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Neisseria meningitidis is a gram-negative bacterium that often asymptomatically
colonizes the human nasopharyngeal tract. These bacteria cross the epithelial barrier
can cause life-threatening sepsis and/or meningitis. Antimicrobial peptides are one of
the first lines of defense against invading bacterial pathogens. Human beta-defensin
2 (hBD2) is an antimicrobial peptide with broad antibacterial activity, although its
mechanism of action is poorly understood. Here, we investigated the effect of hBD2 on
N. meningitidis. We showed that hBD2 binds to and kills actively growing meningococcal
cells. The lethal effect was evident after 2 h incubation with the peptide, which
suggests a slow killing mechanism. Further, the membrane integrity was not changed
during hBD2 treatment. Incubation with lethal doses of hBD2 decreased the presence
of diplococci; the number and size of bacterial microcolonies/aggregates remained
constant, indicating that planktonic bacteria may be more susceptible to the peptide.
Meningococcal DNA bound hBD2 in mobility shift assays and inhibited the lethal effect
of hBD2 in a dose-dependent manner both in suspension and biofilms, supporting the
interaction between hBD2 and DNA. Taken together, the ability of meningococcal DNA
to bind hBD2 opens the possibility that extracellular DNA due to bacterial lysis may be
a means of N. meningitidis to evade immune defenses.

Keywords: Neisseria meningitidis, infection, hBD2, aggregation, eDNA

INTRODUCTION

Neisseria meningitidis is a strictly human pathogen that inhabits the nasopharynx asymptomatically
in approximately 10% of the population (Christensen et al., 2010). Occasionally, bacteria cross the
epithelial and endothelial barrier where they can establish an infection and cause life-threatening
sepsis and/or meningitis (van Deuren et al., 2000; Virji, 2009; Pace and Pollard, 2012). The first
step toward meningococcal pathogenesis is attachment to host epithelial cells, which is mediated
by type IV pili (tfp). These long, filamentous structures protrude from the bacterial surface and are
associated with aggregation, adhesion, motility and DNA uptake (Wolfgang et al., 1998; Morand,
2004). After initial adhesion to the epithelium, bacteria form three-dimensional aggregates termed
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microcolonies (Pujol et al., 1999), which can develop into
biofilms that are better protected against environmental
conditions (Arenas and Tommassen, 2017). The
polysaccharide capsule of N. meningitidis mediates
resistance against complement-mediated killing and
the inhibition of phagocytosis and intracellular killing
(Spinosa et al., 2007).

Antimicrobial peptides (AMPs) are highly conserved
molecules that are found in mammals, insects and plants.
They are relatively small peptides that are often positively
charged and amphipathic in nature. They constitute the first
line of defense against invading pathogens and contribute
to eliminating infection by direct killing of microbes
(Zasloff, 2002). Bacterial killing can proceed by membrane
disruptive and/or non-membrane disruptive mechanisms
(Brogden, 2005). Initial interaction occurs through electrostatic
attraction, where positively charged AMPs bind to negatively
charged bacterial surfaces. The attached peptides aggregate
and insert into the bacterial membrane bilayer, aligning
the hydrophobic and hydrophilic portions of the peptide
with those of the bacterial lipid membrane. Membrane
disruptive killing results in pore formation, destruction of
the transmembrane potential and consequently inhibition
of respiration, which leads to lysis. Killing through a non-
membrane disruptive mechanism occurs when AMPs enter the
cell through transient pore formation or through uptake by
peptide transporters (Mattiuzzo et al., 2007) and subsequently
target intracellular components that can inhibit DNA or
protein synthesis or processes such as chaperone-assisted
protein folding, enzymatic activity or cell wall formation
(Brogden, 2005).

Human beta-defensin 2 (hBD2) is an AMP belonging to the
defensin family. Defensins are characterized by a beta sheet
structure stabilized by three disulfide bridges (Selsted et al.,
1993) and are expressed on epithelial surfaces throughout the
human body (O’Neil et al., 1999; Ali et al., 2001; Harder
et al., 2001). It is known that hBD2 expression is regulated
in response to bacteria or bacterial factors and immune
modulators (Chadebech et al., 2003; Tsutsumi-Ishii and Nagaoka,
2003; Wassing et al., 2015). hBD2 exhibits killing activity
against various bacterial species, including Escherichia coli,
Porphyromonas gingivalis, and Pseudomonas aeruginosa (Singh
et al., 1998; Joly et al., 2004). While there is evidence that
hBD2 permeabilizes the bacterial membrane (Hoover et al., 2000;
Mathew and Nagaraj, 2017), the complete mechanism of action
remains poorly understood.

In this work, we investigated the effect of hBD2
on N. meningitidis. We found that hBD2 binds to
and kills N. meningitidis in a time-dependent manner.
Planktonic bacteria disappeared upon hBD2 treatment,
suggesting that bacterial aggregates are better protected
against hBD2 killing. Furthermore, we found that
meningococcal DNA binds to hBD2 and that the presence
of DNA protects against the peptide, suggesting a
potential evasion strategy employed by N. meningitidis
against hBD2-mediated killing both in suspension and
in biofilms.

MATERIALS AND METHODS

Bacterial Strains and Cell Lines
Neisseria meningitidis serogroup C strain FAM20 and its pilE
mutant (1pilE) have been previously described (Rahman et al.,
1997; Jones et al., 2009; Engman et al., 2016). The strains were
grown on GC agar (Acumedia) with 1% Kellogg’s supplements
(Kellogg et al., 1968) at 37◦C and 5% CO2 for 16-18 h before
experiments. Lactobacillus reuteri ATCC PTA5289 (de Klerk
et al., 2016) was grown at 37◦C 5% CO2 on Rogosa (Oxoid) agar
for 30-72 h and then in MRS broth for 16-18 h. Escherichia coli
DH5α was grown on LA-plates and then in LB broth (Acumedia)
at 37◦C 5% CO2 at 200 rpm shaking.

