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Mannheimia haemolytica is an important member of the bovine respiratory disease complex, which is
characterized by abundant neutrophil infiltration into the alveoli and fibrin deposition. Recently several
authors have reported that human neutrophils release neutrophil extracellular traps (NETs), which are
protein-studded DNA matrices capable of trapping and Kkilling pathogens. Here, we demonstrate that the
leukotoxin (LKT) of M. haemolytica causes NET formation by bovine neutrophils in a CD18-dependent manner.
Using an unacylated, noncytotoxic pro-LKT produced by an AlksC mutant of M. haemolytica, we show that
binding of unacylated pro-LKT stimulates NET formation despite a lack of cytotoxicity. Inhibition of LKT
binding to the CD18 chain of lymphocyte function-associated antigen 1 (LFA-1) on bovine neutrophils reduced
NET formation in response to LKT or M. haemolytica cells. Further investigation revealed that NETs formed
in response to M. haemolytica are capable of trapping and killing a portion of the bacterial cells. NET formation
was confirmed by confocal microscopy and by scanning and transmission electron microscopy. Prior exposure
of bovine neutrophils to LKT enhanced subsequent trapping and killing of M. haemolytica cells in bovine NETs.
Understanding NET formation in response to M. haemolytica and its LKT provides a new perspective on how

neutrophils contribute to the pathogenesis of bovine respiratory disease.

Mannheimia haemolytica is a member of the bovine respira-
tory disease complex (BRD), causing a severe fibrinous pleu-
ropneumonia sometimes referred to as shipping fever. The
pneumonia is characterized by intense neutrophil infiltration in
alveoli, intra-alveolar hemorrhage, fibrin deposition, and con-
solidation of the lungs (42, 56). The importance of neutrophils
in the production of inflammatory mediators, recruitment of
other leukocytes, and lung damage (17, 56, 67, 74) was dem-
onstrated in calves that were depleted of neutrophils before
challenge with M. haemolytica (10, 56). Neutrophil-depleted
calves displayed less lung pathology than did control calves
infected with M. haemolytica (10, 56). From these data, it is
clear that neutrophils are a key player in the pathology of
bovine pleuropneumonia; however, the mechanisms by which
they contribute to host defense and tissue destruction are not
clearly defined.

The most important virulence factor for M. haemolytica is its
leukotoxin (LKT), a 104-kDa exotoxin produced during loga-
rithmic-phase growth (18, 32). LKT is a member of the repeats-
in-taxin (RTX) toxin family of exoproteins produced by a wide
variety of Gram-negative bacteria, including Escherichia coli,
Actinobacillus pleuoropneumoniae, and Aggregatibacter actino-
mycetemcomitans (70). RTX toxins are characterized by a C-
terminal glycine-rich nonapeptide repeat region (-G-G-X-G-
X-D-X-U-X, where U is a hydrophobic residue) that binds
calcium (Ca**). The latter is required for membrane binding
and cytotoxicity (30, 70). RTX toxins can insert into the plasma
membrane of target cells, causing lysis and necrotic cell death
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(30, 70). The N-terminal domain contains amphipathic and
hydrophobic domains believed to be required for pore stabili-
zation and formation, respectively (70). More recently, it was
shown that LKT also causes apoptosis via a caspase 9-depen-
dent pathway and that LKT is internalized and transported via
the cytoskeleton to mitochondria (4-6).

The leukotoxin operon contains the genes ktC, lktA, IktB,
and lktD (36, 37, 58). IktA encodes the inactive pro-LKT pro-
tein that is not cytotoxic until acylated (62) by the transacylase
encoded by lktC. lktB and IktD encode proteins responsible for
leader sequence-independent secretion of LKT from the bac-
terial cell (36, 37, 58). The acylated LKT then binds the CD18
chain of the B,-integrin lymphocyte function-associated anti-
gen 1 (LFA-1) (3, 21-26, 33, 40, 41, 44, 55, 63) on ruminant
leukocytes. LKT binding to amino acids 5 to 17 of the signal
sequence of CD18 is required for cell death and restricts cy-
totoxicity to ruminant leukocytes, because the signal sequence
for CD18 is not present on mature leukocytes from other
mammalian species (55). Other investigators have shown that
both the pro- form and mature LKT are capable of binding
CD18, although the pro-LKT does not cause cytotoxicity (62).
No biological role has been assigned to the pro- form of LKT.

Recently, several authors have shown that human neutro-
phils are able to undergo a form of cell death, called NETosis,
that is distinct from apoptosis and necrosis (12, 13, 31, 51, 69).
NETosis is defined as the release of nuclear DNA from an
activated neutrophil into the extracellular environment, with
little concomitant release of lactate dehydrogenase (LDH)
(12). The extracellular DNA and associated proteins (e.g.,
histones) released by activated neutrophils have been termed
neutrophil extracellular traps (NETs) (12). There are four
steps leading to NET formation. These are neutrophil activa-
tion, nuclear envelope degradation, mixing of nuclear DNA
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with cytosolic proteins, and extrusion of the DNA-protein mix-
ture from the cell (31). Treatment of human neutrophils with
interleukin-8 (IL-8), phorbol 12-myristate 13-acetate (PMA),
or lipopolysaccharide (LPS) causes NET formation (12, 31,
69). NET formation also occurs in response to prokaryotic and
eukaryotic pathogens (12, 35, 64). To date, no bacterial exo-
toxin has been shown to cause NET formation.

NETs are composed of extracellular DNA that is studded
with antimicrobial proteins. The latter include nuclear histones
and primary, secondary, and tertiary granular components
such as neutrophil elastase, myeloperoxidase, lactoferrin, and
gelatinase (51, 69). When neutrophils become activated and
commit to NET formation, they also are capable of trapping
and killing pathogens. To date, NETs have been shown to kill
a variety of Gram-negative and Gram-positive bacteria, fungi,
and protozoans (2, 7-9, 12, 13, 15, 19, 20, 27, 28, 31, 34, 35, 43,
50-53, 59, 64, 67, 70). Here, we examine if M. haemolytica and
its LKT cause NET formation by bovine neutrophils and
whether NETSs are capable of trapping and killing M. haemo-
ytica cells in vitro.

