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Pathogenic bacteria have evolved numerous mechanisms to evade the human immune system and have
developed widespread resistance to traditional antibiotics. We studied the human pathogen Neisseria menin-
gitidis and present evidence of novel mechanisms of resistance to the human antimicrobial peptide LL-37. We
found that bacteria attached to host epithelial cells are resistant to 10 �M LL-37 whereas bacteria in solution
or attached to plastic are killed, indicating that the cell microenvironment protects bacteria. The bacterial
endotoxin lipooligosaccharide and the polysaccharide capsule contribute to LL-37 resistance, probably by
preventing LL-37 from reaching the bacterial membrane, as more LL-37 reaches the bacterial membrane on
both lipooligosaccharide-deficient and capsule-deficient mutants whereas both mutants are also more suscep-
tible to LL-37 killing than the wild-type strain. N. meningitidis bacteria respond to sublethal doses of LL-37 and
upregulate two of their capsule genes, siaC and siaD, which further results in upregulation of capsule
biosynthesis.

Neisseria meningitidis (meningococci) is a gram-negative,
aerobic diplococci that is an obligate human pathogen. Infec-
tions caused by N. meningitidis are an important cause of mor-
bidity and mortality worldwide. Meningococci colonize the na-
sopharyngeal mucosa of approximately 10% of healthy
individuals but can cross epithelial and endothelial cell barriers
and enter the bloodstream, causing septicemia, with mortality
rates of 20 to 50% (4). Meningitis occurs when bacteria trans-
verse the blood cerebrospinal fluid, causing a fatal outcome in
15 to 20% of infected patients. Bacterial adherence is initially
mediated by type IV pili with host cell receptors. PilT is the
molecular motor responsible for pili retraction, which mediates
a tight interaction. An important virulence factor of N. men-
ingitidis is the endotoxin lipooligosaccharide (LOS), which is
located in the bacterial outer cell membrane. Meningococcal
LOS is composed of a conserved inner core of membrane-
associated lipid A (16) to which variable �- and �-chains attach
(13).

As one of many first lines of defense against invading patho-
gens like Neisseria bacteria, epithelial cells produce antimicro-
bial peptides (AMPs). These peptides are effector molecules
for the innate immune response, with both direct antimicrobial
activity and a broad spectrum of immunomodulatory functions
(18, 22). LL-37 is the single known human cathelicidin and is
expressed in various immune cells as well as in epithelial cells
of inflamed skin, mouth, tongue, esophagus, and lungs. It has

been shown that LL-37 interacts with bacterial membranes
through both electrostatic and hydrophobic effects. It remains
unknown whether LL-37 ultimately kills bacteria by formation
of torroidal pores as described by Henzler Wildman et al. (11)
or by detergent-like disintegration of the membrane via the
carpet model as described by Shai (24), but increasing mem-
brane permeability, osmotic swelling, and loss of the vital pro-
ton gradient are important characteristics of the killing process
(21). Membrane interactions of LL-37 (and other AMPs) ap-
pear to be highly selective for the negative surface charge on
prokaryotic membranes. However, it has been shown by Tzeng
et al. (28) that meningococci regulate AMP attack via mecha-
nisms that include lipid A modification and an efflux pump.
LL-37 toxicity for eukaryotic cells remains low, probably be-
cause eukaryotic cell membranes do not have a negative net
charge (31).

In order to further investigate the bactericidal activity of
LL-37, various Neisseria strains were examined for their sus-
ceptibility to LL-37. Our results show that LL-37 exhibits po-
tent killing activity against N. meningitidis, whereas adhesion to
host cells, LOS, and the capsule was found to contribute to
resistance to LL-37. Neisseria bacteria can respond to sublethal
doses of LL-37 to increase capsule production.

MATERIALS AND METHODS

Synthetic LL-37. Synthetic LL-37 (NH2-LLG DFF RKS KEK IGK EFK RIV
QRI KDF LRN LVP RTE S-COOH) was synthesized by Innovagen, Lund,
Sweden. PR39 was a kind gift from Dan Andersson, IMBIM, Uppsala University,
Sweden.

Bacterial strains. N. meningitidis serogroup C strain FAM20 (20) and a LOS-
deficient FAM20 (lpxA) mutant (1) have been previously described. The MC58
serogroup B strain was sequenced in 2000 (27) and was used in the microarray
analysis for this study. All strains were grown on GC agar (Acumedia) plates
containing Kelloggs’ supplement (14) at 37°C and 5% CO2 for approximately
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18 h before use. All plating was performed in modified GC liquid (1.5% Bacto
protease peptone no. 3, 3 mM soluble starch, 23 mM K2HPO4, 7 mM KH2PO4,
150 mM NaCl).

Cell lines. FaDu (ATCC HTB-43) cells, a human-derived pharyngeal epithe-
lial cell line, were cultured at 37°C and 5% CO2 in Dulbecco’s modified Eagle’s
medium (DMEM) with Glutamax and pyruvate, supplemented with 10% fetal
calf serum (DMEM/FCS) and 0.1 mM nonessential amino acids.