The human pharyngeal epithelial cell line FaDu (ATCC-
HBT43) was cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Thermo Fisher Scientific, GibcoTM)
and supplemented with 10% heat-inactivated fetal bovine
serum (FBS) (Sigma-Aldrich) at 37◦C and 5% CO2 in a
humidified environment.

Synthetic hBD2
Synthetic hBD2 peptide (GIG DPV TCL KSG AIC HPV FCP
RRY KQI GTC GLP GTK CCK KP) was synthesized by
Innovagen, Lund, Sweden. hBD2 was dissolved in sterile water
at a concentration of 0.4 mg/ml and stored at−80◦C.

Killing Assays
Bacteria from plates were grown to log phase in GC broth
supplemented with 1% Kellogg’s at 37◦C and 5% CO2 for 2 h
under shaking conditions. Log phase bacteria were suspended to
106 CFU/ml in modified Dulbecco’s Modified Eagle’s Medium
(DMEM, Thermo Fisher Scientific), i.e., DMEM diluted 4× in
sterile water, and then mixed with hBD2. It is known that the
killing capacity of hBD2 is reduced in the presence of serum
and high salt concentration (Bals et al., 1998; Harder et al., 2001;
Vylkova et al., 2007); for this reason, we used a diluted form
of cell culture medium to perform our killing assay in order to
observe an effect by hBD2 while maintaining a physiologically
relevant environment. For experiments using bacteria collected
directly from plates, the bacteria were suspended in modified
DMEM to 106 CFU/ml. Fifty microliters of bacterial suspension
was mixed with 10 µl of hBD2 (final concentration of 0.1, 0.5, 1,
5, or 15 µM) and incubated in polypropylene tubes for 1, 2, 3, or
6 h at 37◦C and 5% CO2 under shaking conditions. Sterile water
instead of hBD2 served as the control. Bacterial viability was
assessed by serial dilutions, which were plated for viable counts
and enumerated the next day. Samples were carefully vortexed
and pipetted up and down and examined by microscopy before
plating to check for absence of aggregates.

ELISA-hBD2 Binding Assay
Bacteria from plates were grown to log phase, diluted to
106 CFU/ml, and incubated as in the killing assays above. For
the binding assay, bacteria were incubated in either 0.1 µM or
1 µM hBD2 for 3 h. Samples were washed once in PBS and
resuspended in PBS. Bacteria-bound hBD2 was detected using
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an hBD2 ELISA development kit (Peprotech) according to the
manufacturer’s instructions.

1-N-Phenylnaphthylamine Outer
Membrane Permeability Assay
To measure hBD2-induced permeabilization of the outer
membrane, we used a previously described protocol (Alakomi
et al., 2000). This method is based on the uptake of 1-N-
phenylnaphthylamine (NPN) by bacterial membranes. NPN is
a hydrophobic dye whose fluorescence is greatly enhanced in
hydrophobic environments; an increase in fluorescence thus
indicates a breach in the outer membrane (Trauble and Overath,
1973). A 0.5 mM stock solution of NPN (Sigma-Aldrich) was
prepared in acetone and diluted to 40 µM in 5 mM HEPES
(Thermo Fisher Scientific) to generate the NPN buffer. Wells of
a black-walled, clear bottom microplate (Greiner Bio-one) were
filled with 25 µl of NPN-buffer (final concentration, 10 µM)
and 25 µl of hBD2 (final concentration, 0.1 µM or 1 µM)
or lactic acid (final concentration, 10 mM). Log-phase bacteria
were centrifuged at 5000 × g for 3 min and resuspended in
5 mM HEPES buffer to 107 CFU/ml, and 50 µl of the bacterial
suspension was added to the microplate. The plate was incubated
at 37◦C, and the fluorescence was immediately measured every
minute for 3 h using a Spectramax i3x microplate reader
(Molecular Devices) with an excitation wavelength of 485 nm and
emission wavelength of 535 nm.

Flow Cytometry
Bacteria from plates were grown to log phase, diluted to
106 CFU/ml, and incubated as in the killing assays above. For
flow cytometry, bacteria were incubated in either 0.1 µM hBD2,
1 µM hBD2, 2 µg/ml tetracycline or 10 µg/ml cephalexin
for 2 h. Samples were washed once in PBS before fixation in
4% formaldehyde solution. Cells were permeabilized with 0.1%
Triton X-100 and resuspended in 50 mM sodium citrate buffer.
Samples were stained with 2.5 µM SYTOX Green (Thermo
Fisher Scientific) before being analyzed by flow cytometry using
an LSRFortessa flow cytometer (BD Biosciences). For each
sample, 30 000 cells were counted. Data were analyzed with
FlowJo software.

Fluorescence Microscopy and Aggregate
Quantification
Bacteria from plates were grown to log phase, diluted to
106 CFU/ml, and incubated as in the killing assays above. For
microscopy, bacteria were incubated in 0.1 µM hBD2, 1 µM
hBD2, or 10 µg/ml cephalexin for 2 h. Samples were washed
once in PBS before fixing in 4% formaldehyde solution. Cells
were permeabilized with 0.1% Triton X-100 and resuspended
in PBS supplemented with 0.2% Tween-20. Cells were stained
with 20 nM DAPI for 30 min and resuspended in PBS. A small
volume of cells was mounted on 1% agarose pads and sealed
under a coverslip. Images were obtained using a Ti eclipse
inverted research microscope with a 100×/1.45 NA objective
(Nikon). Fluorescence images were captured using excitation and
emission filter cubes for Hoechst 33258. Image preparation was

performed using Fiji software. The assay was performed two
times with at least 12 images captured per sample. Aggregates
were enumerated by counting and were defined as a cluster
consisting of more than 4 cells to exclude the possibility
of diplococci undergoing division. The relative number of
aggregates was calculated as the number of aggregates divided by
the number of diplococci.

