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Abstract

Human B-defensin3 (hBD3) and the cathelicidin LL-37 are host defense peptides (HDPs) that directly kill microbes and
display immunomodulatory/wound-healing properties via the activation of chemokine, formylpeptide and epidermal
growth factor receptors on leukocytes and epithelial cells. A C-terminal 14 amino acid hBD3 peptide with all Cys
residues replaced with Ser (CHRGOI) and an LL-37 peptide consisting of residues 17-29 (FK-13) display antimicrobial
activity but lack immunomodulatory property. Surprisingly, we found that CHRGO| and FK-13 caused Ca”* mobilization
and degranulation in human mast cells via a novel G protein-coupled receptor known as Mas-related gene-X2 (MrgX2).
At local sites of bacterial infection, the negatively charged LPS likely interacts with cationic HDPs to inhibit their activity
and thus providing a mechanism for pathogens to escape host defense mechanisms. We found that LPS caused almost
complete inhibition of hBD3 and LL-37-induced Ca** mobilization and mast cell degranulation. In contrast, it had no
effect on CHRGO| and FK-I3-induced mast cell responses. These findings suggest that HDP derivatives that kill
microbes, harness mast cell’s host defense and wound-healing properties via the activation of MrgX2 but are resistant
to inhibition by LPS could be utilized for the treatment of antibiotic-resistant microbial infections.
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Introduction receptor P2X7 on fibroblasts and epidermal growth
5,9,10

Antibiotics have been used for the treatment of micro-
bial infection since the early 1900s but the emergence of
multidrug-resistant strains of microbes poses a tremen-
dous public health concern globally.! Thus, there is an
urgent need to develop novel therapy for the treatment
of infectious diseases caused by antibiotic resistant
organisms. Cationic antimicrobial peptides (AMPs),
also known as host defense peptides (HDPs), such as
the cathelicidin LL-37 and human B-defensins (hBDs),
have the potential to be utilized as antimicrobial
agents.” * In addition to their direct antimicrobial
activity, LL-37 and hBDs display immunomodulatory
and wound-healing properties via the activation of
blood leukocytes, epithelial cells and endothelial
cells.” ® Most effects of hBD3 and LL-37 appear to be
mediated via the activation of G protein-coupled
formyl peptide receptor 2 (FPR2; also known as
FPRL1) on monocytes, T cells and neutrophils.’
These HDPs also activate chemokine receptor,
CCR2 on macrophages, CCR6 on T cells, purinergic

factor receptors in epithelial cells.

Recent studies suggest that HDP’s immunomodula-
tory and wound-healing properties play greater roles in
host defense against microbial infection than their anti-
microbial activity.®!'!"!? Not surprisingly, a number of
laboratories have been engaged in identifying the struc-
tural components of hBD3 and LL-37 that promote
antimicrobial and immunomodulatory properties.
hBD3 is a 45-amino acid peptide that contains a
three-stranded antiparallel B-sheet constrained by
three intermolecular disulfide bonds. It has been
shown that whereas Cys—Cys disulfide bridges in
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hBD3 are required for its chemotactic activity via
CCR6, its bactericidal activity is unaffected in the
absence of any disulfide bridge.'® Furthermore, C-term-
inal 14-amino acid hBD3 peptides with all Cys residues
replaced with Ser (CHRGO1) display potent antimicro-
bial activity.'* Li et al.'® designed a series of LL-37
peptides to determine their structure/activity relation-
ship. They showed that while an N-terminal fragment
of LL-37 (sequence 1-12) has no antimicrobial activity,
a peptide containing 13 amino acids within the central
part of LL-37 (sequence 17-29; FK-13) is sufficient for
killing microbes. Interestingly, peptides similar to FK-
13 do not participate in the generation of chemokine
from keratinocytes.'® These findings suggest that dis-
tinct structural components of HDPs participate in
antimicrobial and immunomodulatory activities.

Mast cells are multifunctional immune cells that are
found in all vascularized tissues and are most common
at sites that are exposed to the external environment,
such as the skin, airway, oral mucosa and the intestine.
Mast cells play a sentinel role in innate immunity and
also contribute to wound healing, and these effects
appear to be mediated, at least in part, by HDPs.!”
Thus, murine mast cells express the human LL-37 coun-
terpart, cathelicidin-related AMP (CRAMP), and its
expression is up-regulated by LPS.** Furthermore,
mast cells derived from CRAMP / mice display signifi-
cant reduction in their ability to kill Gram-negative bac-
teria.”> Exposure of human mast cells to pneumococci
induces the release of LL-37 and a neutralizing Ab
to LL-37 attenuates mast cell-dependent pneumococcal
killing.** Enterococcus faecalis has emerged as an
important cause of life-threatening multidrug-resistant
bacterial infections in the hospital setting. Scheb-
Wetzel et al.>® recently showed that mast cells exert
potent antimicrobial effect against this pathogen and
that this effect is mediated via mast cell degranulation
and the release of CRAMP. Furthermore, CRAMP has
been shown to protect skin from necrotic skin infection
and to promote healing.?

HDPs activate a variety of signaling pathways in
mast cells, including phospholipase C, the MAPKs
(p38, ERK, JNK) for the induction of chemotaxis
and mediator release.’’ > However, unlike the situ-
ation in other immune cells, the effects of HDPs on
mast cells are not mediated via chemokine receptors,
FPR2, P2X7 or epidermal growth factor receptors.®!:*?
We have recently shown that hBD3, LL-37 and other
AMPs activate human mast cells via a novel G protein-
coupled receptor, known as Mas-related gene-X2
(MrgX2).>* 3> An important feature of MrgX2 that dis-
tinguishes it from other HDP receptors is that it is
activated by a wide range of cationic amphipathic pep-
tides.>*® This raises the interesting possibility that
hBD3 and LL-37-derived peptides such as CHRGOI
and FK-13, which display antimicrobial activity,
could activate mast cells via MrgX2.