Bactericidal assay. Bacteria were resuspended to 105 CFU/ml in GC liquid
supplemented with 5% FCS, mixed with 16 �M LL-37 or PR39 (a proline- and
arginine-rich AMP originally isolated from a pig intestine), and diluted in 0.1%
trifluoroacetic acid to promote the alpha helical structure or mixed with triflu-
oroacetic acid alone in triplicate experiments (under conditions of 37°C and 5%
CO2) for 3 h before survival was analyzed by plating serial dilutions. Colonies
were counted the following day, and colony counts are expressed as CFU. The
effect of LL-37 on different bacterial concentrations of FAM20 was analyzed by
incubation of 103 to 108 CFU/ml with LL-37 (at 0 and 10 �M) for 3 h. Time
experiments were performed by incubating bacteria (105 CFU/ml) with LL-37 (at
0, 2, and 10 �M) in triplicate experiments and plating serial dilutions after 0 to
180 min. For these experiments, colonies were counted the following day and
colony counts are expressed as survival ratios (numbers of CFU after peptide
incubation/numbers of CFU after control incubation).

Adhesion assay. FaDu cells were grown in 48-well plates in DMEM/FCS to be
90% confluent. The ability of LL-37 to affect recovery of bacteria from host cells
was monitored by incubating FaDu cells and FAM20 cells at a multiplicity of
infection of 5 in DMEM/FCS with LL-37 (at 0 and 10 �M) (known hereafter as
the middle stage). In some experiments, epithelial cells were treated with an
early dose of LL-37 (at 0 and 10 �M) for 30 min and were thoroughly washed
with phosphate-buffered saline (PBS) to remove all unbound LL-37 before
bacteria were added for a further 2 h. In other experiments, bacteria were added
to epithelial cells for 1 h and thoroughly washed with PBS before LL-37 (at 0 and
10 �M) was added for a further 2 h (late stage). Adhered bacteria were quan-
tified by lysing cells for 5 min in 1% saponin and plating serial dilutions. For the
plastic adhesion experiments, bacteria resuspended to 108 CFU/ml were incu-
bated with LL-37 (at 0 and 10 �M) for 2 h (under conditions of 37°C and 5%
CO2) in plastic microtiter plates (middle stage). In some experiments, bacteria
were incubated for 1 h with cell culture medium, washed extensively, and sub-
sequently incubated with LL-37 (at 0 and 10 �M) for a further 2 h (late stage).
Adhered bacteria were then quantified as described previously. All experiments
were performed in triplicate at least two times.

Flow cytometry. Bacteria resuspended to 108 CFU/ml were incubated with
LL-37 for 30 min (under conditions of 37°C and 5% CO2) and fixed with 4%
paraformaldehyde. Samples were then stained with biotinylated anti-LL-37 poly-
clonal antibody (Innovagen) (20 �g/ml) and streptavidin–R-phycoerythrin
(Caltag Laboratories) (1:1,000). FaDu cells were incubated with 10 �M LL-37
diluted in 0.1% bovine serum albumin–PBS at 4°C for 30 min, followed by LL-37
staining as described above. All samples were read in a FACScan cytometer (BD
Biosciences), and the resultant data were analyzed with Cell Quest Pro software
(BD Biosciences).

ELISA. The level of capsule expression was measured by whole-cell en-
zyme-linked immunosorbent assay (ELISA) analysis with 95/678 monoclonal
antibody. Wells were coated with 100 �l of bacteria solution (optical density
at 595 nm, 0.1) overnight at 4°C, blocked with 2% bovine serum albumin (2
h), incubated with 95/678 monoclonal antibody (1:400) overnight (4°C), and
incubated with horseradish peroxidase-goat anti-mouse immunoglobulin G
(1:5,000) for 1 h. Plate-bound peroxidase was detected using TMB (3,3�,5,5�-
tetramethylbenzidine) and stop solution, and the absorbance was measured at
450 nm (reference wavelength, 490 nm).

Generation of a capsule-deficient N. meningitidis mutant. The capsule synthe-
sis operon was inactivated with a chloramphenicol resistance gene by transfor-
mation of wild-type N. meningitidis strain FAM20. The chloramphenicol resis-
tance gene was amplified from pACYC184 with the primers cm-fwd (5�-GGT
ACC AGA GCC GCA GGC GTT TAA GGG CAC CAA TA-3�) and cm-rev1
(5�-GGT ACC CCT GCA ATC AGT AAG TTG GCA GCA TC-3�). The end of
the ctrA gene from the FAM20 genome was amplified with the primers ctrA-fwd
(5�-ATG CCG TCT GAA ACC AAC TGC TCT GGC AAC TT-3�) and ctrA-rev
(5�-CCT TAA ACG CCT GCG GCT CTG GTA CCT GTA ATG CAA A-3�),
and the end of the siaC gene from the FAM20 genome was amplified with the
primers siaC-fwd (5�-CAA CTT ACT GAT TGC AGG GGT ACC TTA TGC
TTT GCT T-3�) and siaC-rev (5�-TTC AGA CGG CAT ATT GCC TGG GCG
TTT AAC CCA T-3�). The primers were designed to have overlapping ends. The
three different PCR fragments were ligated in a PCR done in two steps: (i) 7
cycles without any primers added followed by (ii) 35 cycles with the primers
ctrA-fwd and siaC-rev. The fragment obtained was incorporated into TOPO

pCR2.1 cloning vector. FAM20 bacteria were resuspended to 108 CFU/ml in GC
liquid, and 20 �l of bacterial suspension was added to 200 �l of GC liquid
containing 1 �g of linearized plasmid and incubated at 37°C for 30 min before
dilution in 2 ml of GC liquid supplemented with Kellogg’s supplement and
incubation for 4 h (under conditions of 37°C and 5% CO2) with constant shaking.
The transformation mixture was diluted and plated on GC agar plates containing
10 �g of chloramphenicol/ml. Positive transformants were confirmed by PCR
using the primers ctrA-upstream (5�-TTC TGC ACC AAA CGC ACC ATC
A-3�) and cm-rev2 (5�-AAT CAG TAA GTT GGC AGC ATC-3�).