Spectrophotometric Quantification of
Bacterial Aggregation
To quantify aggregation of the bacterial strains, we used
a previously described sedimentation assay (Helaine et al.,
2005) with slight modifications. Bacteria were resuspended in
supplemented GC broth and filtered through 5 µm filters
(Filtropur) to remove aggregates. Bacterial suspensions were
adjusted to an OD600 of 0.1 and incubated for 3 h at 37◦C
and 5% CO2 under shaking conditions. Bacterial cultures were
centrifuged at 2500× g for 5 min, and the pellet was resuspended
in an equal volume of the modified DMEM used for the
killing assays. Bacterial suspensions were incubated at room
temperature under static conditions, and the OD600 of the
supernatant was measured at 20 min intervals. Absorbance values
were normalized against the first time point (0 min).

DNA Electrophoretic Mobility Shift Assay
Bacterial genomic DNA (gDNA) was isolated using the
Wizard Genomic DNA Purification kit (Promega) according
to the manufacturer’s instructions. PCR fragments were
amplified with Phusion DNA polymerase (Thermo Fisher
Scientific). For N. meningitidis FAM20, a 1786 bp non-coding
DNA fragment was amplified using the primers: F20_non-
coding_fwd, 5′-GGAACCGGTTTGATGTCCATTT-3′, and
F20_non-coding_rev, 5′-GCTATTGCATGCGCTTAATGA-
3′. For E. coli, a 1702 bp fragment was amplified using
the primers: 5′-AGCCTTATTCTTCATCGTTTTT-3′ and
5′-CATCATTGAGTGCGGCATTTTC-3′. For L. reuteri,
fragments of 1610 bp (5′-GTTAGGTTGAGGGCCAGGTT-
3′ and 5′-GTTGGGTTGGAGGGGTAGTT-3′) and
1791 bp (5′-AATGGACGCTAAAATGGAAGT-3′ and 5′-
AGGGGAAAAGAATATGAGAAAT-3′) was amplified. For
preparation of eukaryotic DNA, human pharyngeal epithelial
FaDu cells were trypsinized, centrifuged at 8000 g for 10 min,
washed with PBS and resuspended in TE buffer with 0.1%
Triton x100 (Sigma-Aldrich). The cell suspension was boiled at
100◦C for 5 min and then centrifuged at 13000 g for 10 min.
The supernatant was collected and stored at −20◦C or used
immediately for amplification. A 1735 bp fragment was amplified
using primers (5′-CAGTTGGTGCGGGAAGGAGT-3′ and
5′-GGAAGAGAAGGAAAGGAGGGCT-3′).

Two hundred ng of purified DNA fragments was incubated
with hBD2 (final concentration of 0.1, 1, 2.5, 5, or 10 µM) or
BSA (final concentration of 0.1, 1, 5, or 10 µM) in binding buffer
(5% glycerol, 10 mM Tris/HCl (pH 8), 1 mM EDTA, 1 mM
dithiothreitol, 20 mM KCl, 50 µg/ml BSA). The reaction mixture
was incubated at room temperature for 1 h and subjected to
1% agarose gel electrophoresis. Gels were stained with ethidium
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bromide, and images were captured using a Gel Doc 2000
Imaging System (Bio-Rad).

Killing Assay in the Presence of DNA
To determine whether the presence of DNA affected the ability
of hBD2 to kill N. meningitidis, we used a previously described
protocol (Jones et al., 2013). hBD2 at a final concentration of
5 µM was preincubated with 0.1, 0.5, or 1 µg of the DNA
fragment described above for 15 min at room temperature.
Log phase bacteria, prepared as performed in the killing assay
above, were added to the hBD2-DNA mixture and incubated for
3 h. Bacteria were serially diluted, plated for viable counts and
enumerated the next day.

DNA Quantification in Culture
Supernatants
Log-phase bacteria were prepared as performed in the killing
assay above, but without peptide. After 3 h of incubation, samples
were centrifuged at 5000 × g for 3 min, and the supernatants
were collected and incubated with Quant-iT PicoGreen dsDNA
dye (Thermo Fisher Scientific) at a 1:1 ratio in black-walled,
clear bottom microplates. Fluorescence was measured using a
Spectramax i3x microplate reader with an excitation wavelength
of 485 nm and an emission wavelength of 535 nm. DNA was
quantified based on a Lambda DNA standard.

Biofilm Assay and eDNA Content Under
Static Condition
To measure the stability of meningococcal biofilm upon
treatment with hBD2, a static biofilm assay previously described
was used with some modifications (Engman et al., 2016;
Sigurlásdóttir et al., 2019). Bacteria from plates were suspended
to an OD of 0.05 in supplemented GC broth. 100 µl of bacterial
suspension was added in quadruplicate to either clear or black-
walled polystyrene plates. Plates were incubated for 24 h at
37◦C and 5% CO2 under static conditions, washed in PBS, and
incubated for 1 h or 3 h with 100 µl of either 5 µM BSA, 5 µM
hBD2, 200 µg/ml DNase or 0.5% Triton X-100.

