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Cathelicidins encompass a family of cationic peptides characterized by antimicrobial
activity and other functions, such as the ability to enhance the sensing of nucleic acids
by the innate immune system. The present study aimed to investigate the ability of the
bovine cathelicidins indolicidin, bactenecin (Bac)1, Bac5h, bovine myeloid antimicrobial
peptide (BMAP)-27, BMAP-28, and BMAP-34 to inhibit the growth of bacteria and to
enhance the sensing of nucleic acid by the host’s immune system. BMAP-27 was the
most effective at killing Staphylococcus aureus, Streptococcus uberis, and Escherichia
coli, and this was dependent on its amphipathic structure and cationic charge. Although
most cathelicidins possessed DNA complexing activity, only the alpha-helical BMAP
cathelicidins and the cysteine-rich disulfide-bridged Bac1 were able to enhance the
sensing of nucleic acids by primary epithelial cells. We also compared these responses
with those mediated by neutrophils. Activation of neutrophils with phorbol myristate ace-
tate resulted in degranulation and release of cathelicidins as well as bactericidal activity
in the supernatants. However, only supernatants from unstimulated neutrophils were
able to promote nucleic acid sensing in epithelial cells. Collectively, the present data
support a role for certain bovine cathelicidins in helping the innate immune system to
sense nucleic acids. The latter effect is observed at concentrations clearly below those
required for direct antimicrobial functions. These findings are relevant in development of
future strategies to promote protection at mucosal surfaces against pathogen invasion.

Keywords: cattle, Mx1, bacterial infection, nucleic acid sensing, type | IFN, cathelicidin, antimicrobial cationic
peptides, epithelial cells

Abbreviations: 7-AAD, 7-aminoactinomycin D; Bac, bactenecin; BMAP, bovine myeloid antimicrobial peptide; HDP, host
defense peptides; IFN, interferon; pDC, plasmacytoid dendritic cells; MH, Mueller-Hinton; NEAA, non-essential amino acids;
PI, propidium iodide; PMA, phorbol myristate acetate; poly(I:C), polyinosinic-polycytidylic acid; ROS, reactive oxygen species.
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INTRODUCTION

Antibiotics are widely used to treat infections in animals and to
enhance growth and production. However, the spread of antibiotic
resistance and the generation of multiresistant bacterial strains has
become a worldwide problem, associated with the release of anti-
biotics in the environment (1). For these reasons, alternatives to
antibiotics in controlling infectious disease are urgently required.
One possible approach could be the stimulation of innate immune
defense elements during critical phases of breeding.

Cathelicidins comprise of a heterogeneous class of host
defense peptides (HDP) also termed as antimicrobial peptides.
Neutrophils and epithelial cells mostly express these peptides
in inactive forms that share an N-terminal signal sequence, a
cathelin-like domain, and a highly diverse structural C-terminal
part (2). The inactive pro-peptides are temporally stored within
the specific granules of neutrophils. Upon activation, the
C-terminal part of the molecule is cleaved from the cathelin-like
domain by proteinases or elastases (3, 4). Interestingly, cattle
possess all classes of cathelicidins recognized in higher verte-
brates, whereas in humans only LL-37 was described. A total of
seven cathelicidin peptides were detected in granules of bovine
granulocytes including the cysteine-rich bactenecin (Bac)1, also
known as dodecapeptide (5), the proline-rich peptides Bac5 and
Bac7 (6), the tryptophan-rich indolicidin (7), and the a-helical
bovine myeloid antimicrobial peptides (BMAP)-27, BMAP-28
(8), and BMAP-34 (9, 10). Although four putative cathelicidin
pseudogenes were observed, no cDNA expression was detected
(11). Henceforth, the seven protein-coding cathelicidin genes
were annotated as CATHLI (Bacl), CATHL2 (Bac5), CATHL3
(Bac7), CATHL4 (indolicidin), CATHL5 (BMAP-28), CATHL6
(BMAP-27), and CATHL7 (BMAP-34) (12). In situ hybridization
associated Bac5 to neutrophil infiltration under inflammatory
conditions in pulmonary tissues, whereas its expression was
absent in healthy lungs (13). Expression of CATHLs has been
detected in a wide range of tissues including lungs, small and
large intestines, mammary glands, and lymphoid tissues of cows
(12). In addition, cathelicidins were found in milk from udders
treated with LPS (14, 15) or following bacteria-induced mastitis
(16-18), suggesting important roles of cathelicidins in fighting
against invading pathogens.

In addition to their antimicrobial functions, we have recently
shown that a prominent feature of porcine cathelicidins is their
strong ability to enhance the sensing of nucleic acids by the innate
immune system (19). Consequently, the potential protective role
of bovine cathelicidins was investigated in this study. The aim was
to evaluate their antimicrobial activity in relation to their abil-
ity to enhance nucleic acid-induced innate immune responses.
Considering the importance of mastitis in dairy farming, three
major mastitis pathogens, Staphylococcus aureus, Streptococcus
uberis, and Escherichia coli were selected for our investigations.

MATERIALS AND METHODS

Reagents
Bacl (RLCRIVVIRVCR), Bac5 (RFRPPIRRPPIRPPFYPPF
RPPIRPPIFPPIRPPFRPPLGPFP), indolicidin (ILPWKWPWW

PWRR), BMAP-27 (GRFKRFRKKFKKLFKKLSPVIPLLHLG),
sBMAP-27 (GLPKLHFRRKKGKLVSFPLKFKFKIRL), BMAP-
28 (GGLRSLGRKILRAWKKYGPIIVPIIRIG), and BMAP-34
(AGLFRRLRDSIRRGQQKILEKARRIGERIKDIFRG) were syn-
thesized using solid-phase peptide synthesis by ChinaPeptides
(Shanghai, China). All peptides showed >98% purity by HPLC
analysis and mass spectrometry. Peptides were dissolved in
2.5% DMSO (Bacl, Bac5, indolicidin, BMAP-28, and BMAP-
34) or deionized sterile water (BMAP-27 and sBMAP-27) and
stored at —80°C. Polyinosinic-polycytidylic acid [poly(I:C)],
and phorbol myristate acetate (PMA) were purchased from
InvivoGen (Toulouse, France). Bovine rIFN-a was purchased
from Kingfisher Biotech Inc., Saint Paul, MN, USA. Detection
of reactive oxygen species (ROS) was performed with the
dye CM-H,DCFDA (Thermo Fisher Scientific, Switzerland).
The integrity of the bacterial membrane was evaluated with
BacLight™ Bacterial Membrane Potential Kit (Molecular Probes,
Thermo Fisher Scientific).

Anti-human MxA (clone M143) was provided by Dr. J.
Pavlovic (Institute of Medical Virology, University of Ziirich,
Zirich, Switzerland). Anti-mouse P-actin (clone AC-74) was
obtained from Sigma-Aldrich (Buchs, Switzerland). Peroxidase-
conjugated donkey anti-mouse IgG antibody was purchased from
Jackson ImmunoResearch Labs (West Grove, PA, USA).