Generation of a PilT-deficient N. meningitidis mutant. The pilT gene was
insertionally inactivated by transformation of wild-type N. meningitidis strain
FAM20 with a plasmid containing the pilT gene disrupted with a kanamycin
resistance marker. An internal fragment of the pilT gene was amplified by PCR
using the primers pilT-fwd (5�-GCC GTC TGA AAC AAA GCA TCC GAC
CTT CAC CT-3�) and pilT-rev (5�-ACC AGC GAT TGC AGC GAT T-3�).
Primer pilT-fwd contains a DNA uptake sequence (GCC GTC TGA A) at the 5�

end, which is required for efficient DNA transformation in Neisseria bacteria
(10). This fragment was cloned into pUC19 (Invitrogen) to produce pUC19/PilT.
An 886-bp kanamycin resistance gene was inserted into a unique AgeI site of the
pilT fragment carried by pUC19/PilT to produce the transformation plasmid
pUC19/PilT::kan. The wild-type N. meningitidis FAM20 strain was transformed
with HindIII-linearized pUC19/PilT::kan. Linearized vector was transformed in
FAM20 bacteria as described for the capsule mutant. The transformation mix-
ture was diluted and plated on GC agar plates containing 50 �g of kanamycin/ml.
Positive transformants were confirmed by PCR.

Sublethal LL-37 treatment. For microarray and real-time PCR experiments,
MC58 bacteria that had been resuspended in DMEM/FCS were grown to the log
phase. Aliquots (1 ml) were mixed with LL-37 to give final concentrations of 0
and 5 �M and were incubated for 30 or 60 min (under conditions of 37°C and 5%
CO2) with constant shaking. A 5 �M concentration was found to be sublethal by
performing a killing assay (data not shown).

RNA isolation. Bacterial suspensions (1 ml) were immediately mixed with 2 ml
of RNA Protect (Qiagen), and RNA was isolated using an RNEasy kit (Qiagen),
including DNase I on-column digestion (Qiagen). Cells were lyzed with Tris-
EDTA buffer[ens]lysozyme (5 mg/ml) and eluted in 100 �l of water. The con-
centration and purity were analyzed using a NanoDrop spectrophotometer and
a Bioanalyzer.

Microarray analysis. An N. meningitidis MC58 antisense Affymetrix NIMBLE
genome array was used. RNA (10 �g) was reverse transcribed to cDNA by the
use of random hexamer primers, fragmented by DNaseI, and labeled with
terminal transferase and biotinylated Gene Chip DNA labeling reagent at the
3� terminus. Each RNA sample was hybridized with one gene array. Gene
Chip operating software (version 1.4) was used to analyze the gene expression
data. With this software, the detection algorithm determines whether a mea-
sured transcript is detected or not detected on a single array according to a
detection P value that is computed by applying the one-sided Wilcoxon’s
signed rank test to test discrimination (R) scores against a predefined ad-
justable threshold.

Real-time RT-PCR analysis. RNA (150 ng) isolated from independent sam-
ples of bacteria treated with sublethal concentrations of LL-37 was reverse
transcribed into cDNA with random hexamers by the use of a Superscript III
first-strand synthesis Supermix kit (Invitrogen). For real-time PCR amplifi-
cation, Power SYBR green PCR master mix (ABI) was used with an ABI
Prism 7300 sequence detector (ABI) according to the manufacturer’s guide-
lines. The ribosomal protein coded by gene NMB0140 was chosen as an
internal control, since it was not transcriptionally regulated in the MC58
microarray studies. The primers used were NMB0140 fwd (5�-GTG CAG
TTG TAA AAG GCC CGA TTC-3�), NMB0140 rev (5�-TGG GTG CGG
ATT TCC AAT TGC T-3�), NMB0067 fwd (5�-GAA GGG ACT GGA ACA
TAT GCT C-3�), NMB0067 rev (5�-TCA GGA AAG GGG ACA TGC AA-
3�), NMB0068 fwd (5�-TCT GAA GCC TTT CCA GAC GCA ATC-3�), and
NMB0068 rev (5�-GCG GTC AGT AAA GTG ACG CTC TAA-3�). The data
were analyzed using the relative standard curve method and are presented as
relative copy numbers of mRNA levels normalized to NMB0140. For each
time point, 0 �M LL-37 was further normalized to give a relative copy
number of 1. Each PCR experiment was performed two times in triplicate.

Statistical analysis. Student’s t test and Microsoft Excel were used to analyze
differences between groups for statistical significance. Two-tailed homoscedastic
tests were used with a p level of significance of less than 0.01 unless otherwise
indicated.
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RESULTS

LL-37 kills N. meningitidis in a dose- and time-dependent
manner. The human LL-37 AMP is present in human plasma
at a concentration of around 0.3 �M and on unstimulated
epithelial surfaces at 0.5 �M and has been detected at highly
elevated concentrations (11 �M) on inflamed epithelial cells
and in wound tissue (25). Some reports claim that the killing
capacity of LL-37 is reduced under conditions of physiological
salt concentrations (5). Our experiments thus aimed to mimic
human physiological salt conditions (150 mM) to gain insight
into the in vivo interaction between the pathogen and AMP.
After 3 h of treatment, LL-37 (16 �M) was able to kill almost
all N. meningitidis FAM20 bacteria at 105 CFU/ml, while PR39,
a porcine AMP rich in proline and arginine, was unable to
significantly reduce the bacterial load at the same concentra-
tion, highlighting the different specificities of AMP-mediated
killing (Fig. 1A).