For measurement of the total biofilm mass clear plates were
washed in PBS, stained with 0.3% crystal violet for 2 min,
washed twice with PBS, and solubilized in 30% acetic acid.
A crystal violet standard was included with known concentration
and the absorbance was measured at 630 nm. The eDNA
content was measured in the black-walled plates using Quant-iT
PicoGreen dsDNA dye. 100 µl TE buffer and PicoGreen solution
(1 µl:199 µl) was added into the biofilm and pipetted 10 times for
it to dissolve. eDNA was quantified with a lambda DNA standard
and fluorescence was measured at excitation wavelength 485 nm
and emission wavelength 535 nm. Measurement of both plates
was performed in a Spectramax i3x microplate reader. OD600
and viable counts were assessed after the treatments. For viable
counts bacterial suspensions were serially diluted, plated and
counted the next day. Before plating for viable counts, bacteria
were suspended and vortexed to dissolve aggregates, and then
examined by microscopy to verify the absence of any aggregates.

Statistical Analysis
Testing of statistical significance was performed in Graph Pad
Prism (version 5). Two-tailed and unpaired Student’s t-tests were
used to compare differences between two groups. Analysis of
variance (ANOVA) with Bonferroni’s post hoc test was used to
compare differences between multiple groups. P-values below
0.05 were considered statistically significant.

RESULTS

Human Beta-Defensin 2 Kills Actively
Growing N. meningitidis Over the Course
of Hours
To assess the susceptibility of N. meningitidis to hBD2, killing
assays were performed using a range of 0.1 µM to 15 µM
hBD2. It has been demonstrated that basal levels of hBD2
in lung fluid are 0.5 µM (Schaller-Bals et al., 2002), and in
epidermal tissue 3.5-16 µM (Liu et al., 2002), but in inflammatory
conditions, such as in psoriatic skin lesions, the levels of hBD2
can be induced to 25 µM-150 µM (Ong et al., 2002). Log-
phase N. meningitidis FAM20 was incubated with hBD2 peptide

FIGURE 1 | Neisseria meningitidis is killed by hBD2. (A) Survival of log-phase
bacteria incubated with hBD2 at 0.1, 0.5, 1, 5, or 15 µM for 1, 2, 3, or 6 h.
(B) Survival of bacteria, taken from 18 h over night plates directly or grown to
log phase, incubated with 5 µM hBD2 for 2 h. Viable counts were determined
by plating. Survival is expressed relative to the untreated control. Data are
represented as the mean survival, with error bars representing the standard
deviation. Significance was tested against the untreated control. The assay
was performed in triplicate three times. *P < 0.05; ns, non-significant.
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FIGURE 2 | Human beta-defensin 2 binds N. meningitidis and induces
membrane permeability. (A) Log-phase bacteria were incubated with hBD2
(0.1 or 1 µM) for 3 h. Bacteria were washed with PBS, and bound hBD2 was
determined by ELISA. The assay was performed in triplicate at least three
times. (B) Outer-membrane permeabilization was assessed by NPN
fluorescence. Log-phase bacteria were incubated with NPN (10 µM) and
hBD2 (0.1 µM and 1 µM) for 3 h. Lactic acid was used as a positive control.
Background fluorescence (NPN in the absence of bacteria or hBD2) was
subtracted. Values are expressed relative to the untreated control. The assay
was performed in duplicate at least three times. Data are represented as the
mean values, with error bars representing the standard deviation. Significance
was tested against the untreated control. *P < 0.05; ns, non-significant.

for up to 6 h. We observed a killing effect after 2 h, but
not at earlier time points (Figure 1A). At concentrations of
1 µM or higher, bacterial survival was significantly reduced
to approximately 50% compared to untreated bacteria, and
after 3 h of incubation, the bacterial survival was further
reduced to approximately 20% (Figure 1A). Incubation for
6 h did not much increase the killing effect compared to
3 h. The bacterial survival was similar in concentrations from
1 µM hBD2 and higher, supporting that killing by hBD2
is not directly concentration-dependent but rather that hBD2

levels need to reach a threshold level to be bactericidal.
Concentrations of 0.1 µM and 0.5 µM did not significantly
reduce bacterial survival. To investigate the effect of hBD2
on different growth stages of N. meningitidis, we compared
bacteria grown to log phase with bacteria that were collected
directly from plates and treated with 5 µM hBD2 for 2 h.
As shown in Figure 1B, bacteria taken directly from plates
were not affected by hBD2, indicating that log phase cells are
more susceptible to killing by hBD2 than those from over night
plates. We also compared bacteria grown in liquid to stationary
phase with log phase and found that bacteria in stationary
phase were not susceptible to hBD2 (Supplementary Figure 1).
Taken together, the data demonstrate that hBD2 kills log phase
N. meningitidis.

Human Beta-Defensin 2 Kills
N. meningitidis Without Increasing Outer
Membrane Permeability
We next examined whether hBD2 could bind to bacteria.
Bacteria were incubated with either 0.1 µM (non-lethal) or
1 µM hBD2 (lethal) for 3 h; then, the level of bound hBD2
was assessed by ELISA. Bacteria incubated with 1 µM hBD2
showed strong and significant hBD2 binding, while treatment
with 0.1 µM resulted in a signal similar to the untreated control
(Figure 2A). These data show that hBD2 is indeed able to bind
to N. meningitidis. To examine the effect of hBD2 on bacterial
membrane integrity, we measured outer membrane permeability
after treatment with 0.1 µM or 1 µM hBD2. Outer membrane
permeability was measured using NPN, a hydrophobic probe
that fluoresces only in hydrophobic environments. The uptake
of NPN into the compromised membrane is therefore a
measure of outer membrane permeability (Alakomi et al., 2000).
Compared to lactic acid, which is known to permeabilize gram-
negative bacteria (Alakomi et al., 2000), we did not detect a
significant increase in outer membrane permeability at any of
the time points tested (30 min, 2 h or 3 h) (Figure 2B). We
further confirmed the reliability of the NPN-assay by showing
that the antimicrobial peptide LL-37, known to efficiently kill
N. meningitidis (Jones et al., 2009), strongly induced membrane
permeability (Supplementary Figure 2).