In addition to immunomodulation and wound heal-
ing, HDPs display an anti-inflammatory effect via the
inhibition of LPS-induced cytokine generation in
monocytes and macrophages.’*' It is therefore pos-
sible that negatively charged LPS interacts with cat-
ionic  HDPs to inhibit their antimicrobial and
immunomodulatory activities, thus providing a mech-
anism for Gram-negative bacteria to escape the host
defense mechanisms.** The goals of the present study
were to determine if CHRGO1 and FK-13 activate mast
cells via MrgX2 and to assess if LPS modulates mast
cell activation by HDPs. The data presented herein
demonstrate the novel finding that while HDPs and
their peptide derivatives activate mast cells via MrgX2
their functions are modulated differently by LPS.

Materials and methods
Reagents

All cell culture reagents were purchased from Invitrogen
(Gaithersburg, MD, USA). Native complement C3a was
from Complement Technology (Tyler, TX, USA). DNP-
BSA and DNP-specific mouse IgE (SPE-7) was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA).
hBD3, LL-37, FK-13 and CHRGOl were purchased
from Anaspec (Freemont, CA, USA). Escherichia coli
LPS (serotype R515, LPS) was purchased from Alexis
Biochemicals (San Diego, CA, USA) and Pseudomonas
aeruginosa LPS (PSa-LPS) was obtained from Astarte
Biologics (Bothell, WA, USA).

Culture of mast cell lines

Laboratory of Allergic Diseases 2 (LAD2) cells were main-
tained in complete StemPro-34 medium supplemented with
100 ng/ml human stem cell factor (hSCF).** Rat Basophilic
Leukemia (RBL-2H3) cells were maintained as monolayer
cultures in DMEM supplemented with 10% FBS,
L-glutamine (2mM), penicillin (1001U/ml) and strepto-
mycin (100 pg/ml).*

Transfection of RBL-2H3 cells

RBL-2H3 cells were transfected with plasmids encoding
hemagglutinin (HA)-tagged MrgX2 using the Amaxa
nucleofector device and Amaxa kit V, according to
the manufacturer’s protocol. Following transfection,
cells were cultured in the presence of G-418 (1 mg/ml)
and cells expressing equivalent receptors were sorted
using an anti-HA specific Ab and FITC-conjugated
anti-mouse IgG.

Calcium mobilization

Ca’" mobilization was determined as described previ-
ously.** Briefly, cells (LAD2; 0.2x 10°>, RBL-2H3
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1 x 10°) were loaded with indo-1 AM (1 pM) for 30 min
at room temperature (25°C). Cells were washed and re-
suspended in 1.5ml of HEPES-buffered saline. Ca*”"
mobilization was measured in a Hitachi F-2500 spec-
trophotometer with an excitation wavelength of 355 nm
and an emission wavelength of 410 nm.

Degranulation

LAD?2 cells (5 x 10%) and RBL-2H3 cells (5 x 10%) were
seeded into 96-well plates in a total volume of 50 ul
HEPES buffer containing 0.1% BSA and exposed to
the indicated peptides. For total B-hexosaminidase
release, unstimulated cells were lysed in S0pl 0.1%
Triton X-100. Aliquots (20 ul) of supernatant or cell
lysate were incubated with 20 ul of 1 mM p-nitrophenyl-

N-acetyl-B-D-glucosamine for 1.5h at 37°C. Reaction was
stopped by adding 250ul of a 0.1M Na,CO3/0.1 M
NaHCO; buffer and absorbance was measured at
405nm.*

Results
CHRGO! and FK-13 activate mast cells via MrgX2

We have previously shown that hBD3 and LL-37 acti-
vate human mast cells via MrgX2.>*3* Comparison of
amino acid sequences of hBD3, LL-37 and their smaller
derivatives is shown in Figure 1. The C-terminal
14-amino acid peptide of hBD3 with the Cys residues
replaced with Ser (CHRGO1, net positive charge + 8)
display antimicrobial activity similar to hBD3 with

GIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKK (hBD3)

LLGDFFRKSKEKTGKEFKRTVQRIKDFLRNLVPRTES (LL-37)
FKRIVQRIKDFLR

(+11)

KSSTRGRKSSRRKK (CHRGO1) (+8)
(+6)

(FK-13) (+4)

Figure |. Amino acid sequences of AMPs used in this study. Primary structures of hBD3, CHRGOI, LL-37 and FK-13 with their net
charges are shown. The positively charged residues in the peptides are underlined.
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Figure 2. hBD3, CHRGOI, LL-37 and FK-I3 cause degranulation and Ca®" mobilization in LAD2 cells endogenously expressing
MrgX2. (a, d) Cells were stimulated with different concentrations of peptides and percent degranulation (-hexosaminidase release)
was determined. Data are mean = SEM of three experiments. Statistical significance was determined by two-way ANOVA with
Bonferroni’s post test. * indicates P < 0.0 and ** indicates P < 0.001. (b, ¢, e, f) Cells were loaded with Indo-1AM and stimulated with
CHRGOI [I uM (b), 10uM (c)] or FK-13 [I uM (e), 10 uM (f)] and intracellular Ca** mobilization was determined. Data shown are

representative of three similar experiments.
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LDy, (concentration of peptide at which 90% of bac-
teria are killed) values in the range of 1-6pg/ml.'*
We therefore sought to determine if CHRGO1 also acti-
vates mast cells using a human mast cell line (LAD2
cells) that endogenously expresses MrgX2.%-*37 We
found that CHRGOI caused a dose-dependent degranula-
tion in LAD2 cells with an ECs, value of ~10uM
(~16 ng/ml) with a maximal release ~40% of total granule
content (Figure 2a). However, the potency and efficacy of
CHRGO1 for degranulation in LAD2 cells were much
lower than those for hBD3 (Figure 2a). Nevertheless, the
ability of CHRGOI to induce degranulation in LAD2 cells
was associated with an increase in intracellular Ca*"*
mobilization (Figure 2b, c).