The kinetics of LL-37-mediated killing was investigated by
incubating N. meningitidis serogroup C strain FAM20 (resus-
pended to 103 to 108 CFU/ml) with LL-37 (at 0 and 10 �M) for
3 h. These data show that LL-37 has the capacity to kill high
numbers of bacteria at micromolar concentrations. A 10 �M

concentration of LL-37 was able to reduce bacterial viability by
more than 99% at 103 to 105 CFU/ml (P � 0.01) and by at least
90% at 106 to 107 CFU/ml (P � 0.01; Fig. 1B). Bacteria (at 105

CFU/ml) were incubated with LL-37 for increasing time peri-
ods. No growth inhibition or bactericidal activity could be
observed at 2 �M LL-37; however, use of 10 �M LL-37 re-
sulted in killing that occurred in a time-dependent manner
(Fig. 1C), with approximately 20% bacterial survival after 30
min (P � 0.01) and less than 1% survival after 3 h (P � 0.01).

LOS protects Neisseria meningitidis from LL-37-mediated
killing. The lpxA mutant strain does not express the surface
endotoxin LOS, since it lacks the gene encoding an enzyme
responsible for the first step of the lipid A biosynthesis pathway
(1). LL-37 was more efficient at killing the lpxA-deficient mu-
tant, killing significantly more lpxA mutants than FAM20 bac-
teria at between 2 and 16 �M (P � 0.01; Fig. 2A). Interestingly,
more than 99% of lpxA mutant bacteria were killed at 2.0 �M
LL-37 whereas only 20% of FAM20 bacteria were killed (P �
0.01) (Fig. 2A). We also confirmed that FAM20 and lpxA
bacteria had identical growth rates in the growth medium (data
not shown).

To further understand why the lpxA mutant was more sus-
ceptible, we analyzed LL-37 binding to the surface of bacteria.
FAM20 wild-type and lpxA mutant bacteria were incubated
with LL-37 (at 0 to 500 nM) for 30 min. Figure 2B shows that

FIG. 1. AMP-mediated killing of N. meningitidis FAM20. (A) Bac-
teria at 105 CFU/ml were incubated with LL-37 and PR39 (at 0 and 16
�M) for 3 h. (B) Bacteria at 103 to 108 CFU/ml were incubated with
LL-37 (at 0 and 10 �M) for 3 h. (C) Bacteria at 105 CFU/ml were
incubated with LL-37 (at 0, 2, and 10 �M) for 0 to 180 min. Viable
counts were determined, with data presented as CFU per milliliter or
mean survival ratios � standard errors (n � 3). � represents a statis-
tically significant difference (P � 0.01).

FIG. 2. LOS-deficient N. meningitidis bacteria are more susceptible
to LL-37-mediated killing. (A) N. meningitidis strain FAM20 (sero-
group C) and the isogenic lpxA mutant strain lacking LOS, after being
resuspended to form 105 CFU/ml, were incubated with LL-37 (0 to 16
��) for 3 h. Viable counts were determined, with data presented as
mean survival ratios � standard errors (n � 3). (B) The FAM20 strain
and the isogenic lpxA mutant strain, after being resuspended to 108

CFU/ml, were treated with LL-37 (0 to 500 nM) for 30 min at 22°C and
subsequently fixed and stained using a biotinylated anti-LL-37 anti-
body before analysis by flow cytometry. The numbers of LL-37-binding
bacteria are expressed as percentages of the total number of bacteria.
Data are presented as mean percentages � standard errors (n � 3).
(C) Representative histogram plots showing LL-37 binding to the
FAM20 strain and the lpxA mutant strain after incubation with 125 nM
LL-37. � and �� represent statistically significant differences (P � 0.01
and P � 0.05, respectively).
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lpxA mutant bacteria accumulated LL-37 on the surface after
exposure to concentrations of LL-37 lower than those required
to produce the same effect on FAM20 bacteria. For example,
following the incubation of FAM20 and lpxA mutant bacteria
with 125 nM LL-37, 18% of FAM20 bacteria exhibited LL-37
binding, whereas significantly (P � 0.01) more lpxA mutant
bacteria (87%) were positive for LL-37 binding (Fig. 2C).