These data indicate that hBD2 may induce bacterial killing by
non-membrane disruptive mechanisms.

Human Beta-Defensin 2 Causes a Shift in
Meningococcal DNA Content
Since hBD2 did not seem to act on outer membrane integrity,
we hypothesized that hBD2 targets intracellular components.
It has been shown previously that AMPs are capable of
affecting DNA synthesis (Gottschalk et al., 2013). To explore
potential intracellular targets of hBD2, we next considered
the effect of hBD2 on the cell cycle of N. meningitidis. We
used flow cytometry of SYTOX green-stained bacteria and
compared hBD2 treatment to tetracycline and cephalexin
treatment. Tetracycline inhibits the initiation of DNA
replication but allows the ongoing round of replication to
finish, producing fully replicated chromosomes that are
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FIGURE 3 | Neisseria meningitidis diplococci are more susceptible to hBD2. (A) Flow cytometry analysis of N. meningitidis in the presence of hBD2. Log-phase
bacteria were incubated with hBD2 (0.1 or 1 µM), tetracycline (2 µg/ml), or cephalexin (10 µg/ml) for 2 h. Bacteria were washed in PBS, fixed, permeabilized, and
resuspended in sodium citrate buffer. DNA was stained with SYTOX Green, and DNA content was analyzed by flow cytometry. The assay was performed in single
samples three times. (B) Microscopy of N. meningitidis. Log-phase bacteria were incubated with hBD2 (0.1 or 1 µM) or cephalexin (10 µg/ml) for 2 h. Bacteria were
washed in PBS once, fixed, permeabilized and resuspended in PBS. DNA was stained with DAPI, and bacteria were visualized by fluorescence microscopy. On the
right side are enlarged images of indicated treatments. The scale bar represents 5 µm. Representative images are shown. (C,D) Microscopy images were used to
enumerate diplococci bacteria and bacteria in aggregates, where aggregates were defined as clusters of 4 or more cells. Counts are expressed as relative numbers
of aggregates compared to diplococci (C) or as absolute numbers (D). The assay was performed two times with at least 12 images captured per sample. Data are
represented as the mean values, with error bars representing the standard deviation. Significance was tested against the untreated control. *P < 0.05; ns,
non-significant.
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FIGURE 4 | Human beta-defensin 2-binding and aggregation of wild-type and
1pilE bacteria. (A) Survival of log-phase bacteria of wild-type (WT) and 1pilE
incubated with 1 µM hBD2 for 3 h. Viable counts were determined by plating.
Values are expressed as the mean survival relative to the untreated control.
The assay was performed in triplicate at least three times. (B) Aggregation of
bacteria determined by a sedimentation assay. WT and the 1pilE mutant were
grown to log phase, pelleted, resuspended in modified DMEM assay medium,
and incubated under static conditions at room temperature. Optical density
measurements of the top layer were made at 20 min intervals. Values are
expressed relative to the 0 min timepoint. The assay was performed in single
samples at least three times. (C) WT and 1pilE were grown to log phase and
then incubated with 1 µM hBD2 for 3 h. Bacteria were washed with PBS
once, and bound hBD2 was determined by ELISA. Values are expressed
relative to WT. Data are represented as the mean values, with error bars
representing the standard deviation. The assay was performed in triplicate at
least three times. Significance was tested against the untreated control, or
against WT, as indicated. *P < 0.05; ns, non-significant.

visualized as an integer number of peaks, while cephalexin
inhibits cell division and will result in cells with increased
DNA content (Boye and Lobner-Olesen, 1991; Tobiason
and Seifert, 2010). We incubated the cells for 2 h with
hBD2 to have at least 50% viable and detectable bacteria
in the assay. Treatment with a non-lethal concentration
of hBD2 (0.1 µM) resulted in an identical chromosome
distribution compared with untreated cultures, whereas
treatment with 1 µM hBD2 resulted in a large portion of
the population exhibiting an increased amount of DNA per
bacteria (Figure 3A). Since the peak shift observed for 1 µM
hBD2 resembled that of cephalexin, we hypothesized that
hBD2 might interfere with bacterial cell division. Alternatively,
hBD2 may promote bacterial aggregation, which would also be
detected as particles with increased DNA content. To verify,
we used a non-aggregative 1pilE mutant and treated with
cephalexin and 1 µM hBD2. We found that 1pilE mutant
showed similar pattern with and without hBD2, whereas
cephalexin induced a shift in DNA content (Supplementary
Figure 3), supporting that aggregation might be an explanation
for increased DNA content after hBD2 treatment of the
wild-type bacteria.

