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Antimicrobial peptide LL-37 ameliorates
a murine sepsis model via the induction
of microvesicle release from neutrophils

Yumi Kumagai1, Taisuke Murakami1, Kuwahara-Arai2,
Toshiaki Iba3, Johannes Reich4 and Isao Nagaoka1

Abstract

Sepsis is a life-threatening disease caused by systemic dys-regulated inflammatory response to infection. We previously

revealed that LL-37, a human cathelicidin antimicrobial peptide, improves the survival of cecal ligation and puncture

septic mice. Ectosomes, microvesicles released from neutrophils, are reported to be elevated in sepsis survivors;

however, the functions of ectosomes in sepsis remain largely unknown. Therefore, we herein elucidated the protective

action of LL-37 on sepsis, by focusing on LL-37-induced ectosome release in a cecal ligation and puncture model. The

results demonstrated the enhancement of ectosome levels by LL-37 administration, accompanied by a reduction of

bacterial load. Importantly, ectosomes isolated from LL-37-injected cecal ligation and puncture mice contained higher

amounts of antimicrobial proteins/peptides and exhibited higher antibacterial activity, compared with those from PBS-

injected cecal ligation and puncture mice, suggesting that LL-37 induces the release of ectosomes with antibacterial

potential in vivo. Actually, LL-37 stimulated mouse bone-marrow neutrophils to release ectosomes ex vivo, and the LL-37-

induced ectosomes possessed antibacterial potential. Furthermore, administration of LL-37-induced ectosomes reduced

the bacterial load and improved the survival of cecal ligation and puncture mice. Together these observations suggest LL-

37 induces the release of antimicrobial ectosomes in cecal ligation and puncture mice, thereby reducing the bacterial

load and protecting mice from lethal septic conditions.
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Introduction

Sepsis has recently been re-defined as a life-threatening

organ dysfunction resulting from dys-regulated host

response to infection, involving both pro- and anti-

inflammatory processes.1 Despite substantial advances

in our knowledge regarding the pathophysiology of

sepsis and subsequent improvements of clinical care,

sepsis is still a major cause of death in the intensive

care unit with an estimated mortality rate of

25–50%.1–3 This unacceptably high mortality is consid-

ered to be due to the absence of a reliable diagnostic

marker and definitive therapeutic strategy that man-

ages the disease.1

Neutrophils are phagocytes that are the first line of

host defense against invading pathogens.4 Neutrophils

exert antimicrobial activity through phagocytosis and

subsequent killing of microbes through the action of
reactive oxygen species and antibacterial granule pro-
teins or peptides such as myeloperoxidase (MPO),
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lactoferrin, and cathelicidins.4 Of the antibacterial pep-

tides, LL-37 is a sole human cathelicidin that is proteo-

lytically cleaved from an 18 kDa cationic antimicrobial

protein (CAP18).4 In addition to its potent antibacte-

rial activity, LL-37 exerts diverse biological activities.5

We have shown that LL-37 inhibits the spontaneous

apoptosis of neutrophils via P2X7 purinergic receptor

and formyl peptide receptor-like 1 (FPRL1),6 and sup-

presses Gram-negative bacterial LPS-induced endothe-

lial cell apoptosis by blocking the binding of LPS to

cell-surface CD14 and TLR4.7 We further demonstrat-

ed the protective action of LL-37 on a murine endo-

toxin shock model and on a mouse cecal ligation and

puncture (CLP) sepsis model.8–10

Various host cells release submicron extracellular

vesicles, including microvesicles (0.1–1.0 lm in diame-

ter) and exosomes (30–150 nm in diameter) that medi-

ate intercellular communications.11,12 During the

inflammatory response, neutrophils release microve-

sicles, called ectosomes, which bud off from the cell

membrane.11,12 Ectosomes express the cell surface mol-

ecules originating from neutrophils such as Ly6G and

phosphatidylserine (PS), and have the functional pro-

teins of neutrophils.12,13 Neutrophil-derived ectosomes

modulate the inflammatory response, either pro- or

anti-inflammatory depending on the target cells.

Ectosomes adhere to endothelial cells14 and enhance

the expression of pro-inflammatory molecules (IL-6

and IL-8) by the cells.15 In addition, ectosomes deliver

granule proteins to intestinal epithelial cells and impair

their wound healing.16 In contrast, they exert an

anti-inflammatory action on monocytes by inducing

TGF-b1 but reducing TNF-a and IL-8.17,18

Moreover, ectosomes released from bacteria-

stimulated neutrophils have bacteriostatic potential

by forming aggregates with bacteria.19

Notably, ectosome levels are reported to be aug-

mented in patients sepsis surviving;20,21 thus, ectosomes

are speculated to play a protective role in sepsis.

However, detailed actions of ectosomes in sepsis have

not been elucidated. We previously demonstrated that

LL-37 improves survival in a murine CLP sepsis

model.8,9 In this study, therefore, we elucidated the

protective action of LL-37 on sepsis, by focusing on

the effect of LL-37 on ectosome release in the CLP

model. The results demonstrated that LL-37 induced

the release of ectosome-containing microvesicles with

antibacterial potential and reduced the bacterial

burden in CLP mice. Moreover, LL-37 stimulated

mouse bone-marrow neutrophils to release antibacte-

rial ectosomes ex vivo, and the administration of LL-

37-induced ectosomes reduced the bacterial load and

improved the survival of CLP mice.

Materials and methods

Reagents

A 37-mer peptide of human cathelicidin (LL-37;
1LLGDFFRKSKEKIGKEFKRIVQ RIKDFLRNLV

PRTES37) and a 38-mer peptide of mouse CRAMP

(1ISRLAGLLRKGGEKI GEKLKKIGQKIKNFFQ

KLVPQPE,38 cathelicidin-related antimicrobial pep-

tide, a mouse ortholog of human cathelicidin peptide)

were synthesized in house by the solid-phase method

on a peptide synthesizer (model PSSM-8, Shimadzu,

Kyoto, Japan) and purified as previously described.22

Polyclonal Ab against CRAMP was raised in rabbits

by Scrum Inc. (Tokyo, Japan) and partially purified by

sodium sulfate precipitation.23 The concentrations of

synthesized peptides and purified Ab were determined

using bicinchoninic acid (BCA) protein assay reagents

(Pierce, Rockford, IL) with BSA as a standard.

