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The human host defense peptide LL-37 promotes immune activation such as induction
of chemokine production and recruitment of leukocytes. Conversely, LL-37 also medi-
ates anti-inflammatory responses such as production of anti-inflammatory cytokines,
e.g., IL-1RA, and the control of pro-inflammatory cytokines, e.g., TNF. The mechanisms
regulating these disparate immunomodulatory functions of LL-37 are not completely
understood. Rho GTPases are GTP-binding proteins that promote fundamental immune
functions such as chemokine production and recruitment of leukocytes. However, recent
studies have shown that distinct Rho proteins can both negatively and positively regulate
inflammation. Therefore, we interrogated the role of Rho GTPases in LL-37-mediated
immunomodulation. We demonstrate that LL-37-induced production of chemokines,
e.g., GRO-a and IL-8 is largely dependent on Cdc42/Rac1 Rho GTPase, but indepen-
dent of the Ras pathway. In contrast, LL-37-induced production of the anti-inflammatory
cytokine IL-1RA is not dependent on either Cdc42/Rac1 RhoGTPase or Ras GTPase.
Functional studies confirmed that LL-37-induced recruitment of leukocytes (monocytes
and neutrophils) is also dependent on Cdc42/Rac1 RhoGTPase activity. We demonstrate
that Cdc42/Rac1-dependent bioactivity of LL-37 involves G-protein-coupled receptors
(GPCR) and JNK mitogen-activated protein kinase (MAPK) signaling, but not p38 or
ERK MAPK signaling. We further show that LL-37 specifically enhances the activity of
Cdc42 Rho GTPase, and that the knockdown of Cdc42 suppresses LL-37-induced
production of chemokines without altering the peptide’s ability to induce IL-1RA. This is
the first study to demonstrate the role of Rho GTPases in LL-37-mediated responses.
We demonstrate that LL-37 facilitates chemokine production and leukocyte recruitment
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engaging Cdc42/Rac1 Rho GTPase via GPCR and the JNK MAPK pathway. In contrast,
LL-37-mediated anti-inflammatory cytokine IL-1RA production is independent of either
Rho or Ras GTPase. The results of this study suggest that Cdc42 Rho GTPase may be
the molecular switch that controls the opposing functions of LL-37 in the process of

inflammation.

Keywords: host defense peptide, cathelicidin, LL-37, Cdc42 RhoGTPase, inflammation, JNK mitogen-activated

protein kinase, cell migration

INTRODUCTION

The human host defense peptide LL-37 is a 37-amino acid cationic
peptide with immunomodulatory functions required for resolu-
tion of infections and regulation of inflammation (1-5). LL-37
mediates both pro- and anti-inflammatory responses; LL-37
can promote chemokine production, recruitment of leukocytes,
differentiation of macrophages and dendritic cells, polarization
of T-cells and angiogenesis, all functions classically defined as
pro-inflammatory (6-8). In contrast, LL-37 also exhibits anti-
inflammatory properties such as intervening in toll-like receptor
signaling to suppress endotoxin-induced pro-inflammatory
cytokines, regulating signaling mechanisms and downstream
responses induced in the presence of pro-inflammatory cytokines
suchasIL-32,and promoting the production of anti-inflammatory
cytokines such as interleukin-1-receptor antagonist (IL-1RA)
(4, 9, 10). Previous studies have shown that specific G protein-
coupled receptors (GPCRs) are involved in the immunomodu-
latory activity of LL-37 via activation of the mitogen-activated
protein kinase (MAPK) pathway, in particular, the p38 MAPK (8,
11). GPCRs are known to trigger complex signaling networks that
involve Rho GTPases and MAPK pathways (12). Involvement of
Rho GTPases in the immunomodulatory functions of LL-37 has
not been fully elucidated.