The neisserial capsule protects bacteria from LL-37. It has
previously been shown that capsule polysaccharides from
gram-negative bacteria contribute to resistance to AMP (3,
26). In particular, Spinosa et al. (26) demonstrated that the
capsule plays a key defensive role, protecting intracellular se-
rogroup B N. meningitidis from various AMPs. Killing assays
(Fig. 3A) demonstrated that N. gonorrhoeae was significantly
more susceptible to LL-37 than encapsulated N. meningitidis.
Most neisserial capsules associated with invasive diseases con-
tain sialic acid, with serogroup B �2–8-linked N-acetylneura-
minic acid and serogroup C �2–9-linked partially O-acetyl-
neuraminic acid. We wanted to test the serogroup C capsule
and constructed a capsule-deficient mutant of the serogroup C
FAM20 strain by insertional inactivation of the sia operon. The
absence of the capsule was confirmed by ELISA (Fig. 3B) and
PCR (data not shown). The growth rate and pilus expression of
the capsule mutant were verified to be identical to those of the
wild-type FAM20 strain (data not shown). The capsule mutant
was compared to the isogenic wild-type FAM20 strain in an
LL-37 killing assay and found to be significantly more suscep-
tible to LL-37 (Fig. 3C). We analyzed LL-37 binding to the
surface of wild-type and capsule-deficient bacteria. Figure 3D
shows that capsule-deficient bacteria accumulated LL-37 on
the surface after exposure to lower concentrations of LL-37
compared to wild-type strain FAM20 results. Following incu-
bation of bacteria with 250 nM LL-37, 30% of FAM20 bacteria
exhibited LL-37 binding, whereas significantly (P � 0.01) more
of the capsule-deficient bacteria (58%) were positive for LL-37
binding (Fig. 3D).

Neisseria bacteria respond to LL-37 by upregulating the
capsule. To determine whether LL-37 regulates the transcrip-
tion of neisserial genes, a microarray study was performed,
with bacteria exposed to sublethal doses of LL-37 (0 and 5 �M)
for 30 min. The sublethal dose of LL-37 was chosen after
killing assays were performed with strain MC58 (data not
shown). Affymetrix oligonucleotide Nimble arrays were used
with strain MC58 (serogroup B). Numerous genes were regu-
lated; 12 of the most completely regulated genes are listed in
Table 1. (The complete list of genes exhibiting 	1.5-fold reg-
ulation is presented online in Table S1 and Table S2 in the
supplemental material.) In particular, two capsule genes,
NMB0068 (siaC) and NMB0067 (siaD), were found to have
been upregulated 2.57-fold and 2.20-fold, respectively, after 30
min of LL-37 treatment, while lipA (encoding a capsule poly-
saccharide modification protein) was upregulated 1.3-fold after
30 min but not after 60 min. Spinosa et al. (26) also found that
lipA was upregulated 1.6-fold in response to treatment with
sublethal concentrations of LL-37. We verified the altered
gene transcription data by performing real-time RT-PCR using
bacteria treated with sublethal concentrations of LL-37.
NMB0140, encoding a ribosomal protein, was chosen as an
internal housekeeping gene. Real-time PCR data revealed that
NMB0068 (siaC) and NMB0067 (siaD) were significantly up-

regulated at all time points (Fig. 4A). In order to test whether
the two- to threefold upregulation of capsule genes was phys-
iologically relevant, we measured neisserial capsule content by
ELISA after exposure of bacteria to sublethal LL-37 concen-
trations. Indeed, capsule production was upregulated approx-
imately 1.5-fold (P 
 0.01) in response to the LL-37 treatment
(Fig. 4B).

N. meningitidis bacteria are protected from LL-37 when they
are attached to an epithelial cell surface. LL-37 is expressed on
epithelial surfaces and can be induced (7) or downregulated (2,
12) in response to infection. N. meningitidis infects humans via
the nasopharyngeal tract and attaches to epithelial cells before

FIG. 3. The neisserial capsule protects bacteria from LL-37.
(A) The encapsulated N. meningitidis FAM20 strain and N. gonor-
rhoeae strain MS11 were incubated with LL-37 (0 to 3.2 ��) for 3 h.
Viable counts were determined, with data presented as mean percent-
ages of survival � standard errors (n � 3). (B) ELISA verification of
the capsule-deficient strain FAM20�Capsule compared to wild-type
FAM20. OD405, optical density at 405 nm. (C) FAM20 and
FAM20�Capsule, after being resuspended to form 105 CFU/ml, were
incubated with LL-37 (0 to 8 �M). Viable counts were determined
after 3 h. Data are presented as mean survival ratios � standard errors
(n � 3). (D) FAM20 bacteria and the isogenic capsule-deficient mu-
tant, after being resuspended to form 108 CFU/ml, were treated with
LL-37 (0 to 500 nM) for 30 min at 22°C and subsequently fixed and
stained using a biotinylated anti-LL-37 antibody before analysis by flow
cytometry. The numbers of LL-37-binding bacteria are expressed as
percentages of the total number of bacteria. Data are presented as
mean percentages � standard errors (n � 3). � and �� represent
statistically significant differences (P 
 0.01 and P 
 0.05, respec-
tively).
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invading and transversing the subepithelium and entering the
bloodstream. We aimed to test the feasibility of using exog-
enously delivered LL-37 to prevent colonization. For these
studies, we chose the FaDu human nasopharyngeal cell line.
We investigated the effect of LL-37 on bacterial adhesion by
adding LL-37 at early, middle, and late stages throughout the
infection process (Fig. 5A). For early treatment, we precoated
epithelial cells with LL-37 by adding the peptide (10 �M) to
cells for 30 min, washing away unbound LL-37, and then add-
ing bacteria for a further 2 h, which is long enough for bacteria
to attach to the cell surface but not long enough for bacteria to
invade the cells. Our data showed that early treatment of the
cells with LL-37 had no effect on the recovery of viable bacteria
(Fig. 5B), despite high levels of LL-37 binding to the epithelial
cell surface (Fig. 5C). Middle-stage treatment involved adding
bacteria and LL-37 (10 �M) to the cells at the same time.
Here, we found that the recovery of viable bacteria from the
cell-associated population was reduced to 12.5% � 6% due to
the presence of LL-37 (Fig. 5B). Interestingly, late-stage treat-
ment of LL-37, which involved adding LL-37 (10 �M) after
bacteria had been allowed to attach to epithelial cells for 1 h,
did not kill the bacteria (Fig. 5B).