N-Formyl-Met-Leu-Phe (fMLF), heparin sodium salt,

4-aminobenzoic acid hydrazide (MPO inhibitor), and

SB225002 (CXCR2 antagonist)24 were purchased from

Sigma-Aldrich (Saint Louis, MO). WRW4 (formyl

peptide receptor 2 (FPR2, a mouse ortholog of

FPRL1) antagonist),25 normal rabbit IgG, 4% parafor-

maldehyde (PFA) phosphate buffer solution, and iso-

flurane were obtained from Fujifilm Wako Pure

Chemical (Osaka, Japan). Anti-mouse CD16/CD32

(clone 2.4G2), phycoerythrin (PE)-rat anti-mouse

Ly6G (Gr1) (clone RB6-8C5), and PE-conjugated rat

IgG2b isotype control (clone LTF-2) were purchased

from eBiosciences (San Diego, CA). Rabbit anti-MPO

heavy chain (sc-33596) was from Santa Cruz

Biotechnology (Dallas, TX). FITC-conjugated

Annexin V, rabbit anti-cathelicidin (ab180760), and

rabbit anti-lactoferrin (ab15811) were purchased from

Abcam (Cambridge, UK). Percoll was from GE

Healthcare (Chicago, IL). HRP-conjugated goat anti-

rabbit IgG was obtained from Jackson

ImmunoResearch Laboratories (West Grove, PA).

The following reagents were tested for the endotoxin

level and used for isolation and stimulation of neutro-

phils as well as animal experiments: distilled water

(Otsuka Pharmaceutical Co. Tokyo, Japan), saline

(Otsuka Pharmaceutical Co.), PBS (Nacalai Tesque,

Kyoto, Japan), Hank’s balanced salt solution with

(HBSSþ) or without Mg2þ and Ca2þ (HBSS-)

(ThermoFisher Scientific, Waltham, MA), RPMI

1640 (Sigma-Aldrich), and DMSO (Sigma-Aldrich).

Murine CLP sepsis model

Specific pathogen-free BALB/c female mice (Sankyo

Labo Service, Tokyo, Japan) were allowed to acclimate

for 1 wk in a temperature-controlled facility with
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12/12 h light/dark cycles, and food and water ad libi-
tum. All experimental procedures were approved by the
Ethics Committee for the Use of Laboratory Animals
of Juntendo University (300194, April 2018).

CLP was performed according to the previous
description.26 Briefly, mice (aged 7–8 wk) were anesthe-
tized with isoflurane. The abdominal skin was disin-
fected with 70% ethanol, then a 1 cm midline
laparotomy was performed. The cecum was exterior-
ized, the contents massaged to the tip, and the distal
7 mm of the tip was ligated with 3-0 silk suture. The
ligated portion was perforated once with an 18G needle
and a small amount of stool (1 mm in length) was
extruded. The cecum was replaced back into the
abdominal cavity and the midline incision was closed
in two layers with 3-0 nylon suture. Mice were resusci-
tated by subcutaneous administration of 1 ml saline in
the neck. In the sham group, mice underwent the same
procedure without ligation and perforation. To evalu-
ate the effect of LL-37 on ectosome release in CLP
mice, 200 ll of LL-37 solution (3 lg) or PBS as a con-
trol was intravenously administered just prior to the
CLP operation. To determine the humane endpoint,
we employed the murine sepsis score that can be used
as a surrogate marker of mortality27 with some
modifications; mice were euthanized when they mani-
fested ruffled hair, no response to touch stimuli,
completely closed eyes, and consistent labored
breathing.

Preparation of the peritoneal lavage fluid and
plasma from CLP mice

Then 14–16 h after the operation, mice were anesthe-
tized with isoflurane and the blood was drawn by car-
diac puncture and mixed with 3 units of heparin
sodium (Mochida Pharmaceutical Co., Tokyo,
Japan). The platelet-depleted plasma was obtained by
centrifugation of heparinized blood at 3000 g for
20 min at 4�C. Furthermore, the skin was cut then
saline or HBSS- (3.5 ml) was injected into the perito-
neal cavity using a 26G needle, the abdomen gently
massaged, and the peritoneal exudate was collected
using a 21G needle. To count the number of peritoneal
cells, the peritoneal exudate (100 ll) was mixed with the
same volume of 4% PFA in PBS, incubated for 5 min
at room temperature (21�C), and centrifuged at 500 g
for 5 min. The pelleted cells were suspended in 100 ll of
2% PFA in PBS. Then, the fixed cells (10 ll) were
mixed with 90 ll of Turk’s solution (Nacalai Tesque),
and the numbers of polymorphonuclear cells and
mononuclear cells (macrophages) counted under a
microscope at a� 400 magnification. Peritoneal cells
were also collected from unoperated mice (without
sham and CLP operations) and counted. To determine

the bacterial load in the peritoneal exudates and blood

of CLP and sham mice, an aliquot of the peritoneal

exudates or heparinized blood was serially diluted

with PBS, plated (50 ll) on Luria-Bertani (LB) plates,

and incubated aerobically overnight (14–16 h) at 37�C.

Isolation of microvesicles from peritoneal exudates

Microvesicles were isolated according to the previous

description20 with some modification. Briefly, the peri-

toneal exudate was centrifuged at 400 g for 5 min at

4�C to sediment cells, and the supernatant was further

centrifuged at 5000 g for 10 min at 4�C to sediment cell

debris, microbes, and large-sized particles. Then the

resulting supernatant was centrifuged at 100,000 g for

1 h at 4�C to sediment microvesicles. The pellet was re-

suspended in PBS and centrifuged again (100,000 g,

30 min). The resulting pellet was re-suspended in PBS

(300–400 ll), followed by centrifugation at 10,000 g for

5 min at 4�C to further sediment the residual bacteria.