MATERIALS AND METHODS

Neutrophil preparation. Whole blood was taken by venipuncture from
healthy, Holstein cows housed at the University of Wisconsin—Madison Dairy
Cattle Center using 0.38% (vol/vol) sodium citrate as an anticoagulant. Blood
was centrifuged at 1,000 X g for 15 min, and the plasma and buffy coat were
removed. Red blood cells (RBCs) were lysed in a 1:3 dilution of lysis buffer (150
mM ammonium chloride, 10 mM Tris [pH 7.5]) while rotating at 8 rpm. Bovine
neutrophils (bPMNs) were pelleted at 1,000 X g and washed four times with
Hanks’ balanced salt solution (HBSS; Cellgro, Manassas, VA). Cells were re-
suspended in serum- and phenol red-free RPMI 1640 medium (Cellgro) and
examined by light microscopy. Cells with a purity of >98% bPMNs as deter-
mined by visual inspection and >99% viability as determined by trypan blue
staining using light microscopy were deemed acceptable for further use.

Bovine serum was obtained by venipuncture from healthy donor cows. The
blood was allowed to clot for 30 min at room temperature and centrifuged at
1,000 X g, and the serum was removed and stored at —20°C until use.

Bacteria. Mannheimia haemolytica Al (obtained from a bovine pneumonic
lung) and an M. haemolytica AlktC mutant strain derived from it were both gifts
from S. Highlander (Houston, TX). The M. haemolytica AlktA strain and its
parental strain M. haemolytica Al isolate D153 (a plasmid-negative strain iso-
lated from the lung of a steer that died of pneumonic mannheimiosis) were
obtained from R. Briggs (Ames, IA). Although the AlktA4 strain was constructed
from a different parental strain, we confirmed that the two parental strains had
similar abilities to cause NET formation. All strains were grown in brain heart
infusion (BHI) broth without shaking at 37°C for 10 h. Bacterial cells were then
pelleted at 3,750 X g, washed three times in phosphate-buffered saline (PBS),
and resuspended in RPMI medium to an optical density of 0.7, which corre-
sponds to 5 X 10° CFU/ml. The number of CFU in each broth culture was
extrapolated from growth curves performed in our laboratory and was confirmed
by dilution plating on tryptic soy agar (TSA) with 5% sheep red blood cell (RBC)
plates (Becton Dickinson, Franklin Lakes, NJ) to enumerate CFU.

Production and purification of LKT. LKT, pro-LKT, and ALKT were pre-
pared from Mannheimia haemolytica A1, an M. haemolytica AlktC mutant strain
(SH1562) (29), and an M. haemolytica AlktA strain, respectively (62). Toxins were
produced and purified as described previously (6). Briefly, bacteria were pelleted
from 12-h cultures by centrifugation at 3,750 X g for 10 min. The pelleted cells
were resuspended in RPMI 1640 medium and incubated for 6 h at 37°C until they
reached logarithmic growth phase. Bacterial cells were centrifuged at 7,500 X g
for 30 min at 4°C. The supernatant was removed, filtered (0.2 wm), and concen-
trated using an Amicon filtration system with a 100-kDa-molecular-mass-cutoff
membrane (Millipore, Billerica, MA). The LKT was stored at —70°C with 20%
(vol/vol) glycerol until used in an experiment. One unit of LKT is defined as the
greatest dilution of toxin that killed 50% of target cells (10° BL-3 cells in 200 j.l
RPMI medium) in 2 h at 37°C as determined with the cellTiter 96 Aqueous One
solution cell proliferation assay (Promega, Madison, WI). Pro-LKT and ALKT
preparations did not exhibit cytotoxicity in this assay. Protein concentrations
were determined using a bicinchoninic acid (BCA) assay (Pierce, Rockford, IL).
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Quantification of extracellular DNA. Neutrophil extracellular DNA was quan-
tified using a modified technique described by Fuchs et al. (31). Briefly, neutro-
phils were incubated for the indicated times with various stimuli and then pel-
leted at 500 X g for 3 min. The supernatant was removed, and micrococcal
nuclease buffer with 0.1 U/wl micrococcal nuclease was added (New England
Biolabs, Ipswich, MA) and incubated for 30 min at 37°C (as described by the
manufacturer). A 1:200 dilution of PicoGreen (Invitrogen, Carlsbad, CA) in 10
mM Tris base buffered with 1 mM EDTA was added to an equal volume of the
nuclease-treated PMN mixture. Fluorescence was determined at an excitation
wavelength of 484 nm and an emission wavelength of 520 nm using an automated
plate reader (DTX 800 Multimode detector; Beckman Coulter, Brea, CA). NET
production was quantified as fold increase, where the fluorescence units for
treated neutrophils were divided by the fluorescence units for untreated control
neutrophils.

Reagents. DNase I (source, bovine pancreas), PMA, E. coli lipopolysaccharide
(LPS), and cytochalasin D (Cyto D) were purchased from Sigma-Aldrich (St.
Louis, MO). The NADPH oxidase inhibitor diphenyleneiodonium chloride
(DPI) was purchased from Calbiochem/EMD (Darmstadt, Germany). The
caspase family inhibitor Z-VAD-FMK (fluoromethylketone) was purchased
from Alexis Biochemicals (Plymouth Meeting, PA). The anti-CD18 antibody
(BAQ20A) was purchased from VMRD (Pullman, WA). M. haemolytica A1 LPS
was kindly provided by D. McClenahan (Cedar Falls, TA) (46). The anti-LKT
antibody (MMG601) was kindly provided by S. Srikumaran (Pullman, WA). Mam-
malian protein extraction reagent (MPER) was purchased from Pierce and used
to make bPMN lysates. LDH release was determined using the CytoTox 96
nonradioactive cytotoxicity assay as described by the manufacturer (Promega).