Rho GTPases are guanine nucleotide-binding proteins
(G proteins) belonging to the subgroup of the Ras superfamily,
which includes proteins such as Rho, Rac, and Cdc42 (13).
Activation of Rho GTPases is controlled by a set of proteins
known as guanine nucleotide exchange factors (GEF), which
facilitates the switch of inactive GDP-bound GTPase to the
GTP-bound active form (14). Specific Rho proteins regulate
cytoskeletal rearrangements by influencing the process of stress
fiber formation (Rho), filopodial extensions (Cdc42), and lamel-
lipodia and membrane ruffles (Rac) (13, 15). Consequently,
these proteins play a major role in actin-mediated processes
such as cell movement, polarity, shape, and axonal guidance,
and processes critical in cell migration and metastatic behav-
ior (16, 17). In addition, recent studies have demonstrated
that Rho GTPases can both promote and control the process
of inflammation (17, 18). For example, Langert et al. showed
that Cdc42 Rho GTPase facilitate intracellular trafficking of
the pro-inflammatory cytokine TNF-a, and release of TNF-a-
mediated chemokine CCL2/monocyte chemotactic protein-1
(MCP-1), in peripheral nerve microvascular endothelial cells
(19). Moreover, distinct Rho proteins can both negatively and
positively regulate the activity of the transcription factor NF-xB
to either control or enhance inflammation (20). Therefore, in

this study, we interrogated the involvement of Rho GTPases
in the opposing immune functions of the human host defense
peptide LL-37, as this peptide facilitates both the control and
promotion of inflammation (1-5, 10, 21-23).

In this study, we demonstrate that LL-37-mediated produc-
tion of chemokines and consequent recruitment of leukocytes
is largely dependent on Cdc42/Racl Rho GTPase, and that this
process involves GPCRs and the INK MAPK pathway. In contrast,
LL-37-induced production of the anti-inflammatory cytokine
IL-1RA is independent of Rho GTPases. We show that LL-37
increases Cdc42 Rho GTPase activity, and that the knockdown
of Cdc42 selectively suppresses LL-37-mediated production of
chemokines, but not that of IL-1RA. Overall, our results suggest
that Cdc42 Rho GTPases may serve as the molecular switch to
regulate the dichotomy between the pro- and anti-inflammatory
functions of LL-37.

MATERIALS AND METHODS

Reagents

Peptides LL-37 (LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLV
PRTES) and a paired scrambled LL-37 peptide, sLL-37
(RSLEGTDRFPFVRLKNSRKLEFKDIKGIKREQFVKIL)
were synthesized from CPC Scientific (Sunnyvale, CA, USA).
The peptides were re-suspended in endotoxin-free water and
stored at —20°C until needed. E. coli lipopolysaccharide (LPS)
was obtained from Sigma-Aldrich (Oakville, ON, Canada).
Pharmacological inhibitors ML141 was obtained from Millipore
Ltd. (ON, Canada), farnesylthiosalicylic acid (FTS) from
Cayman Chemicals Co. (MI, USA), and pertussis toxin (PTx)
from Thermo fisher scientific (MA, USA). Human recombinant
macrophage colony-stimulating factor (MCSF) was obtained
from R&D Systems (Minneapolis, MN, USA). Antibodies
specific for phosphorylated-MAPK; phospho-JNK (Thr183/
Tyr185), phospho-p38 (Thr180/Tyr182) and phospho-Erk1/2
(Thr202/Tyr204), and antibodies specific for total JNK, p38, and
Erk MAPK, were all purchased from Cell Signaling Technology
(Denver, CO, USA).