The supernatant, designated as the microvesicle frac-

tion, was subjected to downstream analyses. The

protein content of the microvesicle fractions was deter-

mined by BCA protein assay.
The microvesicles were assayed by flow cytometry

immediately after their preparation from peritoneal

exudates or supernatants of LL-37-stimulated bone

marrow-derived neutrophils (described below), as well

as after the preparation of platelet-depleted plasma. In

contrast, for analyses of Western blotting and antibac-

terial activity, the microvesicles of peritoneal exudates

and supernatants of LL-37-stimulated neutrophils (as

described in the section below) were stored at -80�C
after preparation, and thereafter the fractions were

thawed and utilized for the analyses.

Flow cytometry analysis for microvesicles

To measure the counts of neutrophil-derived ecto-

somes, the microvesicle fractions (20 ll) prepared

from peritoneal exudates or platelet-depleted

plasma were incubated with anti-CD16/CD32 IgG

(1 ng/sample) for 10 min on ice to block Fc receptors,

then incubated with PE-conjugated rat anti-

mouse Ly6G (20 ng/sample) and FITC-Annexin V

(1 ll/sample) in the binding buffer (10 mM HEPES/

NaOH, pH 7.4, 250 mM NaCl, 5 mM KCl, 1 mM

MgCl2, 1.8 mM CaCl2) for 30 min on ice. For the

gating control, microvesicles were incubated with PE-

rat IgG isotype (20 ng/sample) and FITC-Annexin

V (1 ll/sample) in Ca2þ-free buffer. To normalize the

microvesicle counts, Trucount fluorescent beads (BD

Biosciences, Farnklin Lakes, NJ) suspended in PBS

(1� 102 particles/ll) were added prior to the flow

cytometry analysis as an internal control.
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Microvesicle populations were sized by forward- and

side-scatter gates using MegaMix (0.5, 0.9, and 3 lm
beads) (Biocytex, Marseille, France) or Flow

Cytometry Sub-micron Particle Size Reference (0.5, 1,

and 2 lm beads) (Molecular Probes, Eugene, OR).

Samples were loaded to FACSVerse (BD Biosciences)

or LSRFortessa (BD Biosciences), and analyzed using

FlowJo software (Tree Star, Ashland, OR). Ectosomes
were defined as particles with a diameter of 0.5–1 lm
(0.5 lm is the minimum detection limit of the flow

cytometers used) and double-positive for both

Annexin V (a substance with an ability to bind to phos-

phatidylserine) and Ly6G (a neutrophil surface

marker) according to the previous publication.28

Assay for antibacterial activity of microvesicles

Bacteria isolated from the cecum of a BALB/c mouse

was identified as Escherichia coli using a Microflex

(Bruker, Billerica, MA) MALDI-TOF mass spectrom-
etry system. For antibacterial assay, the E. coli was

cultured in LB broth until the mid-log phase and

washed three times with PBS. Then bacteria (5� 103

cells) were incubated with the fraction containing the

indicated amounts of microvesicles or vehicle (PBS) for

20 min at 37�C by shaking at 100 rpm in a total volume

of 50 ll. Thereafter, bacteria were serially diluted with

PBS, plated on LB plates (one to three plates per

sample) and incubated overnight at 37�C. Formed col-

onies were counted, and the relative bacteria viability

was calculated and expressed as percentage by dividing

the CFU incubated with microvesicles by that with

vehicle (PBS). To examine the effect of neutralizing
Abs and inhibitors for neutrophil-derived granule

molecules, microvesicle fractions (25 ll) were pre-

incubated with anti-lactoferrin IgG (0.1 lg), anti-

CRAMP IgG (0.1 lg), normal rabbit IgG (0.1lg),
4-aminobenzoic acid hydrazide (1 lg/ml), heparin

sodium (Sigma-Aldrich; 0.1 lg), or vehicle (PBS for

IgGs, or DMSO for 4-aminobenzoic acid hydrazide)

for 20 min at room temperature, then incubated with

bacteria (5� 103 cells, 25 ll) as described above. The

antibacterial activity of microvesicle fractions in the

absence or presence of an IgG or an inhibitor was cal-

culated by the following formula: the antibacterial
activity (%)¼ (1-(CFU when incubated with microve-

sicle fraction in the absence or presence of an IgG or an

inhibitor/CFU when incubated only with PBS or

DMSO))� 100.

Western blotting

Microvesicle fractions (1–3 lg) prepared from CLP mice

were subjected to 8% or 13% SDS-polyacrylamide gel

analysis (SDS-PAGE) and transferred to a

polyvinylidene difluoride membrane (Immobilon-P,
Millipore, Billerica, MA) using a Trans Blot SD Semi
Dry Transfer Cell (Bio-Rad, Hercules, CA). The mem-
brane was blocked with Block One (Nacalai Tesque),
and incubated with a primary Ab (rabbit anti-MPO,
anti-cathelicidin, anti-LL-37 or anti-lactoferrin; 1:1000
dilution) followed by secondary Ab (HRP-goat anti-
rabbit IgG, 1:5000 dilution). The membrane was then
incubated with SuperSignal West Dura Extended
Duration Substrate (Pierce), and bands were visualized
with an ImageQuant LAS-4000 (GE Healthcare).
Furthermore, microvesicle fractions were subjected to
SDS-PAGE, and the gel was stained with Coomassie
Brilliant Blue to confirm the same amounts of proteins
were analyzed.

Isolation of mouse bone marrow-derived neutrophils
and induction of microvesicle release

Mice (11–14 wk old) were sacrificed by CO2 inhalation.
Neutrophils were isolated from mouse bone marrow
according to the previous description26 with some mod-
ifications. Briefly, femurs and tibias were taken out
then muscles, nerves, and other tissues were removed.
The bones were rinsed with 70% ethanol, followed by
washing three times with PBS. The epiphyses were
trimmed and bone-marrow cells were flushed with
RPMI 1640 medium. After passing through a 100 lm
cell strainer (PluriSelect Life Science, Leipzig,
Germany), cells were centrifuged at 400 g for 7 min
at 4�C. Erythrocytes were hypotonically lysed with
0.2% NaCl, and the osmolarity was restored with
1.6% NaCl. Cells were centrifuged at 400 g for 7 min
at 4�C, re-suspended in 5 ml PBS, laid over 5 ml of
55% Percoll layer (100% Percoll was diluted with
0.15 M NaCl), and centrifuged at 800 g for 20 min at
room temperature. Neutrophils recovered in the pellet
were washed three times with PBS, and the purity of
neutrophils was around 90% as determined by Giemsa
staining (Fujifilm Wako Pure Chemicals).