Western blotting. bPMNs (107) were incubated for 1 h at 37°C with 2 U of
LKT, heat-inactivated (100°C for 30 min) LKT, pro-LKT, ALKT, or RPMI 1640
(vehicle) while being rotated at 8 rpm. The bPMNSs were washed five times with
PBS and resuspended in MPER buffer (Pierce). Protein concentrations were
determined by BCA assay. One hundred micrograms of protein was loaded into
separate wells of a 4 to 20% Tris-HCl polyacrylamide gel (Bio-Rad Laboratories,
Hercules, CA), separated by electrophoresis, and transferred to a polyvinylidene
fluoride (PVDF) membrane (Bio-Rad Laboratories). The membranes were
blocked with 5% (wt/vol) skim milk in TBST buffer (10 mM Tris base, 150 mM
NaCl, 0.1% Tween 20) for 1 h at room temperature. The blot was then incubated
with an anti-LKT monoclonal antibody (MM601) for 1 h. Blots were washed and
incubated for 1 h at room temperature with an anti-mouse IgG Fc fragment
conjugated to horseradish peroxidase (HRP) (GE Health Sciences, Chalfont St.
Giles, United Kingdom). Blots were washed, ECL chemiluminescence substrate
(Pierce) was added to detect HRP, and bands were visualized by exposure to film
(MidSci, St. Louis, MO).

Immunofluorescence and electron microscopy. To perform immunofluores-
cence microscopy, bPMNs (3 X 10°) were incubated on poly-L-lysine (Electron
Microscopy Sciences, Hatfield, PA)-coated glass slides (Fisher Scientific, Hano-
ver Park, IL) for 30 min. Slides were then incubated at 37°C with 0.5 U LKT, 5 X
107 fluorescein-labeled M. haemolytica cells, 0.5 U LKT, and 180 U DNase, 100
nM PMA, or 250 nM M. haemolytica LPS for 1 h. Slides were washed three times
with PBS and fixed for 10 min with 4% paraformaldehyde (PFA). The slides were
then washed, permeabilized with cold acetone for 5 min, washed again, and
blocked with 1% bovine serum albumin (BSA; Pierce) in PBS for 20 min at room
temperature. Slides were incubated for 1 h with 1 puM TOPRO. In some exper-
iments, an antihistone monoclonal antibody (AbCam, Cambridge, MA) was
added and slides were washed and then incubated for 1 h at room temperature
with an Alexa Fluor 488-conjugated anti-mouse IgG antibody (Molecular
Probes, Eugene, OR) in 1% BSA (in PBS). Slides were washed and examined by
confocal microscopy (Nikon Eclipse TE2000-U; Nikon Corporation, Tokyo, Ja-
pan).

To perform transmission electron microscopy (TEM), bPMNs (3 X 10°) were
incubated on poly-L-lysine-coated glass slides for 30 min, washed twice with PBS,
and then incubated with 0.5 U LKT for 1 h. Slides were washed three times with
PBS and fixed for 30 min with Karnovsky’s fixative (5% glutaraldehyde, 4%
paraformaldehyde in 0.08 M sodium phosphate buffer) (Electron Microscopy
Sciences). TEM was performed as described previously (39). Images were taken
at the UW Medical School Electron Microscope Facility using a Philips CM120
STEM microscope.

To perform scanning electron microscopy, bPMNs (3 X 10°) were incubated
on poly-L-lysine-coated glass slides for 30 min, washed twice with PBS, and then
incubated with 0.5 U LKT or 5 X 107 M. haemolytica cells for 1 h. Slides were
washed and fixed using 4% paraformaldehyde in PBS, postfixed with 2.5%
glutaraldehyde, and prepared as previously described (11). Images were taken at
the Biological and Biophysical Preparation, Imaging and Characterization Lab-
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FIG. 1. LKT and pro-LKT cause NET formation by bovine neutrophils. (A) Purified native LKT, pro-LKT, and ALKT were separated by
SDS-PAGE, blotted to PVDF, and probed using an anti-LKT antibody to estimate the molecular masses of the toxins. (B and C) bPMNs (10°)
were incubated with various amounts of LKT for 120 min (B) or were incubated with 1 U of LKT for various times (C). As a control, 10° bPMNs
were preincubated with 180 U of DNase I, 10 pg/ml cytochalasin D (Cyto D), 10 wM DPI, or 200 puM Z-VAD-FMK (pan-caspase inhibitor) before
LKT was added. (D) bPMNs (10°) were incubated with 1 U LKT, heat-inactivated LKT, pro-LKT, or ALKT for 120 min. Cells were then washed,
and lysates were prepared. Proteins were separated by SDS-PAGE, blotted to PVDF, and probed using an anti-LKT antibody. Untreated control
cells were preincubated with the vehicle RPMI 1640. (E) bPMNs (10°) were preincubated for 2 h with 1 U LKT, pro-LKT, or ALKT. Some bPMNs
were incubated with an anti-CD18 antibody or 10 pg/ml cytochalasin D, or toxins were incubated with an anti-LKT antibody for 30 min prior to
addition to bPMNs. Extracellular DNA was quantified by the addition of a 1:200 dilution of PicoGreen, and fluorescence was quantified using an
automated plate reader. Data represent the means = standard errors of the means of 5 independent experiments. a, P < 0.05 compared to
untreated bPMNSs; b, P < 0.05 compared to bPMNs treated with 1 U LKT; ¢, P < 0.05 compared to bPMNs treated with LKT for 120 min; d, P <

0.05 compared to bPMNs incubated with LKT; e, P < 0.05 compared to bPMNs incubated with pro-LKT.

oratory at the University of Wisconsin—Madison with a Hitachi S900 microscope
(Hitachi, Japan).

Bacterial trapping and killing. M. haemolytica cells were grown to log phase as
described earlier, washed three times in PBS, and resuspended for 15 min on ice
in 0.5 mg/ml fluorescein isothiocyanate (FITC; Sigma-Aldrich) in 50 mM sodium
carbonate buffer. The M. haemolytica cells were then washed three times with
PBS and resuspended at a concentration of 5 X 10° bacteria/ml in serum-free
RPMI 1640. Cell viability after FITC labeling was assessed by dilution plating
both FITC-labeled and unlabeled M. haemolytica cells. Dilutions were plated on
blood agar, and CFU were quantified.

bPMNs were treated four different ways prior to the addition of M. haemo-
Iytica cells. First, 0.25 U LKT was incubated with bPMNs (10°) at 37°C while
rotating at 8 rpm for 30 min prior to the addition of 10 pwg/ml cytochalasin D
(Cyto D), which was further incubated for 30 min. Second, bPMNs (10°) were
incubated for 30 min while rotating at 37°C with 0.25 U LKT. Third, bPMNs
were incubated with 100 nM PMA for 30 min. Fourth, bPMNs (10°) were
incubated with 180 U DNase I for the entire duration of the assay. Treated (LKT
plus Cyto D, LKT, PMA, or DNase) and untreated bPMNs were washed and
then incubated with FITC-labeled or nonlabeled M. haemolytica cells (107) in
RPMI 1640 for various times at 37°C.