LL-37 has six net positive charges and activates
human mast cells via MrgX2.** A 13-amino acid
peptide corresponding to the residues 17-29 (FK-13;
Figure 1) was identified as the central amphipathic
helix that is critical for bacterial killing with an MIC
(minimum inhibitory concentration for E. coli) value of
40 uM."> We found that FK-13 caused degranulation
in LAD2 cells with an ECsq value of ~5uM and a
maximum of 70% granule release (Figure 2d).
However, unlike the situation with hBD3/CHRGOI,

the efficacy of FK-13 to induce degranulation in
LAD?2 cells was similar to that for LL-37. As for
CHRGO1, the ability of FK-13 to induce degranulation
was associated with increased intracellular Ca** mobil-
ization (Figure 2e, f).

A rodent mast cell line, RBL-2H3 cells, which do not
express MrgX2, are unresponsive to human AMPs
unless the cells are transfected with cDNA encoding
the receptor.®® To determine the role of MrgX2
on CHRGO! and FK-13-induced degranulation, we
utilized RBL-2H3 cells stably expressing human
MrgX2.3*3 In transfected RBL-2H3 cells, CHRGO1
and FK-13 caused a dose-dependent increase in
degranulation, with a similar profile as for LAD?2
cells endogenously expressing MrgX2 (Figure 3a, d).
Furthermore, as for LAD2 cells, the efficacy and
potency of CHRGOI for degranulation in transfected
RBL-2H3 cells were much lower than those for hBD3
(Figure 2a and Figure 3a). In addition, as for LAD2
cells, FK-13 and LL-37 induced degranulation in trans-
fected RBL-2H3 cells with similar potency and efficacy
(Figure 2d and Figure 3d). Given that CHRGO1 was
less potent than FK-13 for degranulation in both
LAD?2 cells and transfected RBL-2H3 cell, we expected
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Figure 3. hBD3, CHRGOI, LL-37 and FK-I3 cause degranulation and Ca®* mobilization in RBL-2H3 cells ectopically expressing

MrgX2. (a, d) Transfected RBL-2H3 cells were stimulated with different concentrations of peptides and percent degranulation (-

hexosaminidase release) was determined. Data are mean & SEM of three experiments. Statistical significance was determined by two-
way ANOVA with Bonferroni’s post test. *P < 0.01; *P < 0.001. (b, e) Transfected RBL-2H3 cells were loaded with Indo-1AM and
stimulated with CHRGOI (3 uM) or FK-13 (3 uM) and intracellular Ca** mobilization was determined. (c, f) Un-transfected RBL-2H3
cells were exposed to IgE (16 h), washed and loaded with Indo-1AM. Cells were stimulated with CHRGOI (3 uM) or FK-13 (3 uM)
followed by Ag (Ag, DNP-BSA, 30 ng/ml) and intracellular Ca>* mobilization was determined. Data shown are representative of three

similar experiments.
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a similar difference in the abilities of these peptides to
induced Ca®" mobilization in transfected RBL-2H3
cells. Indeed, we found that CHRGO1 caused less
robust Ca’" mobilization than FK-13 when used at
the same concentration (Figure 3b, ). We have previ-
ously shown that untransfected RBL-2H3 cells, which
do not express MrgX2, are unresponsive to hBD3 and
LL-37 for Ca?" mobilization and degranulation.®-*
Not surprisingly, we found that CHRGO1 and FK-13
did not induce intracellular Ca®>* mobilization in the
absence of MrgX2 but the cells were fully responsive to
antigen (Figure 3c, f). Taken together, these data dem-
onstrate that CHRGOI and FK-13 activate mast cells
via MrgX2.

LPS inhibits hBD3/LL-37 but not CHRGOI/
FK-13-induced responses in mast cells

hBD3 has previously been shown to inhibit LPS-
induced cytokine generation in macrophages.*® Here,
we sought to determine if LPS inhibits hBD3-induced
Ca’" mobilization and degranulation in mast cells.
hBD3 (100nM) caused a sustained intracellular Ca®™
response in LAD2 cells that did not return to basal level