Cell Culture

Human monocytic THP-1 cells (ATCC® TIB-202™) were
cultured as previously described (4) in complete RPMI-1640
medium containing 1 mM sodium pyruvate and 10% (v/v) fetal
bovine serum, at 37°C in a 5% CO, humidified incubator. THP-1
cells (2 x 10° cells/ml) were differentiated into plastic-adherent
macrophage-like cells with 50 ng/ml of PMA (Sigma-Aldrich)
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and rested for an additional 24 h before treatment with various
stimulants, as previously described (4, 10). Plastic-adherent
macrophage-like THP-1 cells were treated with various inhibi-
tors; either Cdc42 inhibitor ML141 (10 uM), Ras inhibitor
FTS (10 uM each), or GPCR inhibitor PTx (100 ng/ml) as
indicated, for 1 h prior to stimulation. Cells were stimulated
with peptides either LL-37 or sLL-37 (5 uM each), LPS (10 ng/
ml), or recombinant IL-32y (20 ng/ml). Tissue culture (TC)
supernatants were obtained after 24 or 48 h as indicated,
centrifuged at 250 X g for 5 min to obtain cell-free samples,
aliquoted, and stored at —20°C for further analysis. Cellular
cytotoxicity was determined by monitoring the release of the
enzyme lactate dehydrogenase (LDH) in the TC supernatants
after 24 h of stimulation, using a colorimetric detection assay
from Roche Diagnostic (Laval, QC, Canada) according to the
manufacturer’s instructions.

Human Peripheral Blood-Derived

Mononuclear Cells (PBMC) Isolation

Venous blood was collected from healthy volunteers with writ-
ten informed consent, according to a protocol approved by the
University of Manitoba Research Ethics Board. Blood was diluted
with complete RPMI-1640 medium (1:1) and fractionated over
Ficoll-Paque Plus (GE Healthcare Life Sciences, Baie d’Urfe,
QC, Canada). The bufty coat was isolated and washed twice in
complete RPMI-1640 medium (300 X g for 10 min). PBMCs were
isolated from the buffy coat as previously described (10). PBMCs
were seeded (1 X 10° cells/ml/well) into 24-well TC plates and
rested for 2 h at 37°C in a humidified 5% CO, incubator before
stimulations.

Human Monocyte-Derived Macrophages

(MDM) Culture

3 x 10 human PBMC/ml/well was seeded in complete RPMI-
1640 medium into 24-well TC plates, and 2 ml of 5 x 10°
PBMC/ml/well was seeded into 6-well TC plates. The cells were
incubated for 16 h at 37°C in a humidified 5% CO; incubator.
Non-adherent cells were removed and the adherent cells were
differentiated into MDM in complete RPMI-1640 medium
supplemented with 50 ng/ml of recombinant human MCSF for
additional 6 days as previously described by us (10). Briefly, half
the volume of the TC culture medium per well was replaced
with fresh complete RPMI-1640 containing MCSF (50 ng/ml)
every 48 h. On the day of stimulation, the culture medium was
replaced with complete RPMI-1640 and the MDM were rested
for 1 hat37°C in a humidified 5% CO; incubator before various
stimulations.

Human Neutrophil Isolation

Venous blood was collected from healthy volunteers in EDTA
vacutainer tubes with written informed consent, according to a
protocol approved by the University of Manitoba Research Ethics
Board. Human neutrophils were isolated using EasySep™ Direct
Human Neutrophil Isolation Kit (STEMCELL technologies
Canada Inc., Vancouver, BC, Canada) according to the manu-
facturer’s protocol. Briefly, ~25 ml of blood was mixed gently

with the isolation cocktail and 50 ul of RapidSpheres™ provided
in the kit, and incubated for 5 min at room temperature. DPBS
(containing 1 mM EDTA and free of Ca** and Mg**) was used
to make up the total volume to 50 ml, mixed gently followed by
magnetic separation for 10 min. The enriched clear cell suspen-
sion was subjected to magnetic separation using RapidSpheres™,
according to the manufacturer’s instructions, to obtain enriched
human neutrophils.