To quantify the bacteria trapped within NETSs, samples were washed three
times with PBS and fluorescence was determined using an automated plate
reader. To determine bacterial killing by NETs, bPMNs incubated with M.
haemolytica suspensions were serially diluted in PBS and plated on TSA with 5%
sheep RBCs. At each time point, serial dilutions of M. haemolytica incubated in
RPMI medium without bPMNs were also made and plated onto blood agar to

quantify total CFU. The percent bactericidal activity of NETs was determined as
described previously (34).

Immunohistochemistry. Paraffin-embedded tissue from an M. haemolytica-
infected calf and a healthy control calf was obtained from the UW-Madison
Veterinary Medicine Teaching Hospital (kindly provided by E. Behling-Kelly).
Sections were deparaffinized and incubated for 1 h at room temperature with 2
M Sytox Orange (Invitrogen), washed, and examined using a Nikon Eclipse
E800 immunofluorescence microscope. For some experiments, 180 U of DNase
was added to the tissue sections and incubated overnight at 4°C, washed, and
stained with Sytox Orange.

Statistical analysis. Group means were compared by analysis of variance
(ANOVA), followed by the Tukey-Kramer pairwise comparison test, as per-
formed by the Instat statistical package (GraphPad, San Diego, CA). The level
of significance was set at a P value of <0.05.

RESULTS

LKT causes NET formation. We first sought to determine if
purified LKT causes NET formation by bovine neutrophils
(bPMNs). We initially purified native LKT, pro-LKT (pro-
duced by an AlktC M. haemolytica strain), and a truncated
ALKT (produced by an AlktA M. haemolytica strain) and con-
firmed LKT molecular weights using Western blot analysis
(Fig. 1A). Purified LKTs were of the correct molecular weights
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as previously described (62). We observed NET formation in
response to native LKT in both a dose- and time-dependent
manner (Fig. 1B and C). NET formation was significantly re-
duced when bovine neutrophils were preincubated with DNase
I or cytochalasin, which cleaves extracellular DNA and inhibits
the intracellular transport of LKT, respectively (4). We also
reduced NET formation when bPMNs were preincubated with
the NADPH oxidase inhibitor DPI prior to addition of LKT.
NET formation was not inhibited when bPMNs were incu-
bated with the caspase family inhibitor Z-VAD-FMK. Purified
M. haemolytica LPS did not induce NET formation (Fig. 1B),
although it did stimulate PMN inducible nitric oxide synthase
(iNOS) production (data not shown). Nor was NET formation
observed in response to heat-inactivated LKT (100°C for 1 h).
Taken together, these observations confirm that contaminating
LPS does not cause NET formation (Fig. 1B).

To further examine LKT-induced NET formation, we puri-
fied pro-LKT from an AlktC M. haemolytica strain (kind gift
from S. K. Highlander, Houston, TX) and a truncated ALKT
from an AlktA M. haemolytica strain (kind gift from R. E.
Briggs, Ames, IA). The AlktC M. haemolytica strain does not
produce an active LKTC protein; therefore, acylation of the
LKTA protein does not occur and the resulting pro-LKT is
noncytolytic. The AlktA strain produces a truncated ALKT
lacking amino acids 34 to 378, rendering it noncytotoxic (62).
We incubated bPMNs with purified native LKT, heat-inacti-
vated (inactive LKT) LKT, pro-LKT, or ALKT and analyzed
binding to bPMN proteins by Western blotting. As previously
demonstrated (62), native LKT and pro-LKT bind bPMNs,
whereas the ALKT and heat-inactivated LKT did not (Fig.
1D). We next determined if unacylated pro-LKT was capable
of causing NET formation. To our surprise, the pro-LKT
caused NET formation (Fig. 1E), although it was slightly re-
duced compared to that caused by wild-type LKT. As expected,
NET formation was not observed in response to the truncated
ALKT (Fig. 1E). Likewise, preincubation of bPMNs with ei-
ther anti-CD18 receptor antibody or cytochalasin D reduced
NET formation in response to wild-type or pro-LKT. Further-
more, preincubation of LKT or pro-LKT with a neutralizing
anti-LKT antibody (MM601) significantly diminished NET for-
mation. These data confirm that LKT and pro-LKT, and not a
contaminant in the LKT preparations, cause NET formation.
These data also indicate that LKT causes NET formation via
its interaction with the CD18 chain of LFA-1.

Incubation of bovine neutrophils with M. haemolytica cells
causes NET formation. We next assessed if incubation of
bPMNs with M. haemolytica cells would result in NET forma-
tion. We found that cells of M. haemolytica Al (isolated from
a pneumonic bovine lung) and an isogenic M. haemolytica
AlktC strain, producing only pro-LKT, caused NET formation
in a dose- and time-dependent manner. As expected, NET
formation was not observed when bPMNs were incubated with
cells of an M. haemolytica AlktA strain (Fig. 2). NET formation
in response to wild-type or AlktC M. haemolytica was dimin-
ished by preincubation with DNase I, cytochalasin D, anti-LKT
antibodies, or anti-CD18 antibodies (Fig. 2) but not with con-
trol antibodies (data not shown). NET formation did not occur
in response to heat-treated (100°C for 1 h) wild-type, AlktC, or
AlktA M. haemolytica cells (Fig. 2A to C). LDH release in
response to M. haemolytica or AlktC M. haemolytica cells fol-
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lowed rather than preceded NET formation (Fig. 2G to I).
LDH release did not occur in response to AlktA M. haemolytica
cells.