Neutrophil Isolation and Stimulation

Bovine neutrophil granulocytes were isolated as previously
described with a few adaptations (20, 21). Bovine blood sampling
was performed in compliance with the Swiss animal protection
law and approved by the animal welfare committee of the Canton
of Bern, Switzerland, license number BE102/15. Briefly, 200 ml of
blood was drawn from the jugular vein of cows at the Clinic for
Ruminants (Vetsuisse Faculty, University of Bern, Switzerland)
and was directly mixed with citrate-based anti-coagulant Alsever’s
solution (1.55 mM of C¢H 206, 408 mM of Na;C¢Hs0;-2H,O,
1.078 mM of NaCl, and 43 mM of CsH;O7, pH 6.2). Afterward, the
blood was centrifuged at 1,000 X g at 4°C for 20 min, the plasma
and Bufty coat layer aspirated, and erythrocytes lysed in 12 ml ice
cold hypotonic lysing solution (pH 7.3, 10.56 mM of Na,HPO,,
and 2.67 mM of NaH,PQ, in sterile water). After 90 s, 6 ml of
ice cold hypertonic solution (pH 7.3, 10.56 mM of Na,HPO,,
2.67 mM of NaH,PO,, and 0.43 M of NaCl in sterile water) was
added to restore isotonic conditions. The cells were centrifuged
at 800 X g, 4°C for 5 min and erythrocyte lysis repeated 2-3 times
until red blood cells were no longer visible. Cells were then pooled
into two Falcon tubes with 30 ml ice cold PBS/EDTA. A solution
of 10 ml Ficoll-Paque 1.084 g/ml (GE Healthcare Europe GmbH,
Freiburg, Germany) was overlaid with the cell suspension and
centrifuged at 400 X g at room temperature for 40 min without
brake. Neutrophils were recovered in the pellet, washed once with
PBS/EDTA, counted in Trypan blue solution, and resuspended at
5% 107 cells/ml in RPMI 1640 medium (Biochrom GmbH, Berlin,
Germany). For each animal, experiments were run in duplicate
cultures. A total of 1 ml of 5 X 107 neutrophils was seeded in a
24-well plate and were either stimulated with 100 ng/ml of PMA
or kept unstimulated in medium for 10 min. Cells were cultured
at 37°C in humidified 5% CO, atmosphere. After 10 min, the plate
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was centrifuged at 400 X g and 4°C for 5 min. Supernatants were
removed, and 1 ml medium was added to the cells. Neutrophils
were incubated for a further 1 h at 37°C, before being centrifuged
at 400 X g and 4°C for 5 min. Supernatants were collected and
stored at —80°C until used. Aliquots of 5 X 10° neutrophils
per tube were used to quantify ROS. Briefly, neutrophils were
incubated at 37°C with 5 uM of CM-H,DCFDA in 100 pl of
HBSS (Thermo Fisher Scientific) for 15 min. Afterward, cells
were washed and incubated further in fresh medium for 30 min.
Cells were washed one more time, suspended in 200 pl of Cell
Wash® (Becton Dickinson, Basel, Switzerland), and acquired on
a FACSCantolI (Becton Dickinson).

Antimicrobial Assays

All bacterial strains including S. aureus strains (M3842, M905-
1, and M3850) (22), S. uberis strains (M100/11, BL246, and
ALP8092) (23) and E. coli (9217/10) were isolated from bovine
mastitis milk (24). All strains were maintained on Trypticase soy
agar plates with 5% sheep blood (Becton Dickinson AG, Allschwil,
Switzerland) and always freshly plated the day before the experi-
ment. Bacterial colonies were suspended in 0.85% NaCl solution
(Axon Lab AG, Baden, Switzerland) to reach an OD value of 0.5
(DensiCHECK PLUS, Biomérieux, Geneéve, Switzerland), cor-
responding to approximately 1-1.5 X 10° cell/ml. The minimum
inhibitory concentration (MIC) of cathelicidins was determined
by the broth microdilution method as previously described (25).
Bacteria were further diluted to approximately 1 X 10° cells/ml
in cation-adjusted Mueller-Hinton (MH) broth (Thermo Fisher
Scientific). Several twofold peptide dilutions (40-0.3 uM) were
prepared in a volume of 50 ul MH II broth (Becton Dickinson
AG) in a round-bottom 96-well plate. Finally, 50 ul of 10° cells/ml
were added to the peptide dilutions to reach a final concentration
of 5 % 10* cells/ml. The MIC was determined as lowest concentra-
tion without visible bacterial growth after overnight incubation
at 37°C.

To determine the antimicrobial effects of BMAP-27 or
sBMAP-27, bacterial suspensions of strains M3842, M100/11,
and 9217/10 were incubated with several twofold dilutions of
the peptides in a final volume of 100 pl of MH medium. Briefly,
a volume of 50 pl containing 10° cells/ml was mixed with 50 pl
peptide dilution and incubated at 37°C for 1 h. As control,
bacteria were incubated in the absence of cathelicidin. Each
sample was then diluted 10-fold in PBS, and 50 pl suspension
was plated on MH II agar petri dishes (Becton Dickinson).
Colonies were counted after overnight incubation at 37°C and
reported as CFU/ml. The bactericidal activity of neutrophil
supernatants was evaluated using a similar protocol. Briefly,
95 ul of supernatants were pipetted in a flat-bottom 96-well
plate and inoculated with 5 pl of 10° cells/ml of E. coli suspen-
sion. After incubation at 37°C for 1 h, the samples were diluted
10-fold in PBS and plated on MH agar petri dishes. Colonies
were enumerated after overnight incubation at 37°C and were
reported as CFU/ml.

To evaluate bacterial membrane potential, approximately 107
bacterial cells were suspended in 1 ml of filtered PBS solution
and treated with BMAP-27 or sBMAP-27. Carbonyl cyanide
3-chlorophenylhydrazone (CCCP) was employed at 5 pM as

positive control. Afterward, E. coli and S. aureus were treated with
30 uM, while S. uberis was stained with 60 uM of DiOC,(3). Cells
were incubated 30 min at RT and acquired on a FACSCantoll.
The gating strategy was defined to remove doublets and bacte-
rial cell debris based on the different FSC and SSC parameters
(Figure S1A in Supplementary Material). To evaluate the ability
of cathelicidins to form pores in the membrane, around 10’
bacterial cells were suspended in 0.5 ml of filtered 0.85% NaCl
solution in tubes and treated with BMAP-27 or sBMAP-27. As
positive control, cells were incubated in 70% isopropanol. After
1 h incubation at RT, bacterial cell suspensions were centrifuged
at 10,000 X g for 3 min and supernatants discarded. For staining
of dead E. coli, 0.5 ml 7-aminoactinomycin D (7-AAD) at 1 ug/
ml was used, while for S. aureus and S. uberis 0.5 ml of propidium
iodide (PI) at 1 ug/ml was employed. Cells were incubated for
5 min at RT. Bacteria were further washed with 1 ml of 0.85%
filtered NaCl, centrifuged at 10,000 X g for 3 min, and suspended
in 0.5 ml of 0.85% filtered NaCl solution before being acquired on
a FACSCantoll. Doublets, aggregates, and debris were excluded
by electronic gating (Figure S1A in Supplementary Material).

Gel Shift Assay

Cathelicidins were diluted in 8 ul of nuclease-free water at the
indicated concentration and mixed with 2 pl of 100 ng pEAKS-
His plasmid. The plasmid alone was employed as a control.
Preparations were incubated at RT for 10 min. Subsequently, 2 pl
of 6x loading dye (Thermo Fisher Scientific) were added. Finally,
the mixtures were run on a 0.8% agarose gel and DNA visualized
with ethidium bromide under UV radiation.

Induction Mx and Western Blotting
Primary bovine turbinate epithelial cells (BT cells) were obtained
as previously described (26) and the cultures maintained in
DMEM supplemented with 10% FBS, non-essential amino
acids (NEAA), neomycin/bacitracin, penicillin/streptomycin
(stock solutions purchased from Biochrom), and GlutaMAX
(Thermo Fisher Scientific). BT cells were plated in 24-well plates
at 50,000 cells/well and incubated for 18 h at 37°C in 5% CO..
For induction of Mx, cathelicidins were mixed with 100 ng/ml
of poly(I:C) in a final volume of 1 ml, incubated for 10 min at
room temperature, and then added to the cells. Alternatively, dif-
ferent dilutions of neutrophil-derived supernatants were mixed
with poly(I:C) at 100 ng/ml in complete medium (DMEM with
10% FBS, NEAA, neomycin/bacitracin, penicillin/streptomycin,
and GlutaMAX). Positive controls for Mx1 induction included
cell treatment with 100 ng/ml of bovine rIFN-a and 1 pg/ml
of poly(I:C). Cultures were further incubated at 37°C for 20 h.
After removal of the medium, the cells were lyzed by addition
of 30 ul M-PER mammalian protein extraction reagent (Thermo
Fisher Scientific) supplemented with complete protease inhibitor
cocktail (Roche Diagnostics, Basel, Switzerland). Lysates were
centrifuged at 10,000 X g at 4°C for 10 min and 20 pl supernatant
collected for western blotting. Separation and blotting of proteins
were performed as described earlier (26).

