robust criteria to classify
and quantify neutrophils. However, canine neutrophils
that have not yet released NETs but have undergone
chromatin decondensation may have non-lobulated and
rounded nuclei [17]. These changes in chromatin morph-
ology might have affected our ability to accurately identify
neutrophils and hence under- or overestimated the
quantity of NETs produced. Co-immunostaining of a
canine-specific neutrophil surface marker with a different
fluorophore could allow for more accurate cell enumer-
ation. Because microscopic evaluation is subjected to ob-
server bias, we utilized a standardized protocol to acquire
and analyze images in a randomized and blinded manner.
A major drawback of this technique is that it is labor in-
tensive, requiring multiple incubation steps and advanced
training in microscopy. Lastly, the small number of dogs
included in this study represent a limitation. Further stud-
ies are needed to validate this technique in a larger popu-
lation of clinical dogs and to determine its diagnostic and
prognostic value in dogs with sepsis.
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Conclusion

NETs can be identified in septic fluids collected from
clinical patients. The technique presented here can be a
useful tool for the research of NETs and canine sepsis.
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