Repeated exposures to M. haemolytica cause a further in-
crease in NET formation. Previous research suggested that 10
to 33% of human neutrophils undergo NET formation in re-
sponse to a single stimulus (13, 31). Whether NET formation
increased further in response to repeated or sustained stimu-
lation was not reported. Here, we show that repeated expo-
sures (5 exposures) of bPMNs to M. haemolytica cells increased
the percentage of bPMNs that form NETSs, without a corre-
sponding increase in LDH release (Fig. 3). Quantification of
DNA in bPMN lysates (DNA total) confirmed that repeated
exposure to M. haemolytica cells resulted in increased NET
formation by bPMNs.

bPMN NETs trap and Kill M. haemolytica cells. Other in-
vestigators have shown that NETSs are capable of trapping and
killing extracellular pathogens (12, 27, 28, 31, 34, 52, 64). Using
fluorescein-labeled M. haemolytica cells, we found that bacte-
rial cells were trapped, in a time-dependent manner, by NETs
(Fig. 4A). In similar experiments, M. haemolytica cells were
incubated with bPMNs for various times and viability of the
bacteria was assessed. Up to 50% of the M. haemolytica cells
were killed during a 180-min incubation period (Fig. 4B). To
confirm that bacteria were trapped in NETs, we added DNase
I to cleave extracellular DNA and thereby free trapped bacte-
rial cells. DNase I treatment resulted in a significant reduction
in the number of M. haemolytica cells trapped and killed by
bPMNs (Fig. 4A and B). We infer that the remaining propor-
tion of bacterial cells that were killed by DNase I-treated
bPMNs represent bacterial cells that were phagocytosed and
killed intracellularly.

During pulmonary infection with M. haemolytica, bovine leu-
kocytes may be exposed to LKT before they encounter bacte-
rial cells. We, therefore, next examined whether LKT-induced
NETs can trap and kill M. haemolytica. To do so, we incubated
bPMNs with a small amount of LKT (0.25 U; <5% LDH
release) for 30 min. In some experiments, we then added
cytochalasin D to inhibit phagocytosis after LKT treatment.
bPMNs were then incubated with M. haemolytica cells (10
bacterial cells per bPMN), and bacterial trapping and killing
were quantified. Prior exposure to LKT resulted in NET for-
mation that increased the numbers of M. haemolytica cells that
were trapped and killed (Fig. 4C and D). In some experiments,
bPMNs were incubated with DNase along with M. haemolytica
cells during the experiment. Addition of DNase I reduced the
numbers of bacteria that were trapped and killed (Fig. 4C and
D), implicating DNA-containing NETs as the source of bacte-
rial killing. We also used a Syto 9 and propidium iodide stain-
ing kit (Live/Dead BacLight bacterial viability kit; Invitrogen)
to confirm that M. haemolytica cells were killed within NETSs
(data not shown) and to exclude the possibility that reduced
numbers of CFU simply reflect clumped bacteria.

bPMN NETs contain nuclear DNA. When we examined
NETs using transmission electron microscopy (TEM) and
scanning electron microscopy (SEM), we observed weblike
structures extruded from the LKT-treated and M. haemolytica-
treated bPMNs (Fig. 5). These structures were not seen with
control untreated bPMNs. Some of the DNA strands were
longer than 60 pm as illustrated in Fig. 5SD. M. haemolytica
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FIG. 2. Wild-type M. haemolytica and AlktC M. haemolytica cells cause NET formation by bovine neutrophils. (A to C) bPMNs (10°) were
incubated for 120 min with various numbers of M. haemolytica (A), AlktC M. haemolytica (B), or AlktA M. haemolytica (C) cells. In some
experiments, 180 U of DNase I or an anti-CD18 antibody was preincubated with the bPMNs, or bacteria were preincubated with an anti-LKT
antibody, for 30 min prior to addition to bPMNs. (D to F) bPMNs (10°) were incubated for various times with 107 cells of M. haemolytica (D), AlktC
M. haemolytica (E), or AlktA M. haemolytica (F). In some experiments, 180 U of DNase I or 10 wg/ml cytochalasin D (Cyto D) was preincubated
with the bPMNs for 30 min. Extracellular DNA was quantified as described previously. (G to I) bPMNs (10°) were incubated with 107 CFU of M.
haemolytica (G), AlktC M. haemolytica (H), or AlktA M. haemolytica (1), and LDH release was quantified using the CytoTox 96 nonradioactive
cytotoxicity assay as described by the manufacturer. Data represent the means *+ standard errors of the means of 5 independent experiments. a,
P < 0.05 compared to untreated bPMNSs; b, P < 0.05 compared to bPMNs incubated with 5 X 107 bacteria; ¢, P < 0.05 compared to bPMNs
incubated for 120 min with bacterial cells alone; d, P < 0.05 compared to LDH release by untreated bPMNs.

cells were observed to be trapped within the web of DNA
fibrils (Fig. 5G and H).

We next examined NETSs by confocal microscopy. We incu-
bated bPMNs with LKT, fluorescein-labeled M. haemolytica
cells, or PMA and fluorescently stained nucleic acids with
TOPRO. Confocal microscopy analysis confirmed the pres-
ence of large, extracellular strands and clumps of DNA re-
leased from bPMNS in response to LKT, M. haemolytica cells,
or 100 nM PMA (Fig. 6). Release of extracellular DNA was

not observed for untreated bPMNs, bPMNs incubated with M.
haemolytica LPS, or bPMNs concomitantly incubated with
LKT and DNase I (Fig. 6).

To determine the origin of the extracellular DNA in NETSs,
we incubated bPMNs with LKT or M. haemolytica cells and
then fluorescently stained cells for DNA (red) and histones
(green). Confocal microscopy revealed that DNA and histones
colocalized within the nucleus in untreated control bPMNs
(Fig. 7). Similarly, DNA and histones colocalized to both the
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FIG. 3. Repeated exposure to M. haemolytica results in increased
NET formation by bovine neutrophils. M. haemolytica cells (107) were
added to 10° bPMNs every hour for 1 to 6 h and NET formation
(A) and LDH release (B) were measured at 6 h. DNase I (180 U) was
also added to one group of cells that was treated hourly for 6 h. Total
DNA was determined by lysing 10° bPMNSs, and extracellular DNA
was quantified as described previously. Data represent the means *+
standard errors of the means of 5 independent experiments. a, P <
0.05 compared to bPMNs treated for 1 h; b, P < 0.05 compared to
bPMNs treated for 6 h; ¢, P < 0.05 compared to untreated bPMNs.

extracellular DNA and nuclei of bPMNs treated with LKT or
M. haemolytica cells. These observations suggest that the ex-
tracellular DNA is of nuclear origin (Fig. 7).