To induce microvesicle release, neutrophils were sus-
pended in HBSSþ (2 x 107 cells/ml, 100–300 ll) and
incubated with LL-37 (1, 3, or 10 lg/ml in PBS),
fMLF (10 lM in DMSO), or vehicle (PBS or DMSO)
for 45 min at 37�C. To further examine the LL-37 recep-
tors involved in the microvesicle release, neutrophils
(2� 106 cells) were pre-incubated with P2X7 antagonist
(1 mM oxATP, 1 or 10 lM A438079), CXCR2 antago-
nist (3 lM SB225002), FPR2 antagonist (0.3lM
WRW4), or vehicle (DMSO) for 20 min at 37�C, and
further incubated with LL-37 (10lg/ml) for 45 min at
37�C. The cell suspension was centrifuged at 400 g for
5 min at 4�C to sediment cells, and the supernatant was
centrifuged at 3000 g for 10 min at 4�C to sediment cell
debris and large-sized particles. The resulting

568 Innate Immunity 26(7)



supernatant was subjected to flow cytometry immediate-
ly after the preparation.

To assess the antibacterial activity of neutrophil-
derived microvesicles, neutrophils were stimulated
with LL-37 (10 lg/ml) as described above and centri-
fuged at 400 g for 5 min at 4�C. The supernatant was
further centrifuged at 100,000 g for 1 h at 4�C, and the
pellet was suspended and centrifuged (100,000 g, 30
min). The resulting pellet was re-suspended in PBS
(300–400 ll) followed by centrifugation at 3000 g for
10 min at 4�C to remove large particles. The resulting
supernatant was subjected to flow cytometry.
Alternatively, the microvesicles were stored at -80OC
after the preparation, and thereafter the fractions were
thawed and utilized for the analyses of antibacterial
activity and Western blotting, and for the assessment
of the protective action of microvesicles on CLLP mice.

Evaluation of action of LL-37-induced microvesicles

on the CLP model

Sham or CLP-operated mice were intraperitoneally
administered PBS or microvesicle fraction prepared
from LL-37-stimulated neutrophils (containing
3� 105 ectosomes) 2 h after surgery. Survival was mon-
itored every 24 h for 10 d. In separate experiments,
PBS- or microvesicle-administered mice were sacrificed
14–16 h after injection and the bacteria loads of the
peritoneal exudates and blood were measured.

Statistics

Data are shown as mean� standard deviation.
Statistical test was performed by Chi-square test,
two-tailed unpaired Student’s t-test, one-way
ANOVA, two-way ANOVA followed by multiple com-
parison test, or Kaplan-Meier survival curves by using
GraphPad Prism (Graph-Pad software, San Diego,
CA). A P value< 0.05 was considered significant.

Results

Administration of LL-37 reduces the bacterial load

and modulates inflammatory cell infiltration in
CLP mice

We previously revealed that intravenous administra-
tion of LL-37 significantly improved the survival of
CLP septic mice, when observed for 7 d.9 In this
study, the survival rate of LL-37-injected CLP mice
(LL-37-CLP) (95.2%, n¼ 21) was significantly higher
than that of PBS-injected CLP mice (PBS-CLP)
(72.7%, n¼ 22) (P< 0.05 by Chi-square test) at 14–16
h after surgery, confirming the protective action of
LL-37 on murine sepsis for a shorter period. In

contrast, the survival rate of PBS- or LL-37-injected
Sham-operated mice was 100% at 16 h (n¼ 10 each).

Because bacterial clearance is critical for controlling
inflammatory response during sepsis,2 we next evaluat-
ed the bacterial load in the peritoneal exudates
and blood of the PBS- and LL-37-injected CLP
mice. LL-37 administration significantly reduced the
bacterial load in the peritoneal exudates (PBS-CLP
vs LL-37-CLP) (P< 0.01) as well as blood (P< 0.01)
(Figure 1a). We confirmed that bacteria were not
essentially counted in the peritoneal exudates and
blood of PBS-injected sham mice (PBS-sham) or
LL-37-injected sham mice (LL-37-sham) (n¼ 10 each)
(data not shown).

Inflammatory cells are recruited to the loci of infec-
tion and inflammation;29,30 thus, we measured the
number of inflammatory cells, that is, polymorphonu-
clear cells (mostly neutrophils) and mononuclear
cells (mostly macrophages) in the peritoneal exudates
of sham and CLP mice as well as unoperated mice
(without sham and CLP operations). The number of
polymorphonuclear cells was markedly increased
in sham- and CLP-operated mice compared with unop-
erated mice. The number of mononuclear cells was
slightly increased in sham-operated mice and decreased
in CLP-operated mice compared with unoperated
mice, although the changes were not significant.
Interestingly, the CLP procedure increased the
number of polymorphonuclear cells (PBS-sham vs
PBS-CLP) (P< 0.01) but decreased mononuclear cells
(P< 0.01) compared with sham operation (Figure 1b).
Importantly, the number of polymorphonuclear cells in
LL-37-CLP was not significantly increased compared
with that in LL-37-sham but was significantly
decreased compared with that in PBS-CLP (P< 0.01)
(Figure 1b). In contrast, the number of mononuclear
cells in LL-37-CLP was significantly decreased com-
pared with LL-37-sham (P< 0.01) but was not essen-
tially different from that in PBS-CLP (Figure 1b).
These observations suggest LL-37 administration
significantly decreased the number of polymorphonu-
clear cells but did not essentially affect the number of
mononuclear cells in the peritoneal exudates of CLP
mice.