Lethal hBD2 Concentrations Reduce
Planktonic Bacteria but Leave
Aggregates Intact
To assess whether the increased DNA content in the flow
cytometry was due to bacterial aggregates, we examined the
bacteria by microscopy after treatment with 0.1 µM or
1 µM hBD2 for 2 h. To visualize bacteria, we used phase
contrast microscopy and fluorescence microscopy after DAPI
staining. We found that the surviving bacteria treated with
1 µM hBD2 were more often in aggregates compared to
the control (Figure 3B). Aggregates were defined as 4 or
more cells. Visual quantification of planktonic diplococci versus
aggregates confirmed that the relative number of aggregates
was significantly higher with 1 µM hBD2 compared to the
untreated control (Figure 3C). Interestingly, the number of
diplococci/planktonic bacteria was significantly reduced for
bacteria treated with 1 µM hBD2, although the number of
aggregates was similar for all treatments (Figure 3D). Compared
to the control, the size of the aggregates remained the same
after the 1 µM hBD2 treatment (data not shown). These
data indicate that the aggregates detected in the samples
treated with 1 µM hBD2 may correspond to the increase
in DNA content detected by flow cytometry, rather than an
inhibition of cell division (Figure 3A). This is supported by
microscopic visualization of cephalexin-treated N. meningitidis
that showed an increase in cell size compared to 1 µM hBD2
treated bacteria (Figure 3B). However, it is possible that hBD2
affects cellular division in a different way than cephalexin.
Although data do not exclude the possibility that hBD2 also
affects meningococcal cell division, the results suggest that
bacterial aggregates may be better protected against hBD2 than
planktonic bacteria.
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FIGURE 5 | Human beta-defensin 2 binds both bacterial and human DNA in vitro. To assess the in vitro binding of hBD2 to DNA, an electrophoretic mobility shift
assay was performed. (A) N. meningitidis DNA, as a 1786 bp non-coding DNA fragment, was incubated with hBD2 (0.1, 1, 2.5, 5 or 10 µM) for 1 h. (B) BSA (0.1, 1
or 10 µM) was used as a negative control. (C) N. meningitidis DNA (Nm) as a fragment of 1786 bp, L. reuteri DNA as two fragments of 1610 bp (Lr1) and 1791 bp
(Lr2) and an E. coli DNA fragment (Ec) of 1702 bp, were incubated with hBD2 at a concentration of 5 µM for 1 h. BSA at a concentration of 5 µM was used as a
negative control and incubated with the same DNA fragments for 1 h. Bacterial DNA fragments without peptide served as second negative control (control).
(D) Human pharyngeal epithelial cell FaDu DNA as a fragment of 1735 bp was incubated with hBD2 at a final concentration of 5 µM for 1 h. Incubation of FaDu DNA
fragment with BSA at a final concentration 5 µM and without peptide (Contr) served as negative control. After incubation, samples were run on an agarose gel.
Representative images are shown. The assays were performed twice.

Aggregation-Deficient Meningococci Are
More Susceptible to hBD2 Compared to
Wild-Type Meningococci
To further investigate the contribution of bacterial aggregation
to protect against hBD2-mediated killing, we included a 1pilE
mutant. The 1pilE mutant does not express type IV pili
and is therefore unable to aggregate. We grew the wild-type

strain FAM20 and the isogenic 1pilE mutant to log phase and
incubated these strains with 1 µM hBD2 for 3 h. The non-
piliated mutant was three-fold more sensitive to hBD2 compared
to wild-type bacteria (Figure 4A). We also tested a hyper-
aggregative pilT deletion mutant, which showed to be more
resistant to hBD2 killing (Supplementary Figure 4), supporting
that aggregated bacteria survive hBD2 better. To confirm the
lack of aggregation in the experimental conditions used for
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FIGURE 6 | The presence of DNA reduces hBD2 antibacterial activity.
(A) N. meningitidis DNA (0.1, 0.5, or 1 µg) was incubated with 5 µM hBD2 for
15 min, subsequently added to log-phase bacteria and incubated for 3 h.
Viable counts were determined by plating. Values are expressed as the mean
survival relative to the untreated control. Significance was tested against the
sample without DNA. The assay was performed in triplicate at least three
times. (B) Log-phase WT and 1pilE cells were incubated untreated for 3 h.
Detection of eDNA in the supernatants was determined by a
fluorescence-based Quant-iT PicoGreen DNA assay kit. Significance was
tested against the 0 h time-point and as indicated. The assay was performed
in triplicate at least three times. Data are represented as the mean values, with
error bars representing the standard deviation. *P < 0.05; ns, non-significant.

the killing assay, we performed a sedimentation assay. Indeed,
1pilE bacteria did not sediment (Figure 4B), confirming the
non-aggregative phenotype. In addition, we did not observe any
difference in hBD2 binding between the 1pilE mutant and WT
in ELISA assays (Figure 4C), indicating that hBD2 binding in the
presence or absence of pili is not correlated with the killing effect.
Taken together, these data suggest that the non-aggregative 1pilE
mutant is more susceptible to hBD2 killing, supporting that hBD2
is more lethal to non-aggregated bacteria.

Human Beta-Defensin 2 Binds
Meningococcal DNA in a
Dose-Dependent Manner
Bacteria have evolved numerous mechanisms to evade AMPs
(Cole and Nizet, 2016). It has been shown that extracellular
DNA of Haemophilus influenzae can bind to hBD3 and thus
neutralize the antibacterial activity of the peptide (Jones et al.,
2013). Since hBD2 and hBD3 share a number of structural
features, we hypothesized that hBD2 may behave in a similar
manner. We therefore assessed whether hBD2 is able to interact
with meningococcal DNA using an electrophoretic mobility shift
assay with increasing concentrations of hBD2. DNA migration
through the gel was reduced in a dose-dependent manner.
At 2.5 µM, hBD2-DNA was partially able to migrate through
the gel, while at 5 µM, hBD2-DNA was no longer able to
migrate into the gel and was stuck in the well (Figure 5A),
suggesting formation of larger hBD2-DNA complexes. The
mobility of DNA was not altered when the DNA was incubated
with BSA (Figure 5B), which served as a negative control.
Next, we evaluated whether hBD2 could bind to DNA from
L. reuteri and E. coli by electrophoretic mobility shift assays
as above. We found that hBD2 interacted with DNA, not only
from meningococci, but also from the other bacterial species
(Figure 5C). Further, an additional experiment using DNA from
human epithelial cells demonstrated that hBD2 peptide also can
bind DNA from human cells (Figure 5D). Together, these results
indicate that hBD2 is able to bind DNA from both bacterial
and human cells.