We wanted to investigate the mechanism underlying the
protection from LL-37 that bacteria receive when attached to
host cells. We hypothesized that the host cell surface micro-
environment played a key role in mediating the observed pro-
tection. To test this theory, we designed another adhesion
assay that allowed bacteria to adhere to plastic microtiter
plates. There was no significant difference between middle-
stage (LL-37 and bacteria added at the same time) and late-
stage (10 �M LL-37 added after bacteria had already been
attached to the plastic for 1 h) treatment of LL-37 (Fig. 5D).
To test whether the resistance can be explained by the “sink
effect,” LL-37 (at 0 and 10 �M) was added to a confluent
monolayer of FaDu cells or, as a control, was added to wells
containing medium only (no cells) for 30 min. The supernatant
from FaDu cells preincubated with LL-37 or medium alone
was then added to 5 � 105 FAM20 bacteria and incubated with

FIG. 4. The neisserial capsule is upregulated in response to treat-
ment with sublethal concentrations of LL-37. (A) Verification of tran-
scription induced in N. meningitidis serogroup B strain MC58 by treat-
ment with sublethal concentrations of LL-37 as quantified by real-time
RT-PCR. MC58 bacteria were grown to the log phase and then ex-
posed to LL-37 (0 and 5 �M) for 30 or 60 min before RNA was
immediately harvested and reverse transcribed to cDNA. Real-time
PCR using SYBR green was performed on the capsule genes siaC
(NMB0068) and siaD (NMB0067). Expression levels were normalized
to that of the housekeeping gene NMB0140 and are expressed as
relative copy numbers, with 0 �M LL-37 further normalized to give a
relative copy number of 1.0. (B) Strain FAM20 and the capsule-defi-
cient mutant strain were grown to the log phase and then exposed to
0 (
) or 5 (�) �M LL-37 for 60 min before analysis by ELISA to
determine the presence of the capsule. � and �� represent statistically
significant differences (P � 0.01 and P � 0.05, respectively). OD450,
optical density at 450 nm.

TABLE 1. A selection of genes regulated in response to a sublethal LL-37 dose

Category ORFa Description Fold changeb (time �min�)c

Resistance NMB1955 Cadmium resistance 3.59 (30)
NMB1715 mtrD 2.12 (30)
NMB1763 Codes for putative toxin-activating protein 2.24 (30), 2.04 (60)

Capsule NMB0068 siaC 2.57 (30)
NMB0067 siaD 2.20 (30)
NMB0082 lipA 1.33 (30)

Other NMB0360 Codes for ampG-related protein 2.02 (30)
NMB0663 nspA 0.48 (60)
NMB1628 Codes for putative tspB protein 2.14 (30), 1.86 (60)

Hypothetical NMB1404 Hypothetical 3.86 (30), 2.63 (60)
NMB0660 Hypothetical 3.76 (30), 3.17 (60)
NMB1746 Hypothetical 3.28 (30), 3.37 (60)

Housekeeping NMB0140 30S (S10) ribosomal 1.06 (30), 1.03 (60)

a Designations represent N. meningitidis Serogroup B genome sequence open reading frames (ORF) (27).
b Fold change values represent the ratios of mRNA transcript levels in LL-37-treated strain MC58 to those detected in untreated strain MC58.
c Values indicate whether the induced regulation occurred after 30 or 60 min of exposure to sublethal LL-37 doses.
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gentle shaking for 2 h. The potency of supernatant containing
LL-37 with respect to killing FAM20 bacteria was equal to that
of LL-37 (data not shown), indicating that the cell membrane
does not act in a sink-effect-like manner to mop up LL-37.
Overall, these data show that Neisseria bacteria attached to

host cells were approximately 10-fold more resistant to 10 �M
LL-37 than bacteria in solution or bacteria attached to plastic.

Thus, our data reveal that the cell microenvironment is an
important factor mediating the protection of bacteria from
LL-37, since bacteria attached to plastic do not receive the
same protection from LL-37 as bacteria attached to cells. We
hypothesized that bacteria probably need to have very close
contact with the host cell surface to receive the cell-mediated
protection. The initial attachment of bacteria to the cell sur-
face is mediated through binding of pili to cell surface recep-
tors. Pili retract and bring the bacteria into close proximity to
the host cell membrane, where an intimate interaction is me-
diated though binding interactions between cell CEACAM
receptors and bacterial Opa proteins. PilT is a molecular mo-
tor responsible for pilus retraction (20). Mutants lacking PilT
are unable to retract their pili and thus cannot make intimate
contact with host cells.

To further define the mechanism of adhesion-mediated pro-
tection, we constructed an isogenic mutant lacking PilT. Loss
of PilT protein expression was confirmed by Western blot
analysis using rabbit polyclonal serum raised against recombi-
nant PilT (data not shown). The PilT mutant was verified to
have growth rates in cell culture medium similar to those of
wild-type FAM20 bacteria (data not shown). We utilized the
PilT mutant in the adhesion assay and found again that late-
stage treatment of LL-37 was ineffective in reducing the recov-
ery of viable bacteria from host cells (Fig. 5F). Evaluating the
importance of retractile pili for cell-mediated protection from
LL-37 was complicated by the fact that the PilT mutant was
significantly more resistant to LL-37 than wild-type meningo-
cocci in the absence of cells (Fig. 5E). However, our results
show that PilT is not required for the increased resistance
shown by adherent bacteria. The evidence of protection from
AMPs mediated by adhesion to host cells reveals a previously
undescribed method by which N. meningitidis bacteria evade
the immune system.