LL-37 enhances ectosome levels in CLP mice

Ectosome levels are elevated in sepsis patients com-
pared with healthy individuals31 and, interestingly,
ectosome levels are augmented in patients surviving
sepsis.20,21 Because LL-37 administration improved
the survival of CLP septic mice as previously
described,9 we speculated that ectosome levels are
increased in CLP mice and further enhanced by LL-
37 administration. Thus, we analyzed the ectosome
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level in the peritoneal exudates and plasma of sham
and CLP mice by flow cytometry. Actually, the ecto-
some level was significantly enhanced in the peritoneal
exudates of PBS-injected CLP mice compared with that
of PBS-injected sham mice (PBS-sham vs PBS-CLP)
(P< 0.05) (Figure 2a and b). Similarly, ectosome
levels were significantly enhanced in the peritoneal
exudates of LL-37-injected CLP mice compared
with LL-37-injected sham mice (LL-37-Sham vs
LL-37-CLP) (P< 0.001) (Figure 2a and b).
Interestingly, LL-37 administration significantly
enhanced the ectosome level not only in CLP mice

(PBS-CLP vs LL-37-CLP; P< 0.001) but also in
sham mice (PBS-Sham vs LL-37-sham; P< 0.05)
(Figure 2a and b). Similar to the changes in the perito-
neal exudates, the ectosome level was elevated in the
blood (plasma) of CLP mice (PBS-sham vs PBS-CLP:
P< 0.05; LL-37-sham vs LL-37-CLP: P< 0.001), and
was further elevated by LL-37 administration in CLP
mice (PBS-CLP vs LL-37-CLP; P< 0.01) (Figure 2c).
These observations demonstrate the CLP
procedure elevates ectosome numbers and LL-37
administration further enhances levels in the peritoneal
exudates and blood.
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Figure 1. Effect of LL-37 administration on the bacterial load and inflammatory cell infiltration in cecal ligation and puncture (CLP)
mice. Mice were intravenously injected with PBS (200 ll) or LL-37 (3 lg/200 ll in PBS) just prior to CLP or sham operation.
Peritoneal exudates (3 ml) and blood were collected 14–16 h after the operation, and the number of bacteria and inflammatory cells
was determined. Data are shown as the mean� SD. (a) The CFU of bacteria in the peritoneal exudates and blood of PBS- or LL-37-
injected CLP mice are presented. Values were compared and analyzed between PBS-injected CLP mice (n¼ 13) and LL-37-injected
CLP mice (n¼ 13) for peritoneal exudates, and PBS-injected CLP mice (n¼ 11) and LL-37-injected CLP mice (n¼ 13) for blood by
two-tailed unpaired Student’s t-test. (b) The number of polymorphonuclear cells and mononuclear cells (macrophages) in the peri-
toneal exudates are presented. Values were compared and analyzed among unoperated mice (Non) (n¼ 3), PBS-injected sham mice
(n¼ 10), PBS-injected CLP mice (n¼ 13), LL-37-injected sham mice (n¼ 10), and LL-37-injected CLP mice (n¼ 14) by one-way
ANOVA followed by Holm-Sidak’s multiple comparison tests. **P< 0.01. NS: not significant.
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LL-37 induces the release of microvesicles with
antibacterial potential in CLP mice

As described above, ectosome levels were elevated in
LL-37-injected CLP mice compared with PBS-injected
CLP mice, and the bacterial load was decreased in LL-
37-injected CLP mice compared with PBS-injected
CLP mice (Figures 1a and 2). These observations sug-
gest that LL-37 induces the release of microvesicles
with antibacterial capacity in CLP mice. To test the
possibility, E. coli was incubated with the ectosome-
containing microvesicle fractions prepared from PBS-
injected CLP and LL-37-injected CLP mice. The results
indicated that both fractions possessed antibacterial
activity and dose-dependently reduced the bacteria

viability (Figure 3). Furthermore, the microvesicle frac-

tions from LL-37-injected CLP mice exhibited potent

antibacterial activity compared with PBS-injected CLP

mice (Figure 3).
Next, we evaluated the antimicrobial molecules con-

tained in the microvesicle fractions from PBS-injected

CLP and LL-37-injected CLP mice. Western blot anal-

ysis revealed antimicrobial molecules such as lactofer-

rin, MPO, and cathelicidin (CRAMP) were detected in

both the microvesicle fractions from PBS-injected CLP

and LL-37-injected CLP mice; importantly, amounts of

these molecules were increased in the microvesicle frac-

tions from LL-37-injected CLP mice compared with

those from PBS-injected CLP mice (Figure 4a).
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To further determine the involvement of these anti-

bacterial molecules in the antibacterial activities of the

microvesicle fractions, we examined the effects of

neutralizing Abs against lactoferrin and CRAMP, and

an MPO inhibitor (4-aminobenzoic acid hydrazide).

Pretreatment of the microvesicle fractions with

anti-lactoferrin or anti-CRAMP Ab partially but sub-

stantially abrogated the antibacterial potential of micro-

vesicles from PBS- and LL-37-injected CLP mice, but

normal rabbit IgG did not (Figure 4b). Moreover, the

antibacterial potential of the microvesicles from PBS-

and LL-37-injected CLP mice was impaired by heparin

(Figure 4b), an anionic substance that neutralizes the

action of cationic molecules such as CRAMP.32 In con-

trast, the MPO inhibitor did not essentially affect the

antibacterial potential of the microvesicle fractions

from both PBS-injected CLP and LL-37-injected CLP

mice (data not shown). In separate experiments, we con-

firmed that anti-lactoferrin IgG, anti-CRAMP IgG,

normal rabbit IgG, heparin, and MPO inhibitor itself

did not affect the bacterial viability (data not shown),

and the Abs against lactoferrin and CRAMP neutralize

the antibacterial activity of lactoferricin and CRAMP,

respectively (data not shown). Together these

observations suggest that of the antimicrobial molecules,
lactoferrin and CRAMP but not MPO are involved in
the antibacterial capacity of microvesicle fractions, and
increased amounts of these antibacterial molecules may
be associated with enhanced antibacterial activity of
microvesicle fraction from LL-37-CLP mice compared
with PBS-CLP mice.

Because LL-37 possesses antibacterial potential,33,34

it is possible that intravenously injected LL-37 is
contaminated in the microvesicle fractions and exerts
antibacterial activity. Thus, we determined the level of
LL-37 contained in the microvesicle fractions (protein
content of 3 lg) from LL-37-injected CLP mice. The
amount of LL-37 in the fractions was below the mini-
mum detection limit (25 pg) of Western blotting using a
LL-37-specific Ab (data not shown).35 In addition, the
antibacterial activity of LL-37 was negligible below 25
pg (data not shown). These observations indicate that
intravenously injected LL-37 is unlikely to contribute
to the antibacterial potential of the microvesicle frac-
tion from LL-37-injected CLP mice, if there is any con-
tamination in the microvesicle fraction.