Extracellular DNA is observed in histological sections of
lung tissue from an M. haemolytica-infected calf. To provide
evidence that neutrophils produce extracellular DNA in the
lungs during M. haemolytica infection, we obtained lung sam-
ples from a calf that was euthanized because of severe respi-
ratory disease. Subsequent microbiological testing confirmed
that M. haemolytica was the cause of illness. Lung sections were
prepared, deparaffinized, and stained with Sytox Orange
(DNA stain). Microbiological examination revealed substantial
amounts of extracellular DNA enmeshed around inflammatory
cells (Fig. 8C and D). Extracellular DNA and infiltrating leu-
kocytes were not observed in lung sections from a healthy
control calf (Fig. 8B). As a control, some M. haemolytica-
infected lung sections were not stained with Sytox Orange to
demonstrate the absence of background fluorescence (Fig.
8A). To confirm that Sytox Orange staining was specific for
DNA, we preincubated M. haemolytica-infected lung sections
with DNase I, which reduced Sytox Orange staining compared
to that in lung sections not treated with DNase (Fig. 8E and F).
These data confirm the presence of extracellular DNA in the
lung of an infected calf, which was not seen when lung sections
were obtained from an uninfected calf.

Preincubation of bPMNs with bovine serum reduces NET
formation. Serum proteins are present in the extravascular
fluid that accumulates during pneumonia. Although serum
contains DNase I, its functional role has not been clearly de-
fined (71). Other investigators have reported that serum re-
duces human NET formation (12, 65). Here, we show that
concomitant incubation of bPMNs with LKT or M. haemolytica
cells, and increasing amounts of adult bovine serum, decreased
NET formation (Fig. 9). From these results we cannot deter-
mine whether NETs do not form or are cleaved by DNase in
bovine serum. However, we confirmed the ability of bovine
serum to degrade lambda DNA as measured by PicoGreen
binding (data not shown).
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FIG. 4. Preincubating bovine neutrophils with LKT increases the
trapping and killing of M. haemolytica within NETS. (A and B) bPMNs
(10%) were incubated with 107 fluorescein-labeled M. haemolytica
(A) or unlabeled M. haemolytica (B) cells for 60 to 180 min. (C and D)
Similarly, treated bPMNs (LKT plus Cyto D, LKT, PMA, or DNase)
or untreated bPMNSs were incubated with 107 fluorescein-labeled M.
haemolytica cells (C) or unlabeled M. haemolytica cells (D) for 180
min. In panels C and D, 10° bPMNs were incubated with (i) 0.25 U
LKT for 30 min followed by 10 pg/ml cytochalasin D (LKT + Cyto D),
(if) 0.25 U LKT, (iii) 100 nM PMA for 30 min at 37°C, or (iv) 180 U
DNase I for the duration of the experiment. Fluorescence (A and C)
was measured using an automated plate reader. Bacterial survival (B
and D) was estimated by plating serial dilutions of lysates on TSA plus
5% sheep RBC plates. Data represent the means *+ standard errors of
the means of 5 independent experiments. a, P < 0.05 compared to
bPMNs treated for 180 min; b, P < 0.05 compared to untreated
bPMNs.

DISCUSSION

We believe this is the first report of NET formation in
response to a bacterial exotoxin. Here, we show that the M.
haemolytica leukotoxin causes NET formation in a dose- and
time-dependent manner (Fig. 1B and C). DNase I was used to
cleave extracellular DNA produced in response to LKT and
demonstrate that the fluorescence signal was due to PicoGreen
binding to extracellular DNA. We used several methods to
assess whether LKT, and not a contaminant, causes NET for-
mation. These included bPMNs incubated with (i) cytochalasin
D, an inhibitor of LKT-mediated internalization; (ii) antibod-
ies to LKT or its CD18 receptor; (iii) heat-inactivated LKT or
bacterial cells (100°C for 1 h); (iv) a truncated ALKT; and (v)
purified M. haemolytica LPS (Fig. 1). These data indicate that
LKT causes NET formation via binding to its CD18 receptor
and that M. haemolytica LPS alone (25 nM to 2.5 uM) does not
cause NET formation by bPMNs. Similar results were seen by
Clark et al. (20), who reported that LPS did not stimulate NET
production by human neutrophils, unless platelets were also
present.
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FIG. 5. Transmission and scanning electron photomicrographs of NETSs formed by bovine neutrophils in response to M. haemolytica LKT. LKT
(0.5 U) or 5 X 107 M. haemolytica cells were incubated with 3 X 10° bPMNs for 60 min at 37°C. Cells were washed, fixed, and processed for TEM
(A to C) or SEM (D to I) as described in Materials and Methods. Transmission electron photomicrographs were taken at a magnification of X3,400
(bar, 5 pm) (A and C) or X17,000 (bar, 200 nm) (B). (A) Large weblike structures were released from LKT-treated bPMNs. (B) Enlargement of
panel A, to illustrate individual fibrils. (C) Control cells incubated in RPMI medium do not exhibit fibrils. (D to I) Scanning electron photomi-
crographs. (D) Micrograph demonstrates a large network of extracellular DNA strands released in response to LKT. (E) Higher magnification
of panel D, illustrating bPMNs trapped within the mesh. (F) Higher magnification of panel E, illustrating in greater detail the ultrastructure of
individual NET fibrils. (G) Complex network of DNA strands in which bPMNs and M. haemolytica cells are visible. (H) Higher magnification of
panel G, illustrating more closely M. haemolytica cells trapped within a NET. Arrows indicate trapped M. haemolytica cells in panels G and H.
(I) Control bPMNs incubated in RPMI medium do not exhibit fibrils. Photomicrographs are of representative cells from 3 independent

experiments.