For western blots, 20 pl of primary epithelial cell lysates,
obtained from approximately 5-10 X 10* cells, were loaded and
separated on 12% SDS-polyacrylamide gels (Bio-Rad, Reinach,
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Switzerland). Proteins were then blotted onto nitrocellulose
membranes (Amersham Biosciences, Diibendorf, Switzerland)
followed by a saturation step with PBS-T buffer containing
0.5% Tween 20 (v/v) supplemented with 5% (w/v) low-fat dry
milk (Nestlé, Vevey, Switzerland). Afterward, membranes were
incubated with the anti-human MxA and anti-mouse p-actin
antibodies in PBS-T buffer supplemented with 0.5% milk (w/v)
at 4°C overnight. The next day, a washing step with PBS-T was
performed for 30 min. Membranes were further incubated with
the peroxidase-conjugated donkey anti-mouse IgG antibody in
0.5% milk, 0.5% Tween20 PBS for 1 h. Subsequently, membranes
were washed twice in 0.5% Tween 20 in PBS. Finally, solutions of
WesternBright ECL HRP substrate (Advansta Inc., Menlo Park,
CA, USA) were mixed in a 1:1 ratio and incubated with mem-
branes for 2 min. Images were obtained using a CCD-LAS3000
camera (Fuji Film).

For the detection of cathelicidins in the neutrophil superna-
tants, a rabbit anti-cathelin domain polyclonal antibody (18) was
employed at 10 pug/ml. For detection, a peroxidase-conjugated
donkey anti-rabbit IgG was used as secondary antibody (Thermo
Fisher Scientific). Neutrophil lysates were employed as a positive
control.

Software and Statistical Analysis

Helical wheel projection and net charge values were obtained
using HeliQuest.! Representation of BMAP-27 and sBMAP-27
were generated using I-TASSER (27, 28). The best model for
BMAP-27 obtained a C-score of —0.42, while SBMAP-27 only
reached —2.28. Peptide conformations were also predicted on
PsiPred” and Jpred.’ Analysis of flow cytometry files was under-
taken using Flow]Jo v10. Data were analyzed and graphs generated
using GraphPad Prism 6.0. Statistical analyses used matched
paired t-test or multiple comparisons using one-way ANOVA.
Dunnett’s multiple comparison post hoc test was employed to
compare data with a control group. Significant differences are
noted as *p < 0.05 or **p < 0.001.

RESULTS

Conformation-Dependent Activity of
BMAP-27 on Bacterial Membrane Integrity

A combination of chemical factors including hydrophobicity,
net charge, and the ability of HDP to form particular secondary
structures functionally determines the antimicrobial activity
of peptides. Leaving the net charge of +10 intact, we designed
a scrambled version of BMAP-27 (sBMAP-27) to evaluate the
impact of structure on biological activity. The amphipathic con-
formation characteristic of alpha-helical cathelicidins was made
visible in a helical wheel projection (Figure 1A), as well as in a
three-dimensional model of the original BMAP-27 (Figure 1B).
This contrasted with sSBMAP-27, which was predicted to form a
beta-sheet structure (Figure 1C).

'http://heliquest.ipmc.cnrs.fr/.
Zhttp://bioinf.cs.ucl.ac.uk/psipred/.
*http://www.compbio.dundee.ac.uk/www-jpred/.

A BMAP-27

sBMAP-27

P
SK
5\~_ {

FIGURE 1 | Predicted conformation of bovine myeloid antimicrobial
peptide (BMAP)-27 and sBMAP-27. (A) Helical wheel projection of
BMAP-27 and sBMAP-27. Hydrophobic residues are displayed in yellow, and
the N- and C-terminal ends are depicted red. The helical projections were
determined with HeliQuest. (B,C) Peptide ribbon of BMAP-27 (B) and
sBMAP-27 (C) obtained by homology sequence comparison using |-Tasser.
Hydrophobic portions are displayed in yellow. Arrows indicate a left side 90°
rotation.

As expected, sSBMAP-27 had reduced antimicrobial activity
when compared to BMAP-27. This was found with S. aureus, S.
uberis, and E. coli and was in the range of a 4- to 10-fold reduc-
tion (Figure 2). These data suggest that the structural conforma-
tion of BMAP-27 mostly confers bactericidal function, although
the role of the cationic charge cannot be excluded. Due to their
amphipathic characteristics, cationic HDP typically affect the
potential of bacterial membranes, which can be evaluated by flow
cytometry using carbocyanine dyes (29). This test demonstrated
that compared to sBMAP-27, BMAP-27 strongly affected mem-
brane integrity of S. aureus (Figure 3A). Cathelicidin-induced
changes of membrane potential were also observed with S. uberis
and E. coli, but the impact of secondary structure was less evident
(Figure 3B). In order to evaluate if BMAP-27 kills bacterial cells
through the formation of pores (30), cell-impermeable nucleic
acid stains were employed. For both Gram-positive bacteria, the
frequency of PI-positive cells was always higher in the presence
of BMAP-27 compared to its scrambled version (Figure 3C;
Figure S1B in Supplementary Material). Similarly, E. coli treated
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FIGURE 2 | Bactericidal properties of bovine myeloid antimicrobial peptide (BMAP)-27 and sBMAP-27 against mastitis isolates. (A-C) BMAP-27 was
mixed with Staphylococcus aureus M3842 (A), Streptococcus uberis M100/11 (B), and Escherichia coli 9217/10 (C) to reach a final bacterial concentration of

5 x 10* CFU/ml and incubated at 37°C for 1 h. As control, bacteria were incubated in the absence of cathelicidin. Each sample was then diluted 10-fold in PBS and
50 pl of suspension plated on petri dishes. Colonies were counted and reported as CFU/ml. (D-F) Similar to BMAP-27, different dilutions of SBMAP-27 were mixed
with S. aureus M3842 (D), S. uberis M100/11 (E), and E. coli 9217/10 (F), incubated at 37°C for 1 h, plated and colonies enumerated. Significant differences
compared to the controls were determined by Dunnett’s multiple comparison test ("o < 0.05).

S. uberis c

SBMAP-27 (uM)

E. coli

SBMAP-27 (uM)

with BMAP-27 showed a higher frequency of 7-AAD positive
cells in comparison to sSBMAP-27-treated E. coli (Figure 3D).
Altogether, these data indicate that the bactericidal property
of BMAP-27 is at least in part dependent on the amphipathic
conformation, presumably impacting membrane integrity by
forming pores into both Gram-negative and Gram-positive
bacteria.

Comparative Analysis of Antimicrobial
Activity of Bovine Cathelicidins against
Mastitis Pathogens

To evaluate the antimicrobial activity of bovine cathelicidins
(5-10), six synthetic peptides including the alpha-helical BM AP-
27, -28, and -34, the scrambled sBMAP-27, the tryptophan-rich
indolicidin, the cysteine-rich disulfide-bridged peptide Bacl,
and a proline-rich peptide Bac5, were employed to assess MIC
against seven mastitis isolates (Table 1). Cathelicidins belong-
ing to the alpha-helical peptide class were the most efficient
in inhibiting bacterial growth. Surprisingly, indolicidin, Bacl
(dodecapeptide), and Bac5 had a low capacity to prevent the
growth of all strains of S. aureus and E. coli at relevant in vivo
concentrations (<20 pM). As reported above, 2- to 4-fold
higher concentration of sSBMAP-27 was required to reach MIC
compared to BMAP-27, confirming the importance of the
alpha-helical conformation to sustain optimal antimicrobial
function.