LL-37 induces ectosome release from mouse
bone-marrow neutrophils

As shown in Figure 2, LL-37 was shown to induce
ectosome release in CLP mice; thus, we examined
whether LL-37 stimulates neutrophils to release ecto-
some. fMLF (used as a positive control) induced ecto-
some release from mouse bone-marrow neutrophils
(Figure 5a), as previously reported.14,18 Importantly,
LL-37 dose-dependently induced ectosome release
from neutrophils (Figure 5a). Of note, the level of ecto-
somes released by LL-37 (10 lg/ml¼ 2.2 lM) was
almost the same as that released by fMLF (10 lM),
indicating a potent activity of LL-37 to release ecto-
somes from neutrophils. Furthermore, flow cytometry
analysis indicated that approximately 70% of micro-
vesicles were double positive for Ly6G and Annexin
V (Figure 5a inlet), indicating the released microve-
sicles are mostly ectosomes. In addition, we confirmed
the microvesicle fraction released from LL-37-
stimulated neutrophils possessed the antibacterial
activity (Figure 5b), and that the expression of lacto-
ferrin and CRAMP was increased in the microvesicle
fractions from LL-37-stimulated neutrophils compared
with those from vehicle-treated neutrophils (Figure 5c).
Interestingly, MPO could not be detected (data not
shown) but a smaller-sized fragment of CRAMP was
detected in the LL-37-induced microvesicles (Figure
5c). Furthermore, the LL-37-induced microvesicle frac-
tion was not contaminated with a detectable amount of
LL-37 based on Western blot analysis (data not
shown).
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Figure 3. Antibacterial activity of microvesicles isolated from
the peritoneal exudates of cecal ligation and puncture (CLP)
mice. Microvesicles (1, 2.5, or 5 lg) isolated from the peritoneal
exudates of PBS-injected CLP mice (PBS-injected CLP) or LL-37-
injected CLP mice (LL-37-injected CLP) were incubated with E.
coli for 20 min at 37�C. Relative bacteria viability was calculated
and expressed as percentage. Data are shown as the mean� SD
(n¼ 7). Values were compared and analyzed between the two
microvesicle fractions from PBS-injected CLP and LL-37-injected
CLP mice (containing 1, 2.5, or 5 lg protein) by two-way
ANOVA followed by Holm-Sidak’s multiple comparison test, and
among microvesicle fractions containing 1, 2.5, and 5 lg protein,
prepared from PBS-injected CLP or LL-37-injected CLP mice by
two-way ANOVA followed by Tukey’s multiple comparison test.
*P< 0.05, **P< 0.01, ***P< 0.001.

572 Innate Immunity 26(7)



LL-37 is reported to act on human neutrophils via

CXCR2, FPRL1, and P2X7 receptors to induce Ca2þ

intracellular mobilization, chemotaxis, and inhibition

of apoptosis.6,24 These receptors are functionally

expressed in murine neutrophils.36–38 Thus, to

determine the involvement of these receptors in the

LL-37-induced ectosome release from mouse bone-

marrow neutrophils, the effect of specific antagonists

for the receptors were examined. The results indicated

that SB225002 (CXCR2 antagonist)39 and WRW4

(antagonist for FPR2, mouse ortholog of FPRL1)25

partially but significantly reduced the LL-37-induced
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Figure 4. Detection of antibacterial molecules in microvesicles isolated from the peritoneal exudates of cecal ligation and puncture
(CLP) mice. (a) Peritoneal exudates were collected from PBS-injected CLP mice (PBS-injected CLP) and LL-37-injected CLP mice (LL-
37-injected CLP) 14–16 h after the CLP operation, and microvesicles were isolated by differential centrifugation, as described in the
‘Materials and methods’. Microvesicles (1 lg) isolated from PBS-injected CLP mice and LL-37-injected CLP mice were subjected to 8%
or 13% SDS-PAGE, followed by Western blotting using anti-lactoferrin, myeloperoxidase (MPO), and CRAMP Abs (left panel), or
Coomassie Brilliant Blue (CBB) staining (right panel). Each lane shows a microvesicle fraction prepared from each of PBS- or LL-37-
injected CLP mice. CBB staining confirmed the same amounts of proteins were loaded on a gel. Gels and blots from a single
experiment were spliced and joined to present the order of PBS- and LL-37-injected CLP. (b) The microvesicles (2 lg) isolated from
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IgG, anti-lactoferrin IgG (alactoferrin), anti-CRAMP IgG (aCRAMP), or heparin for 20 min at 37�C, and then incubated with E. coli for
20 min at 37�C. Data are expressed as the mean� SD (n¼ 3–6) of eight independent experiments. Antibacterial activities are
compared and analyzed between vehicle (PBS) and control IgG, alactoferrin, aCRAMP, or heparin by one-way ANOVA followed by
Holm-Sidak’s multiple comparison test. *P< 0.05, **P< 0.01.
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ectosome release from neutrophils (Figure 5d). In con-
trast, oxATP and A438079 (P2X7 antagonists)

36,40 did
not abrogate the ectosome release (data not shown).
We confirmed the antagonists themselves did not
affect the basal release of ectosomes from resting neu-
trophils (data not shown). Together these observations
suggest that CXCR2 and FPR2 but not P2X7 are likely
functioning as receptors for LL-37 to induce ectosome
release from neutrophils.

Microvesicles released from LL-37-stimulated
neutrophils ameliorate murine sepsis

We finally determined the action of microvesicles from
LL-37-stimulated neutrophils on septic CLP mice.
Mice were intraperitoneally administered with PBS or
microvesicles 2 h after CLP operation and the survival
rates were observed for 10 d. The survival rate of
microvesicle-injected CLP mice (67%) was significantly
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between the incubation with vehicle (DMSO) (n¼ 6) and LL-37 without antagonists (n¼ 8), and between the incubation with LL-37
alone and LL-37 with an antagonist (SB225002 or WRW4) (n¼ 7 each) by one-way ANOVA followed by Holm-Sidak’s multiple
comparison test. *P< 0.05, **P< 0.01.
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higher than that of PBS-injected CLP mice (8.3%)

(P< 0.001; Figure 6a); the survival rate of PBS-

or microvesicle-injected sham mice was 100%

(Figure 6a). Importantly, the administration of micro-

vesicles significantly reduced the bacterial load in the

peritoneal exudates (P< 0.001) and blood (P< 0.001)

of septic CLP mice (Figure 6b). These observations

suggest the administration of microvesicles from LL-

37-stimulated neutrophils reduces the bacterial load

and protects mice from lethal sepsis in a CLP model.