Meningococcal DNA Inhibits hBD2
Antibacterial Activity Against
N. meningitidis
Since interactions between bacteria and AMPs rely on charge
(Brogden, 2005), the binding of hBD2 to DNA will likely have
consequences for its antibacterial activity, as has also been shown
previously for hBD3 against Haemophilus influenzae (Jones et al.,
2013). We preincubated hBD2 with increasing concentrations
of meningococcal DNA before adding the hBD2-DNA mixture
to log-phase bacteria to quantify bacterial killing. Since we
showed complete hBD2-DNA binding at 5 µM hBD2, we
performed the killing assay at this concentration. We observed
that the killing activity of hBD2 was significantly reduced in
the presence of DNA in a dose-dependent manner, starting at
0.5 µg DNA, compared to bacteria that had been treated with
hBD2 only (Figure 6A). Thus, meningococcal DNA inhibits the
antibacterial effect of hBD2.

To determine if DNA was released by N. meningitidis during
growth, we grew bacteria for 3 h and found that the amount
of extracellular DNA (eDNA) increased during incubation
(Figure 6B). To determine if the amount of eDNA released by
the 1pilE mutant might contribute to its increased sensitivity,
we also assessed the eDNA released from the 1pilE mutant
and found that the mutant released less than the wild-type
(Figure 6B). Based on these results, we speculate that eDNA
release by N. meningitidis and its subsequent binding to hBD2
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could represent a bacterial evasion mechanism against hBD2-
mediated killing.

Meningococcal Biofilms Are Affected by
hBD2
Biofilms are known to protect bacteria against environmental
stressors, and a major component of the meningococcal biofilm
is eDNA (Lappann et al., 2010). Since certain AMPs, for example
LL-37, have been shown to have antibiofilm effects (Overhage
et al., 2008), we next assessed whether hBD2 might affect
meningococcal biofilms. We added 5 µM hBD2 to the biofilm
and measured total biofilm mass, eDNA content and bacterial
viable count. The biofilm mass and eDNA level remained
unaffected at 1 h, however, at 3 h post-incubation both biofilm
mass and eDNA content exhibited a slight but significant
increase (Figures 7A,B). Indeed, treatment with 5 µM hBD2
led to a significant decrease (60%) of viable bacteria at 3 h
(Figure 7C). The OD remained constant at both time points,
supporting the non-membrane disruptive killing mechanism
(Figure 7D). In summary, data indicate that hBD2 does not have
an antibiofilm effect on the biofilm mass but can significantly
reduce the number of live bacteria in a biofilm. However, as an
increase of eDNA was shown, this accumulation could protect
surviving bacteria, supporting the hypothesis that meningococcal
eDNA functions as an evasion mechanism against hBD2 killing.
Thus, the data suggest that bacteria in biofilm are killed by
hBD2 and the remaining cells could be protected with the
subsequent eDNA increase.

DISCUSSION

In this study, we examined the antibacterial effect of hBD2 on
one strain of N. meningitidis. We show that hBD2 binds to and
kills actively growing N. meningitidis. The lethal effect was not
immediate but emerged after more than 1 h of incubation with
the peptide. NPN assays did not detect any significant changes
in outer membrane integrity during hBD2 treatment, supporting
a lengthier type of killing mechanism. Incubation with lethal
doses of hBD2 decreased the presence of diplococci but kept
the number of bacterial microcolonies/aggregates constant,
indicating that meningococcal aggregates were better protected
against hBD2 killing. Furthermore, we provide evidence that
N. meningitidis DNA binds hBD2 and that meningococcal DNA
inhibits the lethal effect of hBD2 in a dose-dependent manner.
In summary, the data indicate that aggregation and the presence
of extracellular DNA are possible evasion mechanisms against
hBD2-mediated killing.

Antimicrobial peptide-mediated killing of bacteria can
occur by membrane disruptive or non-membrane disruptive
mechanisms (Brogden, 2005). We did not detect permeability
of the outer membrane during treatment with 1 µM hBD2,
indicating that the bacterial killing by hBD2 does not alter
membrane integrity at the tested time points. While membrane
disruptive killing usually occurs in the range of several minutes,
non-membrane disruptive killing can take up to a few hours
(Jacob et al., 2014). The observation that hBD2 must be

incubated for more than an hour before inducing N. meningitidis
killing therefore further supports a model where hBD2 targets
intracellular components.

Many studies have shown that bacterial aggregation, including
biofilm formation, protects bacteria against antimicrobials,
primarily due to limited antimicrobial penetration, as well as
a lowered metabolic rate (Secor et al., 2018; Yasir et al., 2018).
Using microscopic analysis of N. meningitidis exposed to hBD2,
we found that bacteria in aggregates were better protected
against hBD2-mediated killing. Indeed, we observed that non-
aggregating pilus-deficient bacteria were more susceptible to
hBD2. It is important to note that the sedimentation assay carried
out to verify aggregation phenotype was performed in the absence
of hBD2, and it is possible that bacteria aggregate differently
during exposure to hBD2.