Other investigators have found that NET formation requires
NADPH oxidase activity (31). We confirmed these findings by
preincubating bPMNs with DPI, a selective NADPH oxidase
inhibitor, and found that DPI inhibited NET formation as
expected (Fig. 1B). To test whether extracellular DNA was
released as a result of apoptosis, we incubated bPMNs with the
pan-caspase inhibitor Z-VAD-FMK. Addition of Z-VAD-

FMK did not reduce NET formation, indicating that NET
formation is independent of apoptosis (Fig. 1B). We also con-
firmed that the release of extracellular DNA preceded LDH
release, suggesting that NET formation was not simply due to
necrotic cell death (Fig. 2). Overall, these are consistent with
NET formation by bPMNs being NADPH oxidase dependent
and independent of necrosis and apoptosis.
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FIG. 6. Confocal photomicrographs reveal extracellular DNA released from bovine neutrophils in response to LKT, M. haemolytica cells, or
PMA. bPMNSs (3 X 10°) were allowed to attach to glass slides and then were incubated with 0.5 U LKT, 5 X 107 fluorescein-labeled M. haemolytica
cells, or 100 nM PMA. Controls include untreated bPMNs (control) and bPMNs incubated with 0.5 U LKT plus 180 U DNase I, or 250 nM LPS,
for 60 min. Cells were fixed, permeabilized, stained for DNA using TOPRO, and examined by confocal microscopy. Arrows illustrate representative
NETs. Photomicrographs are of representative cells from 3 independent experiments.

One of our most striking observations was that unacylated
pro-LKT triggers NET formation, despite having negligible
activity in standard cytotoxicity assays (Fig. 1E). We confirmed
that the pro-LKT bound bPMNs to a similar extent as did
wild-type LKT, as reported by others (62), whereas a truncated
ALKT did not (Fig. 1D). The latter finding differs somewhat
from that of Thumbikat et al. (62), who reported that the
ALKT was capable of binding CD18 from bovine lymphoblas-
toid (BL-3) cells (a pre-B-cell line). Our data indicate that
binding of LKT or pro-LKT to the CD18 receptor on bPMNs
causes NET formation, despite the lack of cytotoxicity for
pro-LKT in standard cytotoxicity assays. We believe that this is
the first report of a biological function for the unacylated
pro-LKT. It is unknown how much unacylated pro-LKT, if any,
is produced by wild-type M. haemolytica cells during an infec-
tion. However, the data in the present study confirm that
pro-LKT does have biological activity, despite its lack of sub-
stantial cytotoxicity for bPMNs.

We observed NET production in response to cells of wild-
type M. haemolytica and cells of an M. haemolytica AlktC strain
(Fig. 2). It is important to note that cells of the M. haemolytica
AlktA strain did not stimulate NET formation by bPMNs.
These observations provide additional evidence that LKT is of
primary importance for NET formation in response to M.
haemolytica cells. This conclusion was further strengthened by
using antibodies to either LKT or its CD18 receptor, which
significantly reduced NET formation (Fig. 2). As expected,
NET formation did not occur when human neutrophils were
treated with M. haemolytica or its LKT (data not shown).

Because there are previous reports of NET production in re-
sponse to a variety of Gram-positive and Gram-negative bac-
terial cells (12), it was surprising that eliminating or neutraliz-
ing LKT by itself significantly reduced NET formation.
Although LKT is a major virulence factor for M. haemolytica,
one might expect that other bacterial molecules would contrib-
ute to NET formation. For example, one study showed that
pilus-deficient group A streptococci caused less NET forma-
tion by human neutrophils than did wild-type streptococci,
although strong direct evidence that pili were the principal
cause of NET formation was lacking (2). Other reports of NET
formation in response to bacteria, fungi, and protozoans did
not identify a specific microbial component responsible for
these responses. It would be interesting to investigate toxins or
virulence factors produced by other NET-causing pathogens,
to determine whether any of these are principally responsible
for NET formation by those microbes.

The signaling mechanisms that stimulate and regulate NET
formation have not yet been established. Because LKT binding
to CD18 was required for NET formation (Fig. 1 and 2), we
infer that signaling downstream of CD18 is important for bo-
vine neutrophil DNA release. Previous reports have demon-
strated that neutrophils from several vertebrate species, hu-
man eosinophils and mast cells, and chicken heterophils all
form extracellular traps (12, 13, 19, 34, 38, 43, 48, 49, 68, 73).
All these cells express CD18, which is involved in transendo-
thelial migration of leukocytes from the bloodstream into tis-
sue at sites of infection (45, 47, 54, 60, 61, 75). Because CD18
is expressed by cell types capable of forming extracellular traps,
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FIG. 7. Colocalization of DNA and histones in NETs produced in response to LKT or M. haemolytica. bPMNs (3 X 10°) were allowed to attach
to glass slides and then incubated with 0.5 U LKT or 5 X 107 M. haemolytica cells for 60 min. Cells were fixed, permeabilized, stained for DNA
using TOPRO (red), and probed for histones using an antihistone antibody followed by an anti-mouse antibody labeled with Alexa Fluor 488
(green). Cells were examined by confocal microscopy. Arrows indicate areas of colocalization of signal (yellow-orange) for extracellular DNA and
histones. Photomicrographs are of representative cells from 3 independent experiments.

perhaps binding of pathogen-associated molecular patterns
(PAMPs) to CD18 leads to downstream signaling that culmi-
nates in extracellular trap release. Further examination of the
role that CD18 plays in extracellular trap formation by differ-
ent species of leukocytes could lead to a better understanding
of the mechanisms that regulate NET formation.

Previous research demonstrated that only 10 to 33% of hu-
man neutrophils formed NETs in response to a single exposure
to a stimulus in vitro (13, 31). Here we asked whether repeated
exposure of bPMNSs to M. haemolytica cells results in a greater
number of bPMNs forming NETs. We found that this is the
case, with repeated addition of M. haemolytica cells (hourly for
up to 5 h) resulting in a significant increase in NET formation,
with only a modest increase in LDH release (Fig. 3). Overall,
we interpret these results as indicating that only a proportion
of neutrophils undergo NET formation in response to a single
stimulus but that these increase in number as the insult con-
tinues. Because neutrophils are terminally differentiated cells
with a relatively short life span in the circulation (57), it would
be of interest to determine whether age, or relative senescence
of individual PMNs, influences NET formation.