Interaction of Bovine Cathelicidins with
Plasmid DNA

Previous studies demonstrated that many cationic HDP including
cathelicidins (19, 31-33) and p-defensins (34) could interact with
negatively charged nucleic acids. Consequently, we determined
the ability of bovine HDP to influence nucleic acid migration
in agarose gels. Migration patterns were strongly altered at
10 uM of BMAP-27, sBAMP-27, BMAP-28, BMAP-34, and Bac5
(Figure 4). These observations were confirmed by quantifying the
signal of the lower band on the gels (Figure S2 in Supplementary
Material).

Ability of Bovine Cathelicidins to Promote
Nucleic Acid Sensing by the Innate

Immune System

Both human and porcine cathelicidins have been described as
forming complexes with free nucleic acids, favoring uptake by
plasmacytoid dendritic cells (pDC), and leading to potent type
I interferon (IFN) responses (19, 31). Considering that bovine
pDC are very rare in peripheral blood (35), and that cathelicidins
will also be secreted at mucosal surfaces, we employed a primary
epithelial cell (BT cells) model and determined Mx1 induction as
areadout for type I interferon responses (26). First, the titration of
poly(I:C) promoting Mx1 expression was performed to evaluate
the threshold at which these cells sensed poly(I:C). The induction
of Mx1 was not detectable below a concentration of 156 ng/ml of
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FIGURE 3 | Impact of bovine myeloid antimicrobial peptide (BMAP)-27 on bacterial membrane integrity. (A) 10" CFU of Staphylococcus aureus M3842
were incubated with 5 pM of BMAP-27 or sSBMAP-27 together with the carbocyanine dye DIOC»(3) for 30 min to measure membrane potential. A shift from red to
green fluorescence indicates a loss of membrane potential. The protonophore CCCP (5 pM) was employed as positive control. Plots are shown from a
representative experiment out of three. (B) Ratio of red/green fluorescence determined for S. aureus M3842, Streptococcus uberis M100/11, or Escherichia coli
9217/10 incubated with BMAP-27 (5 uM), sSBMAP-27 (5 uM), CCCP (5 uM), or PBS. Bar represents the mean fluorescence intensity ratio + SD of triplicate cultures.
Significant differences compared to the untreated control were determined by Dunnett’s multiple comparison tests (*p < 0.05; **p < 0.01). (C) S. aureus membrane
permeabilization by BMAP-27. A total of 107 CFU of S. aureus M3842 were incubated at the indicated concentration of cathelicidin for 1 h, washed, and then
stained with propidium iodide (PI). Flow cytometry plots of one representative experiment out of two are presented and frequencies of Pl-positive cells indicated.
(D) E. coli membrane permeabilization by BMAP-27. A total of 10" CFU of E. coli 9217/10 were incubated at the indicated concentrations of cathelicidin for 1 h and
stained with 7-aminoactinomycin D (7-AAD). Plots of one representative experiment out of two are shown with frequency representing 7-AAD positive cells.
Doublets and bacterial cell debris based on the different FSC and SSC parameters were excluded in all experiments.

poly(I:C) (Figure S3 in Supplementary Material). Consequently, ~ was very weak or not observed with indolicidin, Bacl, or Bac5
0.1 pug/ml was used to evaluate the ability of cathelicidins to  (Figure 5A). Furthermore, a cathelicidin dose-dependent induc-
promote nucleic acid sensing. Our results demonstrate that the  tion of Mx1 was shown with BMAP-27, sBAMP-27, BMAP-28,
addition of BMAP-27, sBAMP-27, BMAP-28, and BMAP-34 to =~ BMAP-34 as well as with the disulfide-bridged peptide Bacl
poly(I:C) enabled the detection of Mx1, whereas this response (Figure 5B). These data demonstrate that bovine alpha-helical
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TABLE 1 | Minimum inhibitory concentration (MIC) of six different bovine cathelicidins and a scrambled version of bovine myeloid antimicrobial peptide

(BMAP)-27.
MIC (uM)
Staphylococcus aureus Streptococcus uberis Escherichia coli

Peptide M3842 M3850 M905-1 M100/11 BL246 ALP8092 9217/10
BMAP-27 5.00+0 7.22 +2.64 8.33+25 2.78 + 0.83 417 +£1.25 4.72 +0.83 250+0
sBMAP-27 >20 + 10 17.78 + 4.41 20.00 +0 5.00+0 5.56 + 1.67 833+25 10.00+0
BMAP-28 13.33+5 17.78 + 4.41 14.44 £ 5.27 10.00 + 0 10.00 + 0 10.00 + 0 10.00 + 0
BMAP-34 12.22 + 4.41 10.00 + 0 14.44 +5.27 5.00+0 417 +£1.25 5,00+ 0 5,00+ 0
Indolicidin >20 >20 + 6.67 >20 5.00+0 7.22 +2.64 5.00+0 >20
Bact >20 >20 + 6.67 >20 13.33+5 20.00 +0 >20+ 10 >20
Bach >20 >20 >20 2.78 £0.83 6.11+£2.2 20.00 +0 >20

Data represent the average + SD of three independent experiments performed in triplicates.
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FIGURE 4 | Bovine cathelicidins interact with nucleic acids influencing
plasmid migration. Different dilutions of cathelicidins were incubated with
100 ng of DNA plasmid in nuclease-free water for 10 min, then loaded on a
0.8% agarose gel. Nucleic acids were visualized with ethidium bromide.

and cysteine-rich disulfide-bridged cathelicidins can promote
nucleic acid sensing at low peptide concentrations.

Activated Neutrophils Release
Cathelicidins but Cannot Induce Mx1 in
Response to Poly(l:C)

In order to clarify the importance and relevance of neutrophil-
derived cathelicidins in mediating these responses, bovine blood
neutrophils were used as a source of cathelicidins. To induce neu-
trophil activation, we employed PMA stimulation. The observed
reduction in side scatter determined by flow cytometry, as well as
the morphological changes observed by bright field microscopy
(Figure 6A) indicated neutrophil degranulation following PMA
stimulation. Activation was also confirmed by the quantification
of ROS by flow cytometry (Figure 6B). Although some varia-
tions were noticed between animals, the fluorescence intensity of
CM-H,DCFDA (ROS indicator) of PMA-stimulated neutrophils
was significantly higher compared to unstimulated neutrophils
(Figure 6C). As expected, the activation of PMA-treated neu-
trophils was also characterized by the release of cathelicidins
detected by western blot (Figures 6D,E). To evaluate antimicro-
bial function, neutrophil supernatants were tested for their ability
to reduce the growth of E. coli and S. aureus. No significant effects

were found with supernatants of unstimulated neutrophils when
compared to medium with both E. coli and S. aureus. However,
3.7-fold E. coli and a 4-fold S. aureus CFU reduction was observed
with supernatants from PMA-stimulated neutrophils compared
to medium (Figures 7A,B). Finally, we investigated the ability
of neutrophil supernatants to promote nucleic acid sensing.
Surprisingly, supernatants from unstimulated neutrophils incu-
bated with poly(I:C) promoted Mx1 expression, whereas PMA-
activated neutrophil supernatants elicited poor Mx1 expression
in response to poly(I1:C). In the absence of poly(I:C), no induction
could be reported (Figure 7C).