Cdc42 and Rac1 Activation G-LISA Assays
The Cdc42 and Racl G-LISA® kits (Cytoskeleton, Inc.,
Denver, CO, USA) were used to monitor the activation of
these specific Rho GTPases, according to the manufacturer’s
instructions.  Briefly, plastic-adherent macrophage-like
THP-1 cells were serum starved for 1 h (except this assay,
all other experiments were performed in the presence of
serum). Subsequently, the cells were stimulated with either
LL-37 or sLL-37 (5 uM each) or LPS (10 ng/ml) for 5 min
(the time point was selected based on optimization studies
monitoring the kinetics of response from 5 to 60 min). The
cells were washed with cold PBS and lysed using the lysis
buffer provided with the kit. The protein concentration in
the lysates was determined using a micro-bicinchoninic acid
(micro BCA) assay (Thermo Scientific, IL, USA). Cell lysates
were aliquoted and stored at —80°C until used. Activation of
Cdc42 and Racl GTPases were monitored in the cell lysates
(25 pg protein), using the respective colorimetric G-LISA
assays according to the manufacturer’s instructions. Specific
activated GTPases provided in the kits were used as positive
controls for the assays.

Cdc42 SiRNA Knockdown

Cdc42 Accell SiRNA smartpool and a non-target Accell SiRNA
smartpool were obtained from Dharmacon™ (Lafayette, CO,
USA). Human monocytic THP-1 cells (3 X 10° cells) were sus-
pended in 5 ml Accell siRNA delivery media (Dharmacon™)
treated with either human Cdc42 Accell SiRNA smartpool
(1 uM) or non-target Accell SIRNA smartpool (1 uM). Wild-type
untreated cells (WT) or cells treated with 50 pl SIRNA buffer were
used as paired controls. Wild-type cells (WT) and cells treated
with either Cdc42 Accell SiRNA smartpool (KD), non-target
control Accell SiRNA smartpool (NTC), or siRNA delivery buffer
(BC) were incubated at 37°C in a humidified 5% CO, incubator
for 96 h. Subsequently, the cells were differentiated into plastic-
adherent macrophage-like cells as described above. Cells were
stimulated with peptides either LL-37 or sLL-37 (5 uM each), or
LPS (10 ng/ml). Production of chemokines GRO-a and IL-8, and
cytokine IL-1RA were monitored by ELISA in TC supernatants
after 24 and 48 h, respectively.

ELISA

Production of cytokine IL-1RA, and chemokines GRO-a and
IL-8 were monitored in the TC supernatants using antibody
pairs from R&D Systems, and MCP-1 using antibody pair from
eBiosciences (Thermo Fisher Scientific), as per the manufactur-
ers’ instructions. Serial dilutions of the recombinant cytokines
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or chemokines were used to establish a standard curve for
evaluation of the cytokine/chemokine concentrations in the
TC supernatants (10).

PathScan® Sandwich ELISA for
Quantitative Assessment of JNK MAPK

Phosphorylation

Plastic-adherent macrophage-like THP-1 cells in 60-mm TC
plates, and human MDMs in 6-well TC plates, were preincu-
bated with Cdc42 inhibitor ML141 (10 uM) for 1 h prior to
stimulation with peptides either LL-37 or sLL-37 (5 uM each),
or IL-32 (20 ng/ml). As we have previously shown that the
cytokine IL-32y (20 ng/ml) increases the phosphorylation of
JNK MAPK (10), recombinant IL-32 was used as a positive
control. Cells were washed with PBS and lysed on the plate with
400 ul of lysis buffer containing 1 mM phenylmethylsulfonyl
fluoride provided in the PathScan® phospho-JNK (Thr183/
Tyr185) ELISA kit (Cell Signaling Technology). Total protein
concentration was quantified using a micro-BCA assay. Cell
lysates (300 pg/ml of total protein) were incubated with
phospho-JNK (Thr183/Tyr185) rabbit mAb-coated plates in
the ELISA kits, which captures the phospho-proteins. A total
JNK (L7E7) mouse mAb and horseradish peroxidase (HRP)-
linked anti-mouse IgG provided in the kit were used to detect
the captured proteins. Tetramethylbenzidine was used as a sub-
strate for HRP, and the magnitude of color intensity was used
to quantify phosphorylation of JNK proteins, as the quantity of
phospho-JNK (Thr183/Tyr185) protein is proportional to the
magnitude of light emission upon addition of chemilumines-
cent reagent.