even after Smin (Figure 4a). LPS (1 pg/ml) did not
induce Ca’" mobilization but pre-incubation of cells
with LPS (1 pg/ml, 2min) resulted in complete inhib-
ition of hBD3-induced Ca’" response (Figure 4b).
While hBD3 activates human mast cells via MrgX2,
the anaphylatoxin C3a does so via the activation of
cell surface C3a receptor.>** To determine the specifi-
city of LPS for hBD3 we tested its effect on C3a-
induced Ca’" mobilization. As shown in Figure 4a
and 4b, unlike the situation for hBD3, LPS had no
effect on the C3a-induced response. To test if pre-incu-
bation of cells with LPS was required for inhibition of
the hBD3 response we premixed LPS with hBD3 and
determined Ca’>" mobilization. Under this condition,
LPS inhibited the hBD3-induced Ca’" response to
the same extent as the 2min pre-incubation protocol
(Figure 4b, ¢). However, the ability of C3a to induce
Ca®" mobilization was not affected when the cells were
exposed to the mixture of LPS and hBD3.
Intracellular Ca®* mobilization is required for mast
cell degranulation.*® We therefore sought to determine
the effects of LPS on hBD3-induced mast cell degranu-
lation as measured by the release of B-hexosaminidase.
Not surprisingly, LPS (1 pg/ml and 10 pg/ml) caused
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Figure 4. LPS inhibits hBD3-induced Ca®" mobilization and degranulation in LAD2 cells. (a) Indo-I-loaded cells were sequentially

exposed to hBD3 (100 nM) and C3a (10nM) and intracellular Ca®*

mobilization was determined. (b) Cells were pre-treated with LPS

(1 pg/ml) before exposure to hBD3 (100nM) and C3a (10nM) and intracellular Ca®* mobilization was determined. (c) Cells were
exposed to a mixture of LPS (I pg/ml) and hBD3 (100 nM) followed by C3a (10nM), as indicated, and Ca>" mobilization was
determined. Traces are representative of three independent experiments. (d) Cells were pre-treated with buffer (control) or LPS (I
and 10 pg/ml) and hBD3 (100 nM) or C3a (10 nM)-induced degranulation was determined. Data are mean = SEM of three experiments.
Statistical significance was determined by two-way ANOVA with Bonferroni’s post test. **P < 0.001.
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buffer (control) or LPS (10 pg/ml) and LL-37 (1 pM)-induced

degranulation (B-hexosaminidase release) was determined. Data are mean £ SEM of three experiments. Statistical significance was

determined by two-way ANOVA with Bonferroni’s post test. **P

substantial inhibition of hBD3-induced degranulation
(Figure 4d). Given that LPS had no effect on C3a-
induced Ca’>™ mobilization in LAD?2 cells, we predicted
that it would have no effect on C3a-induced degranu-
lation. Indeed, as shown in Figure 4d, LPS did not
inhibit the response to C3a.

As with hBD3, LL-37 has been shown to neutralize
the ability of LPS to activate cytokine generation in
macrophages.*”** We therefore sought to determine
if LPS inhibits LL-37-induced Ca®" mobilization and
degranulation in LAD2 cells. We found that LPS
(2min pre-incubation or added simultancously) ablated
LL-37-induced Ca®* mobilization (Figure 5a—) but
had no effect on the response to C3a. Not surprisingly,
LPS also blocked LL-37-induced degranulation in
LAD?2 cells (Figure 5d).

We next sought to determine if LPS inhibits
CHRGO1 and FK-13-induced mast cell degranulation.
Unlike the situation with hBD3, LPS (10 pug/ml and
100 pg/ml) did not inhibit degranulation in response
to CHRGO1 (Figure 6a) or FK-13 in LAD2 cells
endogenously expressing MrgX2 (Figure 6b). Finally,
we tested the effects of LPS on LL-37, CHRGOI
and FK-13-induced degranulation in RBL-2H3 cells
ectopically expressing MrgX2. As shown in Figure 6c,

<0.001.

LPS caused substantial inhibition of LL-37-induced
degranulation but had no effect on CHRGOI or
FK-13-induced response.

Effects of PSa-LPS on hBD3/LL-37 and CHRGO!/
FK-13-induced degranulation in mast cells

Most bacterial LPS contains three major components;
the outermost polysaccharide, core oligosaccharide
region and the innermost lipid A. The negatively
charged component is the lipid A, which is the most
active part of LPS and its structure differs greatly
among Gram-negative bacterial species. Thus, the
canonical E.Coli-LPS which possesses a hexa-acylated
lipid A promotes a strong inflammatory response via
the activation of TLR4.>° In contrast, PSa-LPS is a
heterogeneous mixture consisting of tetra- and penta-
acylated lipid A and is a weak activator of TLR4.%">
We therefore sought to determine if the acylation status
of LPS affects its ability to modulate HDP-induced
mast cell degranulation. We found that while E.Coli-
LPS (LPS) caused almost complete inhibition of hBD3-
induced (Figure 7a) and LL-37-induced (Figure 7b)
degranulation in LAD2 cells, PSa-LPS inhibited this
response by ~50%. LPS or PSa-LPS had no effect on
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determined by two-way ANOVA with Bonferroni’s post test. **P < 0.001.
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Figure 7. Effects of different LPS preparations on HDP-induced degranulation in LAD2 cells. (a) Cells were pre-incubated (5 min)
with LPS 10 pg/ml, or PSa-LPS, 10 pg/ml, and stimulated with hBD3 (100 nM) and or with LPS 100 pig/ml, or PSa-LPS 100 pg/ml and
stimulated with CHRGOI (10 uM), and percent degranulation (B-hexosaminidase release) was determined. (b) Cells were pre-

incubated (5 min) with LPS 10 pg/ml, or PSa-LPS 10 pg/ml and stimulated with LL-37 (1 uM) or FK-13 (3 uM), and percent degranu-
lation (B-hexosaminidase release) was determined. Data are mean £ SEM of three experiments. Statistical significance was determined

by two-way ANOVA with Bonferroni’s post test. *P < 0.0 and **P < 0.001.

degranulation induced by CHRGO1 (Figure 7a) or FK-
13 (Figure 7b). These findings suggest that the ability of
LPS to inhibit HDP-induced mast cell degranulation
depends on the acylation status of the endotoxin and
on the amino acid sequence of the peptide.