DISCUSSION

This study was initiated to characterize bovine cathelicidins
with respect to their capacity to mediate antibacterial and
immunostimulatory responses at mucosal surfaces. Stimulating
such activity has the potential to enhance resistance of cattle
to infection. Considering the importance of mastitis for dairy
cow health and that bovine cathelicidin gene expression has
been reported in mammary tissue (12), we selected three major
bacterial bovine mastitis pathogens for our investigations.
We found that BMAP-27 strongly affects bacterial membrane
integrity and probably forms pores in both Gram-positive and
Gram-negative mastitis pathogens. It was previously shown that
the 18 N-terminal residues of BMAP-27 were highly effective at
inhibiting growth of many bacterial strains (36). Similar to LL-37
(37), the pore-forming capacity and antimicrobial mechanism of
BMAP-27 was related to the amphipathic alpha-helical structure
leading to membrane disruption (37). Like all cationic HDP, the
mechanism is initiated by the electrostatic interactions of the
HDP and negatively charged residues of the bacterial cytoplas-
mic membrane. In the case of a-helical cathelicidins, this step
is followed by toroidal pore formation resulting in bacterial cell
death (38). These findings contrast with the mode of action of
other classes of cathelicidins such as tryptophan-rich peptide,
indolicidin, or proline-rich peptide, Bac7, which inhibit bacte-
rial DNA synthesis (39, 40) or RNA translation in E. coli (41),
respectively. Surprisingly, SBMAP-27 still demonstrated anti-
microbial function despite a complete loss of the amphipathic
conformation, suggesting that the net charge of HDP contributes
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FIGURE 5 | Bovine myeloid antimicrobial peptide (BMAP)-27, sBAMP-27, BMAP-28, BMAP-34, and Bac1 promote nucleic acid sensing in primary
epithelial cells. (A) Bovine cathelicidins (5 uM) were complexed with 0.1 pg/ml poly(l:C) in medium at room temperature for 10 min before being added to bovine
turbinate epithelial cells (BT cells). After 20 h incubation, Mx1 and p-actin were detected by western blot. One experiment out of three representative experiments is
shown. (B) Cathelicidin dose-dependent induction of Mx1 in presence of poly(l:C). Increasing concentrations of bovine cathelicidins were mixed with 0.1 pg/ml of
poly(l:C) in medium for 10 min and added to BT cells. After 20 h of culture, Mx1 and p-actin were detected by western blot. One representative experiment out of

two is shown.

partly to the bactericidal effects. Recently, BMAP-27, BMAP-28,
Bac5, and indolicidin were reported to share broad-spectrum
antibacterial activity against several mastitis pathogens (42). The
MIC values obtained with the present study were slightly higher
compared to previous reports with the same species (5-10). This
might be attributed to differences in the protocol employed, such
as the preparation of the bacterial inoculum or the presence of
different salt concentration, which can strongly impact peptide
function.

Although many reports have aimed to define and character-
ize the antimicrobial activity of cathelicidins against various
pathogens, very little is known regarding the immunomodulatory
effects elicited by these peptides. Tomasinsig et al. demonstrated
that both BMAP-27 and BMAP-28 promoted the release of
TNF in a bovine mammary cell line (42). In the present study,
it is shown that the sensing of double-stranded RNA analog was
improved when bovine cathelicidins were added to nucleic acids
prior to exposure to epithelial cells. As a readout, we employed the
induction of Mx1, which is dependent on the induction of type
I IFN (43). In both human and porcine models, it was proposed
that pDC play a pivotal role in sensing of nucleic acids complexed
to cathelicidin followed by the release of large quantities type I

IFNs (19, 31). Here, we demonstrate that type I IFN can also
be induced in epithelial cells. This could be immunologically
relevant considering the role of these cells as a first defense against
infection. Interestingly, the induction of Mx1 was also observed
with the cysteine-rich Bacl (dodecapeptide). Similarly, type ITFN
was detected when B-defensins or protegrin were employed in
the presence of nucleic acids in both human and porcine pDC
(19, 34), respectively. Cysteine-rich cathelicidins, which struc-
turally resemble defensins, may display conserved modulatory
functions such as the ability to complex microbial DNA or RNA
and promote the recognition by innate immunity. Cathelicidin-
complexed nucleic acids could trigger cytoplasmic RNA or DNA
receptors, or alternatively endosomal toll-like receptors. Further
research is required to determine in which compartment the
nucleic acid is delivered.

Type ITFNs not only mediate antiviral protection but also have
apotentimpact onadaptiveimmune responses by promoting both
cellular immunity and antibody responses (44). Nevertheless, it is
still controversial if type I IFNs have a beneficial or negative effect
on bacterial disease outcome, and this appears to be pathogen
dependent. For example, in vivo studies in mice indicate that S.
aureus-triggered type I IFNs can be detrimental (45). On the
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FIGURE 6 | Cathelicidins can be detected in the supernatants of
phorbol myristate acetate (PMA)-activated neutrophils. A total of

5 x 107 neutrophils were stimulated with 100 ng/ml of PMA for 10 min,
washed, and cultured for 1 h followed by analysis of reactive oxygen species
(ROS) and cathelicidins. (A) Forward and side scatter characteristics of
neutrophils stimulated with PMA or left unstimulated were evaluated by flow
cytometry (left). Changes in morphology were observed by bright field
microscopy with 100 magnification (right). White bars represent 25 pym.

(B) Histogram overlay of CM-H.DCFDA fluorescence as an indicator of ROS
formation. The unfilled histogram represents PMA-stimulated neutrophils and
the gray-filled the unstimulated cells. Cow #1 is shown. (C) The graph shows
mean fluorescence intensity of three independent animals each performed in
duplicates. Each symbol represents an animal, and the line shows the
average of all animals. Significant difference in the average was observed
using a paired t-test (*p < 0.001). (D,E) PMA-stimulated neutrophils released
cathelicidins into the medium. Undiluted and twofold diluted neutrophil
supernatants were employed for western blots using a rabbit anti-bovine
cathelin antibody (10 pg/ml). Cow #1 and cow #3 are shown on the left and
right side, respectively. Neutrophil lysates were used as positive controls.
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FIGURE 7 | Antimicrobial and Mx1-inducing activity of neutrophil-
derived supernatants. (A,B) Antimicrobial activity against both Gram-
negative and Gram-positive bacteria was observed with supernatants of
phorbol myristate acetate-treated neutrophils. Supernatants were mixed with
approximately 5 x 10° CFU of Escherichia coli 9217/10 (A) and
Staphylococcus aureus M3842 (B), and incubated at 37°C for 1 h. As
control, bacteria were incubated in FBS-free medium. Each sample was then
diluted 10-fold in PBS, and 50 pl of suspensions were plated on petri dishes
to determine the CFU/ml. Each symbol represents at least a triplicate from
one animal, and the line shows the average of all animals. Significant
differences compared to the medium alone were calculated using Dunnett’s
multiple comparison test (*p < 0.05). (C) Enhancement of nucleic acid
sensing in bovine turbinate epithelial cells (BT cells) by neutrophil
supernatants. Supernatants were incubated with or without 0.1 pg/ml
poly(l:C) for 10 min before being transferred to BT cells. After 20 h, Mx1 and
B-actin expression were determined by western blot. One representative
experiment out of four is shown.
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other hand, type I IFN signaling is required to control disease
and increase survival rate after other pathogenic bacterial infec-
tions, including Group A streptococci (46), Group B streptococci,
pneumococci, E. coli (47), and Streptococcus pyogenes (48). In
cattle, a single study reported that S. uberis could upregulate
the transcription of IFN-o (49). However, the link between IFN
induction and protective immunity during bovine mastitis and
bacterial infections in general has never been evaluated.