Western Blots

Plastic-adherent macrophage-like THP-1 cells were pre-
incubated with ML141 (10 uM) for 1 h prior to stimulation
with peptides either LL-37 or sLL-37 (5 uM each), recombinant
IL-32y (20 ng/ml), for 15 min. Cells were washed with cold
PBS and scraped using a cell scraper, and further washed with
cold PBS to obtain cell pellets. Cells were lysed in lysis buffer
[20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1 mM sodium fluoride, 1 mM sodium orthovanadate,
25 mM sodium pyrophosphate, protease inhibitor cocktail
(Sigma-Aldrich), and 1% (v/v) Triton X-100]. Total protein
concentration in the cell lysate was determined using a micro
BCA assay (Thermo Scientific, Rockford, IL, USA). Equal
amounts of protein (20 pg) were resolved on 4-12% NuPAGE
Bis-Tris gels (Invitrogen Corporation, Burlington, ON,
Canada), followed by transfer to nitrocellulose membranes
(Millipore, MA, USA). Membranes were blocked with TBST
(20 mM Tris-HCI pH 75, 150 mM NacCl, 0.1% Tween-20)
containing 3% (w/v) BSA. Phosphorylation of JNK (Thr183/
Tyr185), p38 (Thr180/Tyr182), and Erk1/2 (Thr202/Tyr204)
MAPK was determined using anti-human phospho-site-
specific antibodies (Cell Signaling Technology). Antibodies
to paired total JNK, p38, and Erkl/2 MAPK (Cell Signaling
Technology) were used for comparative densitometry analyses,
and antibody to B-actin (Cell Signaling Technology) was used

to normalize protein loading. The membranes were probed
with the various antibodies in TBST containing 1% (w/v) BSA.
Affinity purified HRP-linked secondary antibodies were used
for detection, and the membranes were developed with an
Amersham ECL detection system (GE Healthcare) according
to the manufacturer’s instructions.

RNA Isolation and Quantitative Real-Time

PCR (qRT-PCR)

Plastic-adherent macrophage-like THP-1 cells were lysed and
total RNA isolated using the Qiagen RNeasy Plus mini kit
according to the manufacturer’s instructions. Total RNA was
eluted in RNase-free water (Ambion). RNA concentration and
puritywereassessed usingaNanoDrop 2000 Spectrophotometer
(ThermoFisher Scientific). mRNA expression was analyzed
using a SuperScript III Platinum Two-Step qRT-PCR kit with
SYBR Green (Invitrogen, Burlington, ON, Canada) according
to the manufacturer’s instructions, using the ABI PRISM 7300
Real-Time PCR System (Applied Biosystems, Foster City, CA,
USA). Briefly, 800 ng of total RNA was reverse transcribed in a
20 ul reaction volume for 10 min at 25°C, followed by 50 min at
42°C, and the reaction was terminated by incubating the reac-
tion mixture at 85°C for 5 min. cDNA was aliquoted and stored
at —20°C until used. For qRT-PCR amplification, a reaction
mix (12.5 ul) containing 2.5 pl of 1/10 diluted cDNA template,
6.25 pl of Platinum SyBr Green qPCR-Super-Mix UDG with
Rox reference, 0.5 ul of 10 uM primer mix, and 3.25 ul of
RNase-free water were used. The primers used for qRT-PCR
are listed in Table 1. Product specificity was determined by
melting curve analysis. Fold changes of mRNA expression
were calculated after normalization to 18s rRNA, and using
the comparative Ct method (24).

Cell Migration Assays

Human PBMCs were treated with Cdc42/Racl inhibitor
ML141 (10 uM) for 1 h prior to stimulation with either LL-37
(5 uM) or sLL-37 (5 uM). TC supernatants were collected
after 24 h and used in the bottom chamber of Transwell plates
(Costar, Corning, NY, USA), to monitor the migration of either
monocytic cells or neutrophils. Human THP-1 monocytes
(3 x 10° cells/well) or human neutrophils (6 x 10° cells/well),
in 200 pl RPMI 1640 medium supplemented with 10% FBS,
were added to the upper chamber of the inserts of Transwell
plates. An insert pore size of 5 um was used for THP-1 cells,
and 3 um for human neutrophils as previously described (25,
26), and incubated at 37°C in a humidified chamber with 5%
of CO; for 30 min. TC supernatants (600 pl) collected from
stimulated human PBMC (described above) were added to the
bottom chamber of the Transwell plates, and further incubated

TABLE 1 | List of primers used for quantitative real-time PCR.