DISCUSSION

N. meningitidis is an obligate human pathogen that normally
first encounters human epithelial cells in the nasopharyngeal
tract. In fact, meningococci colonize the nasopharyngeal mu-
cosa of 10% of healthy individuals (4). AMPs are important
components of the innate immune system; as a first line of
defense, they protect various epithelial surfaces against invad-
ing pathogens (30). Bacteria have evolved numerous effective
mechanisms to evade the human innate and adaptive immune
systems, including secretion of toxins, modulation of bacterial
surfaces, and inhibition of complement components and efflux
pumps (for a thorough review, see reference 6). Neisseria bac-
teria have an energy-dependent multiple transferable resis-
tance efflux pump that contributes resistance to hydrophobic
agents such as LL-37 (23). Nonetheless, bacterial resistance to
the host repertoire of AMPs remains surprisingly low, since
AMPs target the bacterial membrane, the microbial weak
point, which is distinct in this respect from eukaryotic cell
membranes (31). LL-37 is widely expressed in human epithelial
cells, including the respiratory tract epithelia targeted by
pathogenic N. meningitidis (8). Among the key findings of our
study were the novel data showing that N. meningitidis is pro-

FIG. 5. N. meningitidis bacteria attached to host cells are protected
from LL-37. (A) Schematic representing early-, mid-, and late-stage
treatments with LL-37 for the adhesion assay. (B) FaDu cells were
infected with strain FAM20 (multiplicity of infection � 5) and treated
with LL-37 (at 0 and 10 �M). control, no LL-37 treatment; early,
epithelial cells were treated with LL-37 for 30 min and then thoroughly
washed before addition of bacteria for 2 h; mid, bacteria and LL-37
were added to epithelial cells at the same time for 2 h; late, bacteria
were added to epithelial cells to attach for 1 h and thoroughly washed
before LL-37 was added for an additional 2 h. Cells were thoroughly
washed and viable counts of adherent bacteria determined. Data rep-
resent mean percentages of recovery (treated) compared to control
results (untreated) � standard errors (n � 3). (C) FaDu cells were
incubated with LL-37 (at 0 and 10 �M) for 30 min at 4°C, washed,
stained with a biotinylated anti-LL-37 antibody, and analyzed by flow
cytometry. Representative histogram shows LL-37 binding to FaDu
cells after incubation with LL-37. (D) FAM20 and LL-37 (at 0 and 10
�M) were added to plastic microtiter plates. control, no LL-37 treat-
ment; mid, bacteria and LL-37 were added to plates at the same time
for 2 h; late, bacteria were added to plates to attach for 1 h and
thoroughly washed before LL-37 was added for an additional 2 h.
Plates were thoroughly washed to remove unbound bacteria and viable
counts of adherent bacteria determined. Data represent mean percent-
ages of recovery (treated) compared to control results (untreated) �
standard errors (n � 3). (E) Strain FAM20 and PilT mutant bacteria,
after being resuspended to form 105 CFU/ml, were incubated with 0 to
16 �M LL-37, and viable counts were determined after 3 h. Data
represent mean survival ratios � standard errors (n � 3). (F) FaDu
cells were infected with FAM20�PilT as described for panel B. � and
�� represent statistically significant differences (P � 0.01 and P � 0.05,
respectively).
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tected from 10 �M LL-37 when bacteria are attached to host
epithelial cells. Recovery of viable bacteria is reduced to 12.5%
when LL-37 is added simultaneously with bacteria, under
which conditions LL-37 presumably kills bacteria before they
have a chance to attach to host cells. However, when bacteria
are given the chance to attach to host cells for 1 h prior to
LL-37 treatment, bacteria survive in the presence of LL-37. We
were interested to further investigate this fascinating and novel
form of bacterial protection. Bacteria were resistant to 10 �M
LL-37 after 1 h of attachment to host cells, which is long
enough for bacteria to attach to cells but not long enough for
bacteria to invade. We speculated that bacteria obtain protec-
tion from host cells by being closely associated with the host
cell membrane. To test this theory, we constructed a PilT-
deficient mutant strain of FAM20 bacteria, which were unable
to retract their pili and thus could not make an intimate at-
tachment to host cells. We anticipated that PilT mutant bac-
teria would be more susceptible to LL-37 when loosely at-
tached to host cells via their pili; however, we were surprised to
find that the attached PilT mutant bacteria exhibited a small
increase in resistance compared to the wild-type strain. This
phenomenon may have been due to the PilT-deficient mutant
bacteria forming larger microcolonies. Adhesion studies using
both PilT mutant and wild-type strains revealed that intimate
cell contact was not necessary to mediate the protection that N.
meningitidis bacteria experience when attached to host cells.
To determine whether a cell environment was necessary at all
for mediation of the attachment protection, we performed
adhesion assays using plastic microtiter plates and demon-
strated that bacteria attached to plastic do not receive the same
protection as bacteria that adhere, either loosely or tightly, to
host cells. Thus, it became apparent that the cell microenvi-
ronment does indeed mediate the adhesion protection. One
explanation may be that attached bacteria are physically
shielded from the bactericidal activity of LL-37 via their asso-
ciation with the host cell membrane and associated proteins.
Alternatively, protection may be mediated by the neutraliza-
tion of negatively charged bacterial membranes when bacteria
associate with the host cell membrane (21). In addition, pro-
phylactic treatment of LL-37 (at the early stage) did not pro-
tect host cells from bacterial colonization, despite LL-37 bind-
ing avidly to host cells. It is also important to consider that N.
gonorrhoeae has been shown to downregulate LL-37 expression
in endocervical ME-180 cells after 6 h of infection (2). Our
experimental system utilized an exogenous source of LL-37, so
any bacterially induced downregulation of LL-37 in host epi-
thelial cells would not influence the adherence-mediated bac-
terial protection.