Discussion

hBD3 and LL-37 display antimicrobial activity against
a wide spectrum of microorganisms and also have
immunomodulatory properties. Interestingly, HDPs
with little or no antimicrobial activity induce chemo-
kines from epithelial cells, activate chemoattractant
receptors on monocytes and protects mice from bacter-
ial infection.’*>* These findings suggest that HDP’s
immunomodulatory property plays a greater role in
host defense against microbial infection than it anti-
microbial activity.'> Not surprisingly, attempts to

identify the structural components of hBD3 and LL-
37 that display antimicrobial and immunomodulatory
properties have been the subject of many recent inves-
tigations.'> 1% These studies showed that while short
hBD3 and LL-37 peptides (CHRGO1 and FK-13) dis-
play antimicrobial activity they do not activate chemo-
kine generation in epithelial cells or promote monocyte
chemotaxis. Surprisingly, data presented herein demon-
strate the novel finding that CHRGOI and FK-13 acti-
vate mast cells via a novel G protein-coupled receptor,
MrgX2, which is expressed only in human mast cells
and no other immune or structural cells.®°
Furthermore, we show that LPS inhibits HDP-induced
mast cell degranulation and this inhibition depends on
the acylation status of the endotoxin and on the amino
acid sequence of the peptide.

CHRGO1 and FK-13 were synthesized as the short-
est peptides derived from hBD3 and LL-37 that have
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antimicrobial activity but do not display immunomo-
dulatory properties.'> '® Given that HDPs activate a
variety of receptors, including CCR2, CCR6, FPR2,
P2X7 and EGFR, it was concluded that distinct regions
of HDPs are important for their antimicrobial and
immunomodulatory activities. We have recently
shown that hBD3 and LL-37 induce mast cell degranu-
lation via MrgX2.** In the present study, we found
that CHRGO1 and FK-13 induced Ca®" mobilization
and degranulation in human mast cells endogenously
expressing MrgX2, as well as RBL-2H3 cells ectopically
expressing the receptor. These findings suggest that dis-
tinct structural components of HDPs are involved in
monocyte/epithelial cell activation and mast cell
degranulation via MrgX2. Given that CHRGO1 and
FK-13 also display antimicrobial activity, this suggests
that shared structural domains of HDPs are involved
in both microbial killing and mast cell activation
via MrgX2.

The immunomodulatory properties of HDPs are
thought to be mediated mostly via the activation of
chemokine receptors on monocytes and lymphocytes.
However, the significance of the finding that these pep-
tides activate mast cells via MrgX2 is not clear. It is
noteworthy that, unlike circulating leukocytes, mast
cells are tissue-resident cells that are found beneath
the epithelium and close to blood vessels. The epithe-
lium expresses pattern recognition receptors (e.g.
TLRs), which respond to infectious agents to generate
HDPs.>”->® These cationic HDPs kill microbes by bind-
ing to negatively changed residues on the membrane
and by forming pores.”® Activation of mast cells by
these peptides via MrgX2 cause increased vascular per-
meability and promote the recruitment of neutrophils,
which contribute to host defense via their phagocytic
activity.®®"  Furthermore, additional HDPs are
released from neutrophils that likely contribute to
host defense via the activation of mast cells through
MrgX2.”3* These findings suggest that MrgX2
expressed in mast cells provides an important link
between the epithelium and neutrophils to promote
host defense.

In addition to immunomodulation, HDPs dis-
play anti-inflammatory activity via the inhibition of
LPS-induced cytokine generation in monocytes and
macrophages.***'*’ This effect is likely mediated via
an electrostatic interaction between the cationic pep-
tides and the negatively charged lipid A on endotoxin.
This interaction prevents the binding of LPS to TLR4
on the surface of macrophages, thus inhibiting cytokine
generation.*’ This contention is supported by the recent
finding that citrullination of arginine residues within
LL-37 results in a marked decreased in its affinity
for LPS, leading to a substantially reduced ability of
the peptide to inhibit cytokine generation in macro-
phages.®® Another possible outcome of LPS/HDP inter-
action is that LPS inhibits HDP-induced mast cell

degranulation via MrgX2, thus providing a mechanism
for pathogens to escape mast cell-mediated host
defense.** Indeed, we found that E.Coli-LPS caused
almost complete inhibition of hBD3 and LL-37-induced
Ca’" mobilization and mast cell degranulation.
However, PSa-LPS was less efficient in inhibiting hBD3
and LL-37-induced mast cell response. These findings
suggest that Gram-negative bacteria that possess hexa-
acylated lipid A species in their LPS (e.g. E. coli) are more
likely to escape mast cell’s host defense strategy than
those with tetra- or penta-acylated lipid A (e.g. PSa).