Discussion

Extracellular vesicles such as microvesicles and exo-

somes have recently been gathering attention as a

non-soluble intercellular communication system that

mediates a broad range of physiological and patholog-

ical processes.11,12 In particular, microvesicles released

from neutrophils (named as ectosomes) are considered

to associate with sepsis, because the ectosome level is

elevated in patients of sepsis31 and of Staphylococcus

aureus bacteremia19 compared with healthy individu-

als. Furthermore, ectosome levels are reported to

increase in human sepsis survivors compared with

non-survivors.20,21 We previously demonstrated that

the administration of antimicrobial cathelicidin peptide

LL-37 improves the survival of a murine CLP sepsis

model,8,9 an established microbial sepsis model that

closely resembles the pathology of human sepsis.41,42

Thus, in this study, we elucidated the protective
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Figure 6. Effect of microvesicles isolated from LL-37-stimulated neutrophils on the survival and bacterial load of cecal ligation and
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action of LL-37 on sepsis by focusing on the effect of
LL-37 on ectosome release in the CLP model.

Consistent with previous reports in humans,19,31 the
ectosome level was markedly elevated in the peritoneal
exudates and blood of CLP mice (Figure 1).
Furthermore, the ectosome level was enhanced by
LL-37 administration, accompanied with the reduction
of bacterial load and the increase of survival rate
(Figures 1 and 2). To further confirm the antibacterial
activity of ectosomes, we assessed the antibacterial
activity of ectosome-containing microvesicles isolated
from PBS- and LL-37-injected CLP mice.
Importantly, both the microvesicle fractions possessed
the antibacterial potential and, interestingly, the micro-
vesicles from LL-37-injected CLP mice displayed
higher potential than those from PBS-injected CLP
mice (Figure 3). It has been reported that microvesicles
are released from neutrophils by stimulation with
opsonized bacteria, and the microvesicles exert bacte-
riostatic action by forming bacteria-microvesicle aggre-
gates; the aggregate formation requires glucose and
divalent cations.19 In contrast, the present result
revealed that microvesicles isolated from CLP mice
reduced bacteria viability under the conditions without
containing glucose and divalent cations in PBS (Figure
3), suggesting the mechanism for the antibacterial
action of microvesicles from CLP mice is likely distinct
from that of opsonized bacteria-induced microvesicles.
Importantly, neutrophil-granule molecules are con-
tained in ectosomes.12,13 Further, to evaluate the
involvement of neutrophil-granule molecules in the
antibacterial activity of microvesicles, we analyzed
the neutrophil granule-derived antimicrobial molecules
(such as lactoferrin, MPO, and CRAMP) in the micro-
vesicle fractions by Western blotting. The results indi-
cated that lactoferrin, MPO, and CRAMP were
detected in microvesicles isolated from both PBS- and
LL-37-injected CLP mice and, interestingly, the micro-
vesicles from LL-37-injected CLP mice contained
increased amounts of these antimicrobial molecules
compared with those from PBS-injected CLP mice
(Figure 4a). In addition, the experiments using
anti-lactoferrin and anti-CRAMP Abs indicated the
antibacterial potential of microvesicles is attributed to
the action of lactoferrin and CRAMP (Figure 4b).
Collectively, these observations suggest that LL-37
induces the release of microvesicles containing a
higher amount of antibacterial molecules (lactoferrin
and CRAMP) in CLP mice, which exert an antibacte-
rial action and reduce the bacterial load, thereby
improving the survival of septic mice.

Furthermore, we examined whether LL-37 stimu-
lates neutrophils to release microvesicles ex vivo, and
whether the administration of microvesicles amelio-
rates a murine septic CLP model in vivo. Importantly,

LL-37 stimulated mouse bone-marrow neutrophils to
release ectosomes ex vivo (Figure 5a), supporting our
observation that LL-37 administration augments the
ectosome release in not only CLP mice but also sham
mice in vivo (Figure 2). Phorbol myristate acetate,
fMLF, C5a, and opsonized bacteria are reported to
efficiently induce the release of ectosomes.14,17–19

Thus, the finding that LL-37 induces ectosome release
to a similar extent to fMLF (Figure 5a) suggests a
potent activity of LL-37 to release ectosomes from neu-
trophils. In addition, the experiments using specific
antagonists for LL-37 receptors demonstrated that
LL-37 likely induces the ectosome release via the
action on CXCR2 and FPR2 receptors (Figure 5d).
Furthermore, the LL-37-induced microvesicles pos-
sessed antibacterial potential (Figure 5b) and contained
increased amounts of antibacterial molecules
(Figure 5c), and the administration of microvesicles
to CLP mice reduced the bacterial load and improved
the survival of mice (Figure 6). These results indicate
that LL-37-induced microvesicles exert a protective
action in vivo against sepsis by their antibacterial
potential.

In the present study, the increase of ectosomes was
induced in mice by not only CLP procedures but also
LL-37 administration alone (Figure 2b). However, the
expression of antimicrobial molecules was higher in
the ectosome fractions of LL-37-injected CLP mice
(Figure 4a), and LL-37 directly stimulated bone
marrow-derived neutrophils to release antibacterial
ectosomes containing antimicrobial molecules
(Figure 5b and c). These observations suggest LL-37
likely plays a more important role in the induction of
antimicrobial molecules in ectosomes, although CLP-
associated bacterial infection can induce the increase of
ectosomes in mice.