Another interesting finding from our study was that LOS
contributes to resistance to LL-37. LOS is the bacterial endo-
toxin of N. meningitidis and the major cause of fulminate me-
ningococcal sepsis due to overstimulation of the cellular im-
mune response. We demonstrated that a LOS-deficient mutant
is more sensitive to LL-37 than the wild-type strain and binds
more LL-37 that the wild-type strain. These data strongly sug-
gest that LOS limits the interaction of LL-37 with the bacterial
surface, either by providing a protective charge for the bacteria
or by physically inhibiting LL-37, i.e., halting LL-37 at the
outer surface and blocking access to the vulnerable inner mem-
brane. LL-37 has been previously shown to neutralize lipopoly-

saccharide (9), while surface modifications in the LOS mole-
cule are considered important mechanisms regulating AMP
resistance (19). Spinosa et al. (26) recently used a strain of N.
meningitidis deficient in both the capsule and LOS outer core
to demonstrate that LOS may contribute to AMP resistance.
We also show that LOS mediates neisserial resistance to LL-
37, possibly by preventing binding of LL-37 to the bacteria. It
is important to point out that the LOS-deficient mutant was
susceptible to the human cathelicidin LL-37, which is ex-
pressed in nasopharyngeal epithelial cells (where Neisseria bac-
teria commonly colonize) at concentrations within the re-
ported range (25), thereby demonstrating the physiological
relevance of our work.

Another major finding from our study of the interaction
between LL-37 and Neisseria bacteria was the confirmation
that the polysaccharide capsule is also involved in resistance to
LL-37. Spinosa et al. (26) previously demonstrated that the
serogroup B polysaccharide meningococcal capsule (alpha-2,8-
linked sialic acid) is important for intracellular survival in hu-
man cells (26), while others have shown that the Klebsiella
pneumoniae capsule (consisting of complex acidic polysaccha-
rides) confers resistance to various AMPs (3). Llobet et al. (17)
recently showed that anionic bacterial capsule polysaccharides
block bactericidal activity of AMPs via binding, thus reducing
the amount of peptide reaching the bacterial surface, but that
cationic or uncharged ones did not have the same effect. Con-
versely, other groups have found that the capsule of K. pneu-
moniae and K1 capsular polysaccharides of Escherichia coli do
not protect against AMPs (15, 29). Our data confirm that the
serogroup C polysaccharide capsule contributes to neisserial
resistance to LL-37. We demonstrated that an N. meningitidis
capsule-deficient mutant is more sensitive to LL-37 than the
wild-type strain and that the capsule-deficient mutant binds
more LL-37, as shown in the fluorescence-activated cell sorter
study. One of the most striking findings of our capsule study
was that the presence of sublethal concentrations of LL-37
upregulated the transcription of the siaC and siaD capsule
genes. These data are in agreement with the studies by Spinosa
et al. (26), who found that bacteria upregulated transcription
of the capsule lipA gene after exposure to sublethal concen-
trations of AMP. We provide further evidence that sublethal
LL-37 treatment results in an upregulated N. meningitidis cap-
sule. We are currently studying how N. meningitidis senses the
presence of AMPs and how the signal is transduced to upregu-
late production of the capsule.

We found that N. meningitidis bacteria were killed by LL-37
in a time- and dose-dependent manner. LL-37 begins to kill N.
meningitidis within 30 min but is more effective after 3 h. As
expected, the effectiveness of LL-37 potency was directly pro-
portional to the bacterial load, with 10 �M LL-37 effectively
killing more than 99% of bacteria at 103 to 105 CFU/ml, 90%
effective against bacteria at 106 to 107 CFU/ml, and not very
effective against 108 CFU/ml (P � 0.01).

Our investigations of the interactions between LL-37 and
pathogenic Neisseria bacteria have shown that LL-37 exhibits
potent bactericidal activity against N. meningitidis. Physiologi-
cally relevant concentrations of LL-37 effectively prevent ad-
hesion of bacteria to host cells; interestingly, though, bacteria
that are attached to host cells remain protected from the pep-
tide. Both the capsule and the endotoxin LOS also contribute
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to the resistance of Neisseria bacteria to LL-37. N. meningitidis
bacteria also respond to LL-37 by upregulating capsule pro-
duction. We believe that our findings highlight novel directions
in which to aim research for designing new antibacterial agents
that could be useful in future treatment of gram-negative bac-
terial infections. The use of compounds that inhibit adhesion
or capsule or LOS production may make bacteria more sensi-
tive to this branch of the innate immune system.
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