This is not the first report that bovine PMNs can form NETs
in vitro. One group demonstrated that bovine PMNs form
NETs that trap mastitis-inducing bacterial cells even in the
presence of milk, which is inhibitory for phagocytosis (43). A
second group of investigators demonstrated that beta-hydroxy-
butyrate, produced during ketosis or hyperketonemia, reduced
phagocytosis and NET-mediated killing of E. coli P4 by
bPMNs (34). Here, we report that bovine NETSs are capable of
trapping and killing the pneumonic pathogen M. haemolytica in
vitro (Fig. 4A and B). We also provide evidence that preformed
NETs (formed in response to LKT) trap and kill more M.
haemolytica cells than do NETs produced in response to the
bacterial cells themselves (Fig. 4C and D). As reported in
previous studies (12, 34, 64, 66), we inhibited phagocytosis
using cytochalasin D to confirm that bacterial death was due to
NET-mediated extracellular killing and not phagocytosis and
intracellular killing. Curiously, NETs formed in response to
PMA were not increased in their ability to trap and kill M.
haemolytica cells (Fig. 4C and D).

Older histopathological studies of M. haemolytica-infected
ruminants reported streaming leukocytes, defined as elongated
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FIG. 8. Extracellular DNA is present in the lungs of an M. haemolytica-infected calf. Tissue sections (10 wm) were obtained from an M.
haemolytica-infected calf and a healthy calf, deparaffinized, and incubated with Sytox Orange to stain DNA, or PBS as a control for autofluores-
cence at 570 nm. (A) Control lung tissue from an M. haemolytica-infected calf that was not stained with Sytox Orange to illustrate the absence of
autofluorescence at 570 nm. (B) Lung section from a healthy bovine lung displays normal alveolar structure with no extracellular DNA staining.
(C and D) Lung tissue obtained from an M. haemolytica-infected calf that was stained with Sytox Orange to detect DNA. (C) Cellular infiltrates
in the alveoli with extracellular DNA present. (D) Consolidation of the lung and extensive extracellular DNA staining. (E and F) Lung tissues from
an M. haemolytica-infected calf were incubated for 24 h with 180 U DNase at 4°C, washed, and incubated with Sytox Orange. Fluorescence was
reduced compared to that in panels C and D, indicating that the Sytox staining was specific for DNA within the tissue.

inflammatory cells with streaming nuclei, within the alveoli of
pneumonic cattle, sheep, and goats (14, 16, 72). Further exam-
ination of the origin of streaming leukocytes indicated that
they were mostly of neutrophil origin (1). One investigator
observed bacterial cells lining streaming leukocytes in the al-
veoli of M. haemolytica-infected goats (72). The mechanism
responsible for streaming leukocyte formation has not been
established, nor is it known what role streaming leukocytes
might play in the clearance of M. haemolytica. We interpret
these older reports of streaming leukocytes as being similar to
the NET formation that we observed in vitro. Using TEM and
SEM, we observed long strands of extracellular DNA, which
were gathered into aggregates that spanned over 60 pwm in

length (Fig. 5), being released from bPMNs incubated with M.
haemolytica cells or its LKT. DNA strands appeared to enmesh
intact PMNs as well, forming large aggregates in which M.
haemolytica cells were observed (Fig. 5G and H). Confocal
microscopy and TOPRO staining confirmed that these strands
consisted of DNA and associated histones emanating from
bPMNs. DNase I treatment eliminated these strands, confirming
that they were dependent on DNA release. When we added
fluorescein-labeled M. haemolytica cells, we could observe bacte-
rial cells trapped within aggregates of extracellular DNA and
bPMNs. We confirmed that the fluorescein-labeled M. haemo-
lytica cells used in these experiments were not clumped prior to
incubation with bPMNs (data not shown). These data are remi-
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FIG. 9. Coincubation with bovine serum causes a reduction in NET formation. bPMNs (10°) were incubated with 1 U LKT (A), 107 M.
haemolytica cells (B), 107 AlktC M. haemolytica cells (C), or 107 AlktA M. haemolytica cells (D) for 120 min with increasing amounts of normal adult
bovine serum. In some experiments, 180 U of DNase I was also added to the 20% serum group. Extracellular DNA was quantified as described
above. Data represent the means = standard errors of the means of 5 independent experiments. a, P < 0.05 compared to bPMNs incubated without

bovine serum.

niscent of previous histological reports by Yener and colleagues
(72), who observed bacterial microcolonies among the streaming
leukocytes in the alveoli of M. haemolytica-infected goats.

These in vitro observations led us to seek evidence for DNA
release in response to M. haemolytica in vivo. Immunohisto-
chemistry revealed extensive leukocyte infiltration and extra-
cellular DNA deposition in the lungs of an M. haemolytica-
infected calf but not a healthy calf (Fig. 8). We observed a
significant reduction in Sytox Orange staining (DNA stain)
when lung sections were preincubated with DNase I. These
data demonstrate the presence of extracellular DNA in the
lungs during M. haemolytica infection in vivo. Although at this
time we cannot confirm the cells from which the DNA origi-
nates, we presume that it is derived from the numerous leu-
kocytes within the alveoli. We speculate that DNA may be
released from streaming leukocytes within the lungs of M.
haemolytica-infected cattle.

Once NETs form, there must mechanisms for their remod-
eling and removal. It has been known since the 1950s that
human serum contains DNase I (71). Here, we present evi-
dence that bovine serum has DNase activity that is capable of
cleaving bovine NETS in vitro (Fig. 9). These data suggest that
leakage of plasma proteins into the inflamed tissue could pro-

vide DNase I that functions in part to remove NETSs formed in
response to microbes like M. haemolytica. Although other in-
vestigators have used purified DNase I to degrade NETs (12,
15, 20, 31, 35, 43, 52, 64), we are unaware of published evi-
dence for NET degradation by serum DNase in vivo.

The results of this study provide evidence for a novel response
of bPMN:s to infection with the respiratory pathogen M. haemo-
Wtica. At this point, it is difficult to assess whether NET produc-
tion in response to LKT is beneficial to host defense. We provide
evidence that NET production in response to LKT leads to de-
creased M. haemolytica survival. However, we do not know
whether bacteria that survive within NETs are “hidden” from the
innate immune system. If the bacterial cells that are trapped in
the NETs continue to secrete LKT at that location, it could
exacerbate inflammation in the lung. Future examination of the
importance of NET formation to the host, and how bacterial cells
respond to trap formation, will lead to a better understanding of
the pathogenesis of M. haemolytica pneumonia in cattle.
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