The most interesting finding of the present study was
that while CHRGO! and FK-13 caused mast cell
degranulation via MrgX2, this response was resistant
to inhibition by LPS (E. coli or PSa). This suggests that
CHRGO1 and FK-13-based peptides could be devel-
oped for the treatment of antibiotic resistant bacterial
infection because they would not only kill microbes but
also harness mast cell’s host defense and wound healing
properties without being inhibited by LPS. The mech-
anism via which LPS inhibits mast cell degranulation in
response to hBD3/LL-37 without affecting the response
to CHRGO1/FK-13 is not known. However, this inhibi-
tory effect is unlikely to be mediated at the level of the
receptor because all four HDPs used in the present
study activate mast cells via the same receptor,
MrgX2. It is generally accepted that LPS binds to
HDPs via an electrostatic interaction between the nega-
tive charges on LPS lipid A and positive charges on the
peptide.*%% Thus, it is possible that distinct regions of
hBD3/LL-37 bind to LPS and MrgX2 and that
CHRGO1 and FK-13 possess the binding sites for
Mrgx2 but not for LPS. CHRGOI1 is a 14-amino acid
derivate of hBD3 corresponding to its C-terminal
region. The finding that both hBD3 and CHRGO1
induced mast cell degranulation via MrgX2 but LPS
blocked the response to hBD3 but not to CHRGO1
suggests that hBD3 utilizes the N-terminal region for
interacting with LPS and its C-terminal region activat-
ing MrgX2. In contrast to CHRGO1, FK-13 is a
13-amino acid peptide that corresponds to the central
region of LL-37. We found that both LL-37 and FK-13
induced mast cell degranulation via MrgX2 but
LPS inhibited mast cell response only to LL-37. This
suggests that while the central region of LL-37 contrib-
utes to its mast cell activating property, the N- and
C-terminal regions interacts with LPS. This contention
is supported by the recent demonstration that neutral-
ization of positive charges within the N and C terminal
regions of LL-37 greatly reduces its affinity for inter-
action with LPS.%?

In conclusion, we have shown that hBD3 and LL-
37-induced Ca®" mobilization and mast cell degranu-
lation via MrgX2 are potently inhibited by LPS. In
contrast, the ability of CHRGO1 or FK-13 to activate
mast cells via the same receptor is resistant to inhibition
by the endotoxin. Most studies evaluating clinical
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potentials of HDPs for antimicrobial activity involve
their topical application at the site of infection.®®
At these sites, it is desirable for a therapeutic agent to
display antimicrobial activity and to harness mast cells’
host defense and wound-healing properties. Given that
LPS is likely to be present at the site of bacterial infec-
tion, it would also be important to design peptides that
activate mast cells but are resistant to inhibition by the
endotoxin. Thus, we propose that peptides based on
CHRGO1 and FK-13 could be developed as topical
applications for the treatment of antibiotic-resistant
cutancous infections, without being inhibited by LPS.
It is certainly possible that topical administration of
these peptides could lead to excessive detrimental
inflammation at the application site. However, given
that mast cell-mediated inflammation is critical for
host defense and wound healing, we believe that bene-
fits of harnessing these mast cell-mediated responses in
the context of cutaneous microbial infection outweighs
the risks of potential detrimental outcome.

Acknowledgement

The authors thank Drs. Arnold Kirshenbaum and Dean
Metcalfe (NIAID/NIH) for providing LAD2 mast cells.

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this
article: This work was supported by NIH grants AI108585 to
HA and K99-HL121073 to HS.

References

1. Laxminarayan R, Duse A, Wattal C, et al. Antibiotic resistance-
the need for global solutions. Lancet Infect Dis 2013; 13:
1057-1098.

2. Boldenow E, Jones S, Liecberman RW, et al. Antimicrobial peptide
response to group B Streptococcus in human extraplacental mem-
branes in culture. Placenta 2013; 34: 480-485.

3. Zaga-Clavellina V, Ruiz M, Flores-Espinosa P, et al. Tissue-
specific human beta-defensins (HBD)-1, HBD-2 and HBD-3 secre-
tion profile from human amniochorionic membranes stimulated
with Candida albicans in a two-compartment tissue culture
system. Reprod Biol Endocrinol 2012; 10: 70.

4. van der Does AM, Bergman P, Agerberth B, et al. Induction of the
human cathelicidin LL-37 as a novel treatment against bacterial
infections. J Leukoc Biol 2012; 92: 735-742.

5. RohrlJ, Yang D, Oppenheim JJ, et al. Human beta-defensin 2 and
3 and their mouse orthologs induce chemotaxis through inter-
action with CCR2. J Immunol 2010; 184: 6688-6694.

6. Yang D, Chertov O, Bykovskaia SN, et al. Beta-defensins: linking
innate and adaptive immunity through dendritic and T cell CCR6.
Science 1999; 286: 525-528.

7. De Y, Chen Q, Schmidt AP, et al. LL-37, the neutrophil granule-
and epithelial cell-derived cathelicidin, utilizes formyl peptide
receptor-like 1 (FPRLI1) as a receptor to chemoattract human per-
ipheral blood neutrophils, monocytes, and T cells. J Exp Med
2000; 192: 1069—1074.

8. Lee PH, Rudisill JA, Lin KH, et al. HB-107, a nonbacteriostatic
fragment of the antimicrobial peptide cecropin B, accelerates
murine wound repair. Wound Repair Regen 2004; 12: 351-358.

11.

12.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

. Montreekachon P, Chotjumlong P, Bolscher JG,

et al
Involvement of P2X(7) purinergic receptor and MEK1/2 in inter-
leukin-8 up-regulation by LL-37 in human gingival fibroblasts.
J Periodontal Res 2011; 46: 327-337.

. Tjabringa GS, Aarbiou J, Ninaber DK, et al. The antimicrobial

peptide LL-37 activates innate immunity at the airway epithelial
surface by transactivation of the epidermal growth factor recep-
tor. J Immunol 2003; 171: 6690-6696.

Hilchie AL, Wuerth K and Hancock RE. Immune modulation by
multifaceted cationic host defense (antimicrobial) peptides. Nat
Chem Biol 2013; 9: 761-768.

Mansour SC, Pena OM and Hancock RE. Host defense pep-
tides: front-line immunomodulators. Trends Immunol 2014; 35:
443-450.