Gene Forward primer (5'-3') Reverse primer (5'-3’)
GRO-« TCCTGCATCCCCCATAGTTA CTTCAGGAACAGCCACCAGT
IL-8 AGACAGCAGAGCACACAAGC  AGGAAGGCTGCCAAGAGAG
18srRNA  GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG
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for an additional 2 h. The number of cells that migrated to the
bottom chamber was counted using a Scepter™ 2.0 Handheld
Automated Cell Counter, Millipore Ltd. (ON, Canada). Human
recombinant chemokines MCP-1, IL-8, and GRO-a (30 ng/ml
each) were used in the bottom chamber in the migration assays
as positive controls.

Guanine Nucleotide Exchange Factor
(GEF) Assay

Guanine nucleotide exchange factor assay was performed
according to the manufacturer’s protocol provided by
Cytoskeleton, Inc. The mixture containing Cdc42 RhoGTPases
and fluorescent nucleotide analog N-methylanthraniloyl-GTP
(mant-GTP) was added with test samples in a 384-well plate.
The uptake of mant-GTP is measured using a fluorospectrom-
eter at excitation 360 nm and emission 440 nm considering
spectroscopic difference between free and GTPase-bound
mant-GTP. Increase in the mant-GTP fluorescent intensity
in the presence of a Cdc42 Rho GTPase indicates nucleotide
uptake (or exchange for already bound nucleotide) by the
GTPase (27).

Statistical Analyses

GraphPad Prism 6 software was used for statistical analy-
ses. One-way analysis of variance (ANOVA) followed by
Bonferroni’s post hoc test was used for all assays using THP-1
cells. Kruskal-Wallis ANOVA followed by Dunn’s multiple
comparison test was used for all experiments using human
PBMC and MDM. A p-value of <0.05 was considered to be
statistically significant.

RESULTS

LL-37-Induced Chemokine Production
Is Dependent on Cdc42/Rac1 Rho
GTPase

LL-37 is known to induce chemokine production in various
cell types (4, 8, 10). Therefore, we examined the production
of LL-37-induced chemokines GRO-a, IL-8, and MCP-1, in
the presence and absence of specific pharmacological inhibi-
tors. Macrophage-like THP-1 cells were pre-incubated with
either Cdc42/Racl pharmacological inhibitor ML141 or Ras
inhibitor FTS (10 uM each), for 1 h prior to stimulation with
peptides either LL-37 (5 uM) or sLL-37 (5 uM), or bacterial
LPS (10 ng/ml). TC supernatants were monitored by ELISA
for the production of chemokines after 24 h. LL-37-induced
production of GRO-a and IL-8 was significantly inhibited
by ~50% in the presence of inhibitor ML141 (Figure 1A).
LPS-induced chemokine production was not inhibited in
the presence of ML141 (Figure 1A). MCP-1 was induced
at very low levels, i.e., less than 10 pg/ml (data not shown),
which is considered below the range of detection of the assay;
therefore, we did not further use MCP-1 as a read out in
THP-1 cells. Consistent with protein production (Figure 1A),
LL-37-induced mRNA expression of chemokines (GRO-a

and IL-8) was also suppressed by >3-fold, in the presence of
ML141 (Figure 1B). In contrast, the Ras inhibitor FT'S did not
suppress either LL-37 or LPS-induced chemokine production
(Figure 1C). These results demonstrated that LL-37-induced
chemokine mRNA expression and protein production was
dependent on Cdc42/Racl Rho GTPase, but independent of
Ras GTPase.