The induction of Mx1 was only detected with non-activated
neutrophils, while the opposite was found with respect to the
antimicrobial activity, requiring stimulation with PMA. A pos-
sible explanation is that the nucleic acid complexing activity
requires lower doses, which are already released from neutrophils
following their isolation and culture. In contrast, PMA induces
a very strong neutrophil degranulation, releasing a multitude of
components, some of which might have inhibitory activity on the
process of Mx1 induction. We also know from our previous work
that high concentrations of cathelicidins have inhibitory activity
on IFN type I responses, presumably through cytotoxic effects
(19). Alternatively, HDP have been reported to possess regulatory
activity. Brook et al. demonstrated that the a-defensins secreted
by neutrophils can inhibit TNF-a mRNA translation in mac-
rophages (50). This observation is in accordance with the fact that
many cathelicidins can neutralize endotoxins (51, 52), limiting
an excessive inflammation. It thus appears that the composition
and concentration of HDP present in the microenvironment can
determine the type of immune response.

In conclusion, the present data provide a comprehensive over-
view of the antimicrobial functions of some bovine cathelicidins
against mastitis pathogens, demonstrating cathelicidin- and
bacteria-specific differences. We show that some of these peptides
participate in the sensing of nucleic acids mediating IFN type I
responses in epithelial cells. This work will help to identify ways
of exploiting the biological effects of cathelicidins, to identify
alternatives for antibiotics as has been proposed by others (53).
In the case of bovine mastitis, it would be interesting to evaluate

REFERENCES

1. von Wintersdorff CJ, Penders J, van Niekerk JM, Mills ND, Majumder S,
van Alphen LB, et al. Dissemination of antimicrobial resistance in microbial
ecosystems through horizontal gene transfer. Front Microbiol (2016) 7:173.
doi:10.3389/fmicb.2016.00173

2. Zanetti M. The role of cathelicidins in the innate host defenses of mammals.
Curr Issues Mol Biol (2005) 7(2):179-96. d0i:10.21775/cimb.007.179

3. Panyutich A, Shi J, Boutz PL, Zhao C, Ganz T. Porcine polymorphonuclear
leukocytes generate extracellular microbicidal activity by elastase-mediated
activation of secreted proprotegrins. Infect Immun (1997) 65(3):978-85.

4. Sorensen OE, Follin P, Johnsen AH, Calafat ], Tjabringa GS, Hiemstra PS,
et al. Human cathelicidin, hCAP-18, is processed to the antimicrobial peptide
LL-37 by extracellular cleavage with proteinase 3. Blood (2001) 97(12):3951-9.
do0i:10.1182/blood.V97.12.3951

5. Romeo D, Skerlavaj B, Bolognesi M, Gennaro R. Structure and bactericidal
activity of an antibiotic dodecapeptide purified from bovine neutrophils. J Biol
Chem (1988) 263(20):9573-5.

6. Gennaro R, Skerlavaj B, Romeo D. Purification, composition, and activity of
two bactenecins, antibacterial peptides of bovine neutrophils. Infect Immun
(1989) 57(10):3142-6.

the exact contribution of these peptides during the course of
the disease. The observations that HDP are a highly abundant
in mastitis milk (16, 18) and also that the process of NETosis
involving cathelicidins was found during mastitis (54) would sup-
port the maintenance of HDP’s biological activities in the udder.
Furthermore, their exploitation for other mucosal surfaces such
as the respiratory tract is attractive.

ETHICS STATEMENT

Bovine blood sampling was approved by cantonal authorities
(license BE102/15). All animal owners were asked for approval
before blood drawing. Cows were patients from the Clinics for
Ruminants (Vetsuisse Faculty, University of Bern, Switzerland).

AUTHOR CONTRIBUTIONS

MK, AB, and AS designed and performed experiments and wrote
the manuscript. BH and VP provided essential reagents, advice,
and scientific input.

ACKNOWLEDGMENTS

The authors are grateful to Dr. David Devaux, Dr. Josiane Lauper,
Dr. Myriam Anderegg, and Dr. Lara Moser from the clinic of
ruminants at Vetsuisse Faculty in Bern for blood sampling. The
authors would like to thank Dr. Matthias Schweizer, Carmela
Lussi, and Dr. Jovan Pavlovic for providing material and protocol
for the detection of Mx1 by western blot and Alexandra Collaud
for the technical help and scientific discussion.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at http://journal.frontiersin.org/article/10.3389/fimmu.
2017.00059/full#supplementary-material.

7. Selsted ME, Novotny MJ, Morris WL, Tang YQ, Smith W, Cullor JS.
Indolicidin, a novel bactericidal tridecapeptide amide from neutrophils. J Biol
Chem (1992) 267(7):4292-5.

8. Skerlavaj B, Gennaro R, Bagella L, Merluzzi L, Risso A, Zanetti M.
Biological characterization of two novel cathelicidin-derived peptides and
identification of structural requirements for their antimicrobial and cell
Iytic activities. J Biol Chem (1996) 271(45):28375-81. doi:10.1074/jbc.271.
45.28375

9. Scocchi M, Wang S, Zanetti M. Structural organization of the bovine cathe-

licidin gene family and identification of a novel member. FEBS Lett (1997)

417(3):311-5. doi:10.1016/S0014-5793(97)01310-0

Gennaro R, Scocchi M, Merluzzi L, Zanetti M. Biological characterization

of a novel mammalian antimicrobial peptide. Biochim Biophys Acta (1998)

1425(2):361-8. d0i:10.1016/S0304-4165(98)00087-7

Tomasinsig L, Zanetti M. The cathelicidins - structure, function and

evolution. Curr Protein Pept Sci (2005) 6(1):23-34. doi:10.2174/138920305

3027520

Whelehan CJ, Barry-Reidy A, Meade KG, Eckersall PD, Chapwanya A,

Narciandi F, et al. Characterisation and expression profile of the bovine cathe-

licidin gene repertoire in mammary tissue. BMC Genomics (2014) 15:128.

doi:10.1186/1471-2164-15-128

10.

11.

12.

Frontiers in Immunology | www.frontiersin.org

February 2017 | Volume 8 | Article 59


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00059/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00059/full#supplementary-material
https://doi.org/10.3389/fmicb.2016.00173
https://doi.org/10.21775/cimb.007.179
https://doi.org/10.1182/blood.V97.12.3951
https://doi.org/10.1074/jbc.271.
45.28375
https://doi.org/10.1074/jbc.271.
45.28375
https://doi.org/10.1016/S0014-5793(97)01310-0
https://doi.org/10.1016/S0304-4165(98)00087-7
https://doi.org/10.2174/138920305
3027520
https://doi.org/10.2174/138920305
3027520
https://doi.org/10.1186/1471-2164-15-128

Baumann et al.

Bovine Cathelicidin-Mediated Nucleic Acid Sensing

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Tomasinsig L, Scocchi M, Di Loreto C, Artico D, Zanetti M. Inducible
expression of an antimicrobial peptide of the innate immunity in polymor-
phonuclear leukocytes. J Leukoc Biol (2002) 72(5):1003-10.

Danielsen M, Codrea MC, Ingvartsen KL, Friggens NC, Bendixen E, Rontved
CM. Quantitative milk proteomics - host responses to lipopolysaccha-
ride-mediated inflammation of bovine mammary gland. Proteomics (2010)
10(12):2240-9. doi:10.1002/pmic.200900771

Hinz K, Larsen LB, Wellnitz O, Bruckmaier RM, Kelly AL. Proteolytic and
proteomic changes in milk at quarter level following infusion with Escherichia
coli lipopolysaccharide. ] Dairy Sci (2012) 95(4):1655-66. doi:10.3168/
jds.2011-4813

Smolenski G, Haines S, Kwan FYS, Bond J, Farr V, Davis SR, et al.
Characterisation of host defence proteins in milk using a proteomic approach.
J Proteome Res (2007) 6(1):207-15. d0i:10.1021/pr0603405

Boehmer JL, Bannerman DD, Shefcheck K, Ward JL. Proteomic analysis
of differentially expressed proteins in bovine milk during experimentally
induced Escherichia coli mastitis. ] Dairy Sci (2008) 91(11):4206-18.
doi:10.3168/jds.2008-1297