. Wu Z, Hoover DM, Yang D, et al. Engineering disulfide bridges

to dissect antimicrobial and chemotactic activities of human
beta-defensin 3. Proc Natl Acad Sci U S A 2003; 100: 8880-8885.

. Hoover DM, Wu Z, Tucker K, et al. Antimicrobial characteriza-

tion of human beta-defensin 3 derivatives. Antimicrob Agents
Chemother 2003; 47: 2804-2809.

Li X, Li Y, Han H, et al. Solution structures of human LL-37
fragments and NMR-based identification of a minimal mem-
brane-targeting antimicrobial and anticancer region. J Am
Chem Soc 2006; 128: 5776-5785.

Braff MH, Hawkins MA, Di Nardo A, et al. Structure-function
relationships among human cathelicidin peptides: dissociation of
antimicrobial properties from host immunostimulatory activities.
J Immunol 2005; 174: 4271-4278.

Douaiher J, Succar J, Lancerotto L, et al. Development of mast
cells and importance of their tryptase and chymase serine prote-
ases in inflammation and wound healing. Adv Immunol 2014; 122:
211-252.

Egozi EIl, Ferreira AM, Burns AL, et al. Mast cells modulate the
inflammatory but not the proliferative response in healing
wounds. Wound Repair Regen 2003; 11: 46-54.

Oskeritzian CA. Mast cells and wound healing. Adv Wound Care
2012; 1: 23-28.

Weller K, Foitzik K, Paus R, et al. Mast cells are required for
normal healing of skin wounds in mice. FASEB J 2006; 20:
2366-2368.

Galli SJ, Maurer M and Lantz CS. Mast cells as sentinels of
innate immunity. Curr Opin Immunol 1999; 11: 53-59.
Malaviya R and Abraham SN. Role of mast cell leukotrienes
in neutrophil recruitment and bacterial clearance in infectious
peritonitis. J Leukoc Biol 2000; 67: 841-846.

Di Nardo A, Vitiello A and Gallo RL. Cutting edge: mast cell
antimicrobial activity is mediated by expression of cathelicidin
antimicrobial peptide. J Immunol 2003; 170: 2274-2278.

Cruse G, Fernandes VE, de Salort J, et al. Human lung mast cells
mediate pneumococcal cell death in response to activation by
pneumolysin. J Immunol 2010; 184: 7108-7115.

Scheb-Wetzel M, Rohde M, Bravo A, et al. New insights into the
antimicrobial effect of mast cells against Enterococcus faecalis.
Infect Immun 2014; 82: 4496-4507.

Nizet V, Ohtake T, Lauth X, et al. Innate antimicrobial peptide
protects the skin from invasive bacterial infection. Nature 2001;
414: 454-457.

Babolewska E and Brzezinska-Blaszczyk E. Human-derived
cathelicidin LL-37 directly activates mast cells to proinflamma-
tory mediator synthesis and migratory response. Cell Immunol
2015; 293: 67-73.

Chen X, Niyonsaba F, Ushio H, et al. Human cathelicidin LL-37
increases vascular permeability in the skin via mast cell activa-
tion, and phosphorylates MAP kinases p38 and ERK in mast
cells. J Dermatol Sci 2006; 43: 63-6.

Niyonsaba F, Someya A, Hirata M, et al. Evaluation of the
effects of peptide antibiotics human beta-defensins-1/-2 and



30

Innate Immunity 22(1)

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

LL-37 on histamine release and prostaglandin D(2) production
from mast cells. Eur J Immunol 2001; 31: 1066-1075.
Niyonsaba F, Hirata M, Ogawa H, et al. Epithelial cell-derived
antibacterial peptides human beta-defensins and cathelicidin:
multifunctional activities on mast cells. Curr Drug Targets
Inflamm Allergy 2003; 2: 224-231.

Yoshioka M, Fukuishi N, Kubo Y, et al. Human cathelicidin
CAPI18/LL-37 changes mast cell function toward innate immun-
ity. Biol Pharm Bull 2008; 31: 212-216.

Niyonsaba F, Iwabuchi K, Matsuda H, et al. Epithelial cell-
derived human beta-defensin-2 acts as a chemotaxin for mast
cells through a pertussis toxin-sensitive and phospholipase
C-dependent pathway. Int Immunol 2002; 14: 421-426.
Subramanian H, Gupta K, Lee D, et al. B-Defensins activate
human mast cells via Mas-related gene X2. J Immunol 2013;
191: 345-352.

Subramanian H, Gupta K, Guo Q, et al. Mas-related gene X2
(MrgX2) is a novel G protein-coupled receptor for the antimicro-
bial peptide LL-37 in human mast cells: resistance to receptor
phosphorylation, desensitization, and internalization. J Biol
Chem 2011; 286: 44739-44749.

Gupta K, Kotian A, Subramanian H, et al. Activation of human
mast cells by retrocyclin and protegrin highlight thier immuno-
modulatory and antimicrobial properties. Oncotarget 2015; 6:
28573-28587.

Tatemoto K, Nozaki Y, Tsuda R, et al. Immunoglobulin E-inde-
pendent activation of mast cell is mediated by Mrg receptors.
Biochem Biophys Res Commun 2006; 349: 1322-1328.
Subramanian H, Kashem SW, Collington SJ, et al. PMX-53 as a
dual CD88 antagonist and an agonist for Mas-related gene 2
(MrgX2) in human mast cells. Mol Pharmacol 2011; 79:
1005-1013.