In the light of sepsis resolution, reduction in the IL-6
level is suggested to associate with a better prognosis of
sepsis.43 Importantly, we previously revealed that LL-
37 administration reduces IL-6 levels in CLP mice.9

Furthermore, the increase in the ratio of mononuclear
cells (macrophages) to polymorphonuclear cells is
reported as a hallmark of sepsis resolution at an early
stage.44,45 In the current study, LL-37 administration
significantly reduced the number of polymorphonucle-
ar cells without essentially affecting the number of
mononuclear cells (macrophages) in the peritoneal exu-
dates of CLP mice (Figure 1b), which results in an
increased ratio of mononuclear cells to polymorphonu-
clear cells in LL-37-injected CLP mice (2.7� 10�1�
2.5� 10�1) compared with PBS-injected CLP mice
(2.0� 10�1� 1.8� 10�1). The result indicates LL-37 is
likely to have the potential to resolve sepsis at an early
stage, as evidenced by the change in the inflammatory
cell ratio. In this study, the mononuclear cell number
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was significantly reduced in CLP mice compared with
sham mice (Figure 1b). Because macrophages undergo
cell death (e.g., pyroptosis and apoptosis) during bac-
terial infection or sepsis,46,47 the reduction in mononu-
clear cell numbers in the peritoneal cavity of CLP mice
could be explained by the macrophage cell death occur-
ring in sepsis.

Moreover, the number of polymorphonuclear cells
in the peritoneal exudates of LL-37-injected mice was
not significantly increased after CLP operation com-
pared with LL-37-injected sham mice, although the
number of polymorphonuclear cells in PBS-injected
mice was significantly increased after CLP operation
compared with PBS-injected sham mice (Figure 1b).
The present study also revealed the bacterial burden
was reduced by LL-37-administration in CLP mice
(Figure 1a), which is possibly caused by the increased
levels of antimicrobial ectosomes in LL-37-
administered CLP mice (Figure 3). Furthermore, it
has been reported that bacterial clearance is critical
for controlling inflammatory response during sepsis.2

Thus, we assume the infiltration of polymorphonuclear
cells is suppressed in LL-37-injected CLP mice, where
the bacterial burden and inflammatory response are
reduced.

In this study, there may be some possible limita-
tions. First, the effect of LL-37 on CLP mice was eval-
uated when LL-37 was administered just prior to CLP
surgery; however, we have not investigated the effect of
LL-37 when administered after an induction of sepsis.
Previously, we revealed the administration of LL-37
just after CLP surgery similarly reduced the bacterial
load of mice and improved survival,9 as observed when
LL-37 was administered prior to CLP surgery.
Furthermore, it has been reported that administration
of LL-37 2 h after the LPS injection protects neonatal
rats from LPS-induced lethal sepsis, although the pro-
tective effect is reduced compared with the simulta-
neous administration of LL-37 with LPS.48 Based on
these findings, we believe LL-37 likely exerts a protec-
tive action on a sepsis model, when administered within
a few h after the induction of sepsis.

Second, it is possible that in the peritoneal exudate
and plasma samples, the extracellular microvesicles
derived from cells other than neutrophils (such as pla-
telets) are contaminated. In fact, a high level of
platelet-derived microvesicles is detected in the blood
of sepsis patients.21,49 However, in the present study,
we evaluated neutrophil-derived ectosomes such as
Ly6G and Annexin V double-positive microvesicles in
peritoneal exudates and plasma. In fact, the percentage
of Ly6Gþ/Annexin Vþ ectosomes increased to 80.5%
in CLP mice by LL-37 administration in vivo
(Figure 2a), and increased to 70% by stimulation of
bone marrow-derived neutrophils with LL-37 ex vivo

(Figure 5a). Thus, we believe the ectosome-releasing
activity of LL-37 could be evaluated by counting the
Ly6Gþ/Annexin Vþ microvesicles.

Third, we evaluated the effect of LL-37 administra-
tion on the bacterial load in CLP mice by culturing
bacteria under aerobic conditions. However, obligatory
anaerobes comprise more than 90% of the microflora
in the mouse cecum,50 suggesting obligatory anaerobes
may contribute to the development of sepsis in CLP
mice. Indeed, sepsis is caused by commensal bacteria
belonging to the genus Bacteroides, the most abundant
obligatory anaerobe inhabiting the large intestine.51,52

The present study revealed the administration of LL-37
or LL-37-induced microvesicles improves the survival
of CLP septic mice. Thus, the administration of LL-37
or LL-37-induced microvesicles is speculated to exert
an antibacterial action against obligatory anaerobes in
a CLP model.

Fourth, LL-37 performs multiple functions in sepsis.
We previously revealed that LL-37 improves the sur-
vival of CLP mice by suppressing the macrophage
pyroptosis that induces the release of pro-
inflammatory cytokines (such as IL-1b) and augments
inflammatory reactions in sepsis.9 Moreover, LL-37
induces the release of neutrophil extracellular traps
(NETs) with potent bactericidal activity and protects
mice from CLP-induced sepsis.8 Furthermore, the pre-
sent study indicated that LL-37 stimulates neutrophils
to release antibacterial microvesicles (ectosomes),
thereby improving murine sepsis. Together these obser-
vations likely suggest that LL-37 protects CLP septic
mice by not only suppressing pro-inflammatory macro-
phage pyroptosis and releasing antibacterial NETs
from neutrophils, but also through releasing antibacte-
rial microvesicles (ectosomes) from neutrophils.
However, the precise roles of pyroptosis, NETosis
(NET release), and ectosome release in the complex
pathogenesis of sepsis cannot be clearly delineated at
this stage.

The poor outcomes of sepsis patients are attributed
to the aberrant immune responses that compromise the
elimination of infecting pathogen and predispose the
host to recurrent infection.1 Thus, a novel therapeutic
approach has been anticipated to regulate the uncon-
trolled immune response in sepsis. However, strategies
using anti-TNF-a Abs, TNF-a receptor proteins, and
MD2-TLR4 antagonist have been ineffective in pro-
tecting against sepsis.53,54 In the present study, LL-37
is shown to stimulate neutrophils to release antibacte-
rial microvesicles (ectosomes), thereby eliminating bac-
teria and protecting mice from lethal sepsis. In this
regard, agents such as LL-37, which potently induce
the release of antibacterial microvesicles (ectosomes),
would be potentially useful for providing a better out-
come of sepsis.
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