In this work, we found that hBD2 binds N. meningitidis
DNA in vitro. In control experiments, hBD2 did not bind BSA.
Further, hBD2 also interacted with DNA from both E. coli and
L. reuteri, as well as DNA from human cells. This indicates that
the hBD2-DNA interaction is non-specific and is based on charge,
as suggested previously (Gottschalk et al., 2013; Phan et al.,
2015). This implies that hBD2 may target not only DNA but also
any negatively charged molecule it encounters in the cytoplasm,
such as mRNA or proteins. Indeed, AMP-mediated bacterial
killing by inhibiting ribosome activity, protein translation, and
enzymatic activity are known to occur (Otvos et al., 2000; Gagnon
et al., 2016), although these effects are not necessarily due to
charge interactions. It was recently shown that hBD2 enters the
cytoplasm of E. coli and exhibits a killing effect in 2 h (Mathew
and Nagaraj, 2017). It remains to be determined whether hBD2
has intracellular targets in meningococci.

We showed that the binding of hBD2 to meningococcal
DNA reduces hBD2 antibacterial activity. Since eDNA release by
N. meningitidis can occur through autolysis (Lappann and Vogel,
2010), it might be that N. meningitidis autolysis represents an
evasion strategy against the effects of hBD2. In N. gonorrhoeae the
Type IV secretion system is known to secrete chromosomal DNA
(Hamilton et al., 2005), and Type IV secretion systems have been
found in N. meningitidis (Snyder et al., 2005; Woodhams et al.,
2012; Pachulec et al., 2014; Calder et al., 2020) and H. influenzae
(Jurcisek et al., 2017). Therefore, it might be that both type IV
secretion systems and autolysis may aid in bacterial survival in
the presence of hBD2. It is possible that the release of DNA
from the bacteria explains the stagnation in killing between 3 h
and 6 h of incubation with hBD2 (see Figure 1A). Incubation
of meningococcal biofilms with hBD2 for 3 h only reduced
viable bacteria to 60% (Figure 7), compared to 10% for bacteria
not in biofilms (Figure 1), suggesting that eDNA in biofilms
may protect against hBD2 killing. During infection external
stimuli may trigger hBD2 and we have previously shown that
Lactobacillus strains trigger hBD2 expression in epithelial cells
(Wassing et al., 2021). The data suggest that introduction of
hBD2 to biofilms may not affect the biofilm mass, but it may kill
active bacteria, which could release eDNA that might result in
protection of the remaining bacteria from hBD2. However, other
multiple negatively charged molecules present in the biofilm
may also be important in binding up hBD2. It remains to
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FIGURE 7 | Meningococcal biofilms after hBD2 treatment. Meningococcal biofilms were allowed to form under static conditions for 24 h before incubation with
5 µM BSA or 5 µM hBD2. (A) Biofilm mass was detected by crystal violet. (B) Detection of eDNA in meningococcal biofilm was performed using Quant-iT
PicoGreen DNA assay kit. (C) Biofilm was dissolved and viable bacteria quantified by plating. (D) OD600 of dissolved biofilm. Treatment with 200 µg/ml DNase I was
used as negative control in panels (A,B), and 0.5% Triton X-100 (Tx-100) was used as negative control in panels (C,D). DNase I was only used as negative control
for the measurement and was never added together with hBD2. Data are represented as the mean values, with error bars representing the standard deviation. All
experiments were performed in quadruplicates at least three times. Significance was compared with the untreated biofilm at 1 or 3 h. *P < 0.05.

determine if hBD2, in addition to eDNA, also binds to for
example capsule, outer membrane vesicles or peptidoglycan. In
the future, it would be interesting to evaluate whether hBD2-
treated meningococci exhibit increased autolysis compared to
untreated bacteria. To explore whether N. meningitidis responds
to the presence of hBD2 by inducing autolysis, expression profiles
of autolysin genes, such as the lytic transglycosylases (MltA
and MltB) (Lappann and Vogel, 2010), could be assessed in
experiments of hBD2 exposure.

It is known that beta-defensins are affected by physiological
concentrations of salt and serum (Bals et al., 1998; Harder
et al., 2001; Vylkova et al., 2007). For this reason, the in vivo
relevance of hBD2 has been challenged. It is noteworthy that the
local environment can greatly alter AMP activity by influencing
peptide conformation and secondary structure (Brogden, 2005).
For example, the closely related peptide hBD1 shows markedly
increased activity when in a reduced state compared to an
oxidized state (Schroeder et al., 2011). Furthermore, inactivation
by salt can be overcome by increasing AMP concentration
(Singh et al., 1998), which can locally reach up to 150 µM

for hBD2 during disease state (Ong et al., 2002). It is possible
that synthetic hBD2 might have a different conformation than
the native form, however, since the molecule is short and
showed a bactericidal effect, the molecule is most likely in an
active conformation.

In summary, hBD2 binds to and kills actively growing
N. meningitidis. The lethal effect was not immediate, as is
known for membrane-disruptive AMPs, but appeared at 2 h
postincubation. Bacteria in aggregates survive treatment with
lethal concentrations of hBD2 more often. Finally, the binding
of hBD2 to extracellular DNA due to bacterial lysis is a possible
evasion mechanism against hBD2. In this study, we used a
N. meningitidis serogroup C strain, in the future it would be
interesting to assess whether other serogroups behave in a similar
way. With the emerging rise in antibiotic resistance, AMPs have
increasingly become the focus as a novel antimicrobial treatment
strategy. Although antibiotic resistance to N. meningitidis does
not yet pose a problem, the widespread antimicrobial resistance
exhibited by N. gonorrhoeae, a closely related strain, may increase
the likelihood of the emergence of meningococcal resistant
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clones (Dillon et al., 1983). Here, we highlight the complexity of
bacteria-AMP interactions, as well as possible bacterial evasion
strategies against defensins. Our findings provide new directions
in which to focus future research on the development of AMP-
derived therapeutic applications.
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