Kashem SW, Subramanian H, Collington SJ, et al. G protein
coupled receptor specificity for C3a and compound 48/80-
induced degranulation in human mast cells: roles of Mas-related
genes MrgX1 and MrgX2. Eur J Pharmacol 2011; 668: 299-304.
Semple F, MacPherson H, Webb S, et al. Human beta-defensin 3
affects the activity of pro-inflammatory pathways associated with
MyD88 and TRIF. Eur J Immunol 2011; 41: 3291-3300.
Semple F, Webb S, Li HN, et al. Human beta-defensin 3 has
immunosuppressive activity in vitro and in vivo. Eur J Immunol
2010; 40: 1073-1078.

Mookherjee N, Brown KL, Bowdish DM, et al. Modulation of
the TLR-mediated inflammatory response by the endogenous
human host defense peptide LL-37. J Immunol 2006; 176:
2455-2464.

Herasimenka Y, Benincasa M, Mattiuzzo M, et al. Interaction of
antimicrobial peptides with bacterial polysaccharides from lung
pathogens. Peptides 2005; 26: 1127-1132.

Kirshenbaum AS, Akin C, Wu Y, et al. Characterization of novel
stem cell factor responsive human mast cell lines LAD 1 and 2
established from a patient with mast cell sarcoma/leukemia; acti-
vation following aggregation of FcepsilonRI or FcgammaRI.
Leuk Res 2003; 27: 677-682.

Ali H, Richardson RM, Tomhave ED, et al. Regulation of stably
transfected platelet activating factor receptor in RBL-2H3 cells.
Role of multiple G proteins and receptor phosphorylation. J Biol
Chem 1994; 269: 24557-24563.

45.

46.

47.

48.

49.

50.

SIL.

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

Venkatesha RT, Berla Thangam E, Zaidi AK, et al. Distinct
regulation of C3a-induced MCP-1/CCL2 and RANTES/CCL5
production in human mast cells by extracellular signal regulated
kinase and PI3 kinase. Mol Immunol 2005; 42: 581-587.
Subramanian H, Gupta K, Parameswaran N, et al. Regulation of
FcRI signaling in mast cells by G protein-coupled receptor kinase
2 and its RH domain. J Biol Chem 2014; 289: 20917-20927.
Golec M. Cathelicidin LL-37: LPS-neutralizing, pleiotropic pep-
tide. Ann Agric Environ Med 2007; 14: 1-4.

Rosenfeld Y, Papo N and Shai Y. Endotoxin (lipopolysacchar-
ide) neutralization by innate immunity host-defense peptides.
Peptide properties and plausible modes of action. J Biol Chem
2006; 281: 1636-1643.

Nagaoka I, Hirota S, Niyonsaba F, et al. Cathelicidin family of
antibacterial peptides CAP18 and CAPI11 inhibit the expression
of TNF-alpha by blocking the binding of LPS to CD14(+) cells.
J Immunol 2001; 167: 3329-3338.

Beutler B. Endotoxin, toll-like receptor 4, and the afferent limb
of innate immunity. Curr Opin Microbiol 2000; 3: 23-28.

Ernst RK, Yi EC, Guo L, et al. Specific lipopolysaccharide found
in cystic fibrosis airway Pseudomonas aeruginosa. Science 1999;
286: 1561-1565.

Darveau RP, Cunningham MD, Bailey T, et al. Ability of bac-
teria associated with chronic inflammatory disease to stimulate
E-selectin expression and promote neutrophil adhesion. Infect
Immun 1995; 63: 1311-1317.

Bowdish DM, Davidson DJ and Hancock RE.
Immunomodulatory properties of defensins and cathelicidins.
Curr Top Microbiol Immunol 2006; 306: 27-66.

Bowdish DM, Davidson DJ, Lau YE, et al. Impact of LL-37 on
anti-infective immunity. J Leukoc Biol 2005; 77: 451-459.
Taylor K, Clarke DJ, McCullough B, et al. Analysis and
separation of residues important for the chemoattractant and
antimicrobial activities of beta-defensin 3. J Biol Chem 2008,;
283: 6631-6639.

Fujisawa D, Kashiwakura J, Kita H, et al. Expression of Mas-
related gene X2 on mast cells is upregulated in the skin of patients
with severe chronic urticaria. J Allergy Clin Immunol 2014; 134:
622-633.

Li M, Chen Q, Tang R, et al. The expression of beta-defensin-2, 3
and LL-37 induced by Candida albicans phospholipomannan in
human keratinocytes. J Dermatol Sci 2011; 61: 72-75.

Hertz CJ, Wu Q, Porter EM, et al. Activation of Toll-like recep-
tor 2 on human tracheobronchial epithelial cells induces the anti-
microbial peptide human beta defensin-2. J Immunol 2003; 171:
6820-6826.

Hazlett L and Wu M. Defensins in innate immunity. Cell Tissue
Res 2011; 343: 175-188.

Chen X, Niyonsaba F, Ushio H, et al. Antimicrobial peptides
human beta-defensin (hBD)-3 and hBD-4 activate mast cells and
increase skin vascular permeability. Eur J Immunol 2007; 37:
434-444.

Marshall JS and Jawdat DM. Mast cells in innate immunity.
J Allergy Clin Immunol 2004; 114: 21-27.

Koziel J, Bryzek D, Sroka A, et al. Citrullination alters immu-
nomodulatory function of LL-37 essential for prevention of
endotoxin-induced sepsis. J Immunol 2014; 192: 5363-5372.
Zhang L and Falla TJ. Host defense peptides for use as potential
therapeutics. Curr Opin Invest Drugs 2009; 10: 164-171.