Smolenski GA, Wieliczko R], Pryor SM, Broadhurst MK, Wheeler TT,
Haigh BJ. The abundance of milk cathelicidin proteins during bovine
mastitis. Vet Immunol Immunopathol (2011) 143(1-2):125-30. doi:10.1016/
j.vetimm.2011.06.034

Baumann A, Demoulins T, Python S, Summerfield A. Porcine cathelicidins
efficiently complex and deliver nucleic acids to plasmacytoid dendritic cells
and can thereby mediate bacteria-induced IFN-alpha responses. ] Immunol
(2014) 193(1):364-71. doi:10.4049/jimmunol.1303219

Weber PS, Madsen SA, Smith GW, Ireland JJ, Burton JL. Pre-translational
regulation of neutrophil L-selectin in glucocorticoid-challenged cattle.
Vet Immunol Immunopathol (2001) 83(3-4):213-40. doi:10.1016/S0165-
2427(01)00381-6

Weber PS, Toelboell T, Chang LC, Tirrell JD, Saama PM, Smith GW, et al.
Mechanisms of glucocorticoid-induced down-regulation of neutrophil
L-selectin in cattle: evidence for effects at the gene-expression level and pri-
marily on blood neutrophils. ] Leukoc Biol (2004) 75(5):815-27. doi:10.1189/
j1b.1003505

Overesch G, Stephan R, Perreten V. Antimicrobial susceptibility of Gram-
positive udder pathogens from bovine mastitis milk in Switzerland. Schweiz
Arch Tierheilkd (2013) 155(6):339-50. doi:10.1024/0036-7281/a000469
Haenni M, Galofaro L, Ythier M, Giddey M, Majcherczyk P, Moreillon P, et al.
Penicillin-binding protein gene alterations in Streptococcus uberis isolates pre-
senting decreased susceptibility to penicillin. Antimicrob Agents Chemother
(2010) 54(3):1140-5. doi:10.1128/Aac.00915-09

Endimiani A, Bertschy I, Perreten V. Escherichia coli producing CMY-2
beta-lactamase in bovine mastitis milk. J Food Prot (2012) 75(1):137-8.
doi:10.4315/0362-028x.Jfp-11-320

Jorgensen JH, Ferraro MJ. Antimicrobial susceptibility testing: a review
of general principles and contemporary practices. Clin Infect Dis (2009)
49(11):1749-55. doi:10.1086/647952

Schweizer M, Matzener P, Pfaffen G, Stalder H, Peterhans E. “Self” and “non-
self” manipulation of interferon defense during persistent infection: bovine
viral diarrhea virus resists alpha/beta interferon without blocking antiviral
activity against unrelated viruses replicating in its host cells. J Virol (2006)
80(14):6926-35. doi:10.1128/Jvi.02443-05

Zhang Y. I-TASSER server for protein 3D structure prediction. BMC
Bioinformatics (2008) 9:40. doi:10.1186/1471-2105-9-40

Roy A, Kucukural A, Zhang Y. I-TASSER: a unified platform for automated
protein structure and function prediction. Nat Protoc (2010) 5(4):725-38.
doi:10.1038/nprot.2010.5

Novo D, Perlmutter NG, Hunt RH, Shapiro HM. Accurate flow cytometric
membrane potential measurement in bacteria using diethyloxacarbocyanine
and a ratiometric technique. Cytometry (1999) 35(1):55-63. doi:10.1002/
(SICI)1097-0320(19990101)35:1<55::AID-CYTO8>3.0.CO;2-2

Lee CC, Sun Y, Qian S, Huang HW. Transmembrane pores formed by human
antimicrobial peptide LL-37. Biophys J (2011) 100(7):1688-96. doi:10.1016/
1.bpj.2011.02.018

Lande R, Gregorio ], Facchinetti V, Chatterjee B, Wang YH, Homey B, et al.
Plasmacytoid dendritic cells sense self-DNA coupled with antimicrobial
peptide. Nature (2007) 449(7162):564-9. doi:10.1038/nature06116

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Coorens M, van Dijk A, Bikker E Veldhuizen EJ, Haagsman HP. Importance
of endosomal cathelicidin degradation to enhance DNA-induced chicken
macrophage activation. JImmunol (2015) 195(8):3970-7. doi:10.4049/
jimmunol.1501242

Nakagawa Y, Gallo RL. Endogenous intracellular cathelicidin enhances
TLRY activation in dendritic cells and macrophages. JImmunol (2015)
194(3):1274-84. doi:10.4049/jimmunol.1402388

Tewary P, de la Rosa G, Sharma N, Rodriguez LG, Tarasov SG, Howard
OM, et al. Beta-Defensin 2 and 3 promote the uptake of self or CpG DNA,
enhance IFN-alpha production by human plasmacytoid dendritic cells,
and promote inflammation. J Immunol (2013) 191(2):865-74. doi:10.4049/
jimmunol.1201648

Reid E, Juleff N, Gubbins S, Prentice H, Seago ], Charleston B. Bovine
plasmacytoid dendritic cells are the major source of type I interferon in
response to foot-and-mouth disease virus in vitro and in vivo. J Virol (2011)
85(9):4297-308. doi:10.1128/JV1.02495-10

Lee EK, Kim YC, Nan YH, Shin SY. Cell selectivity, mechanism of action
and LPS-neutralizing activity of bovine myeloid antimicrobial peptide-18
(BMAP-18) and its analogs. Peptides (2011) 32(6):1123-30. doi:10.1016/
j.peptides.2011.03.024

Oren Z, Lerman JC, Gudmundsson GH, Agerberth B, Shai Y. Structure and
organization of the human antimicrobial peptide LL-37 in phospholipid
membranes: relevance to the molecular basis for its non-cell-selective activity.
Biochem ] (1999) 341( Pt 3):501-13. doi:10.1042/0264-6021:3410501
Xhindoli D, Pacor S, Benincasa M, Scocchi M, Gennaro R, Tossi A. The
human cathelicidin LL-37 - a pore-forming antibacterial peptide and host-
cell modulator. Biochim Biophys Acta (2016) 1858(3):546-66. doi:10.1016/
j.bbamem.2015.11.003

Subbalakshmi C, Sitaram N. Mechanism of antimicrobial action of indoli-
cidin. FEMS Microbiol Lett (1998) 160(1):91-6. doi:10.1111/j.1574-6968.
1998.tb12896.x

Ghosh A, Kar RK, Jana J, Saha A, Jana B, Krishnamoorthy J, et al. Indolicidin
targets duplex DNA: structural and mechanistic insight through a combina-
tion of spectroscopy and microscopy. ChemMedChem (2014) 9(9):2052-8.
doi:10.1002/cmdc.201402215

Mardirossian M, Grzela R, Giglione C, Meinnel T, Gennaro R, Mergaert P,
et al. The host antimicrobial peptide Bac71-35 binds to bacterial ribosomal
proteins and inhibits protein synthesis. Chem Biol (2014) 21(12):1639-47.
doi:10.1016/j.chembiol.2014.10.009

Tomasinsig L, De Conti G, Skerlavaj B, Piccinini R, Mazzilli M, D’Este E, et al.
Broad-spectrum activity against bacterial mastitis pathogens and activation
of mammary epithelial cells support a protective role of neutrophil catheli-
cidins in bovine mastitis. Infect Immun (2010) 78(4):1781-8. doi:10.1128/
TAL.01090-09

Muller-Doblies D, Ackermann M, Metzler A. In vitro and in vivo detec-
tion of Mx gene products in bovine cells following stimulation with
alpha/beta interferon and viruses. Clin Diagn Lab Immunol (2002) 9(6):
1192-9. doi:10.1128/cdli.9.6.1192-1199.2002

Rizza P, Moretti F, Capone I, Belardelli F. Role of type I interferon in induc-
ing a protective immune response: perspectives for clinical applications.
Cytokine Growth Factor Rev (2015) 26(2):195-201. doi:10.1016/j.cytogfr.
2014.10.002

Martin FJ, Gomez MI, Wetzel DM, Memmi G, O’Seaghdha M, Soong
G, et al. Staphylococcus aureus activates type I IFN signaling in mice and
humans through the Xr repeated sequences of protein A. J Clin Invest (2009)
119(7):1931-9. doi:10.1172/jci35879

Uchiyama S, Keller N, Schlaepfer E, Grube C, Schuepbach RA, Speck
RE et al. Interferon alpha-enhanced clearance of group A Streptococcus
despite neutropenia. J Infect Dis (2016) 214(2):321-8. doi:10.1093/infdis/
jiwl57

Mancuso G, Midiri A, Biondo C, Beninati C, Zummo S, Galbo R, et al.
Type I IFN signaling is crucial for host resistance against different species
of pathogenic bacteria. JImmunol (2007) 178(5):3126-33. doi:10.4049/
jimmunol.178.5.3126

Gratz N, Hartweger H, Matt U, Kratochvill E Janos M, Sigel S, et al. Type
I interferon production induced by Streptococcus pyogenes-derived nucleic
acids is required for host protection. PLoS Pathog (2011) 7(5):e1001345.
doi:10.1371/journal.ppat.1001345

Frontiers in Immunology | www.frontiersin.org

February 2017 | Volume 8 | Article 59


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1002/pmic.200900771
https://doi.org/10.3168/jds.2011-4813
https://doi.org/10.3168/jds.2011-4813
https://doi.org/10.1021/pr0603405
https://doi.org/10.3168/jds.2008-1297
https://doi.org/10.1016/
j.vetimm.2011.06.034
https://doi.org/10.1016/
j.vetimm.2011.06.034
https://doi.org/10.4049/jimmunol.1303219
https://doi.org/10.1016/S0165-
2427(01)00381-6
https://doi.org/10.1016/S0165-
2427(01)00381-6
https://doi.org/10.1189/jlb.1003505
https://doi.org/10.1189/jlb.1003505
https://doi.org/10.1024/0036-7281/a000469
https://doi.org/10.1128/Aac.00915-09
https://doi.org/10.4315/0362-028x.Jfp-11-320
https://doi.org/10.1086/647952
https://doi.org/10.1128/Jvi.02443-05
https://doi.org/10.1186/1471-2105-9-40
https://doi.org/10.1038/nprot.2010.5
https://doi.org/10.1002/(SICI)1097-0320(19990101)35:1﻿<﻿55::AID-CYTO8﻿>﻿3.0.CO;2-2
https://doi.org/10.1002/(SICI)1097-0320(19990101)35:1﻿<﻿55::AID-CYTO8﻿>﻿3.0.CO;2-2
https://doi.org/10.1016/
j.bpj.2011.02.018
https://doi.org/10.1016/
j.bpj.2011.02.018
https://doi.org/10.1038/nature06116
https://doi.org/10.4049/jimmunol.1501242
https://doi.org/10.4049/jimmunol.1501242
https://doi.org/10.4049/jimmunol.1402388
https://doi.org/10.4049/jimmunol.1201648
https://doi.org/10.4049/jimmunol.1201648
https://doi.org/10.1128/JVI.02495-10
https://doi.org/10.1016/
j.peptides.2011.03.024
https://doi.org/10.1016/
j.peptides.2011.03.024
https://doi.org/10.1042/0264-6021:3410501
https://doi.org/10.1016/
j.bbamem.2015.11.003
https://doi.org/10.1016/
j.bbamem.2015.11.003
https://doi.org/10.1111/j.1574-6968.
1998.tb12896.x
https://doi.org/10.1111/j.1574-6968.
1998.tb12896.x
https://doi.org/10.1002/cmdc.201402215
https://doi.org/10.1016/j.chembiol.2014.10.009
https://doi.org/10.1128/IAI.01090-09
https://doi.org/10.1128/IAI.01090-09
https://doi.org/10.1128/cdli.9.6.1192-1199.2002
https://doi.org/10.1016/j.cytogfr.
2014.10.002
https://doi.org/10.1016/j.cytogfr.
2014.10.002
https://doi.org/10.1172/jci35879
https://doi.org/10.1093/infdis/
jiw157
https://doi.org/10.1093/infdis/
jiw157
https://doi.org/10.4049/jimmunol.178.5.3126
https://doi.org/10.4049/jimmunol.178.5.3126
https://doi.org/10.1371/journal.ppat.1001345

Baumann et al.

Bovine Cathelicidin-Mediated Nucleic Acid Sensing

49.

50.

51.

52.

Swanson KM, Stelwagen K, Dobson J, Henderson HV, Davis SR, Farr VC,
et al. Transcriptome profiling of Streptococcus uberis-induced mastitis reveals
fundamental differences between immune gene expression in the mammary
gland and in a primary cell culture model. ] Dairy Sci (2009) 92(1):117-29.
doi:10.3168/jds.2008-1382

Brook M, Tomlinson GH, Miles K, Smith RW, Rossi AG, Hiemstra PS, et al.
Neutrophil-derived alpha defensins control inflammation by inhibiting mac-
rophage mRNA translation. Proc Natl Acad Sci U S A (2016) 113(16):4350-5.
doi:10.1073/pnas.1601831113

Mookherjee N, Wilson HL, Doria S, Popowych Y, Falsafi R, Yu JJ, et al. Bovine
and human cathelicidin cationic host defense peptides similarly suppress
transcriptional responses to bacterial lipopolysaccharide. ] Leukoc Biol (2006)
80(6):1563-74. doi:10.1189/j1b.0106048

Nan YH, Park KH, Park Y, Jeon Y], Kim Y, Park IS, et al. Investigating
the effects of positive charge and hydrophobicity on the cell selectivity,
mechanism of action and anti-inflammatory activity of a Trp-rich antimi-
crobial peptide indolicidin. FEMS Microbiol Lett (2009) 292(1):134-40.
doi:10.1111/j.1574-6968.2008.01484.x

53.

54.

van der Does AM, Bergman P, Agerberth B, Lindbom L. Induction of the
human cathelicidin LL-37 as a novel treatment against bacterial infections.
J Leukoc Biol (2012) 92(4):735-42. doi:10.1189/j1b.0412178

Lippolis JD, Reinhardt TA, Goff JP, Horst RL. Neutrophil extracellular trap
formation by bovine neutrophils is not inhibited by milk. Vet Immunol
Immunopathol (2006) 113(1-2):248-55. doi:10.1016/j.vetimm.2006.05.004

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2017 Baumann, Kiener, Haigh, Perreten and Summerfield. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permit-
ted, provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Immunology | www.frontiersin.org

12

February 2017 | Volume 8 | Article 59


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.3168/jds.2008-1382
https://doi.org/10.1073/pnas.1601831113
https://doi.org/10.1189/jlb.0106048
https://doi.org/10.1111/j.1574-6968.2008.01484.x
https://doi.org/10.1189/jlb.0412178
https://doi.org/10.1016/j.vetimm.2006.05.004
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Differential Ability of Bovine Antimicrobial Cathelicidins to Mediate Nucleic Acid Sensing by Epithelial Cells
	Introduction
	Materials and Methods
	Reagents
	Neutrophil Isolation and Stimulation
	Antimicrobial Assays
	Gel Shift Assay
	Induction Mx and Western Blotting
	Software and Statistical Analysis

	Results
	Conformation-Dependent Activity of BMAP-27 on Bacterial Membrane Integrity
	Comparative Analysis of Antimicrobial Activity of Bovine Cathelicidins against Mastitis Pathogens
	Interaction of Bovine Cathelicidins with Plasmid DNA
	Ability of Bovine Cathelicidins to Promote Nucleic Acid Sensing by the Innate Immune System
	Activated Neutrophils Release Cathelicidins but Cannot Induce Mx1 in Response to Poly(I:C)

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