LL-37-Induced Anti-Inflammatory IL-1RA
Production Is Independent of Rho
GTPases

We have previously shown that LL-37 induces the production
of the anti-inflammatory cytokine IL-1RA in macrophage-like
THP-1 cells and human PBMC (10). Therefore, we monitored
the production of LL-37-induced IL-1RA, in the presence and
absence of the pharmacological inhibitors either ML141 or
FTS (10 uM each), in macrophage-like THP-1 cells. Production
of IL-1RA was monitored in the TC supernatant by ELISA
after 48 h based on our previous study (10). LL-37-induced
production of IL-1RA was not inhibited by either ML141
(Figure 2A) or FTS (Figure 2B). These results demonstrated
that the LL-37-induced production of IL-1RA was independ-
ent of both Cdc42/Racl and Ras GTPase pathways. Taken
together, our results showed that LL-37-induced chemokine
production, but not the anti-inflammatory cytokine IL-1RA,
was dependent on the Cdc42/Racl Rho GTPase pathway.
Moreover, LL-37-induced chemokine and IL-1RA production
were both independent of Ras GTPase. Therefore, in further
studies, we focused on the involvement of Cdc42/Racl Rho
GTPase activity in LL-37-mediated responses.

LL-37-Mediated JNK MAPK
Phosphorylation Is Dependent on Cdc42/
Rac1 Rho GTPase

Previous studies have demonstrated that LL-37-induced
bioactivity involves MAPK signaling, in particular, the p38
and ERK1/2 MAPK pathway (10, 11). MAPK activity is also
involved in signaling cascades triggered by Rho GTPases
(12). Taken together, these studies suggest it is likely that the
LL-37-Rho GTPase signaling axis would engage MAPK activity.
Therefore, we further examined p38, Erk1/2, and JNK MAPK
phosphorylation in response to LL-37, in the presence and
absence of the Cdc42/Racl inhibitor ML141. IL-32y was used
as a control in this assay, as we have previously demonstrated
that the phosphorylation of MAPKs, including JNK MAPK, is
increased in response to IL-32y in THP-1 cells (10). Western
blot analyses demonstrated that LL-37-mediated phosphoryla-
tion of JNK MAPK was significantly inhibited in the presence
of ML141 (Figure 3A). However, ML141 did not suppress
LL-37-mediated phosphorylation of either p38 or Erkl/2
MAPK (Figure S1 in Supplementary Material). To provide a
second line of evidence, we further used the PathScan® ELISA
assay to quantitatively estimate LL-37-mediated J]NK MAPK
phosphorylation in the presence and absence of the inhibitor
ML141. Both densitometry assessment of western blots and
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post hoc test was used for statistical analyses (**p < 0.0005).
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FIGURE 1 | Cdc42/Rac1 GTPase controls LL-37-induced chemokine secretion. Macrophage-like THP-1 cells were pre-incubated with Cdc42/Rac1 inhibitor
ML141 (10 pM) for 1 h, prior to stimulation with either LL-37 or sLL-37 (5 pM each), lipopolysaccharide (LPS) (10 ng/ml), or 0.01% DMSO as vehicle control (VC).
(A) Tissue culture supernatants were monitored by ELISA for the production of chemokines GRO-a and IL-8 after 24 h. Results shown as mean + SE of eight
independent experiments (n = 8). (B) mRNA expressions were evaluated by quantitative real-time PCR for chemokines (GRO-a and /L-8) and anti-inflammatory
cytokine IL-1RA, after 4 h. Relative fold changes were calculated compared to the expression in unstimulated cells, using the AACt method, after normalization
with 18sRNA expression. Results shown as mean + SE of three independent experiments. (C) Macrophage-like THP-1 cells were pre-incubated with the Ras
inhibitor FTS (10 pM) for 1 h, prior to stimulation with either LL-37 or sLL-37 (5 uM each), or LPS (10 ng/ml). TC supernatants were monitored by ELISA for the
production of chemokines GRO-a and IL-8 after 24 h. Results shown as mean + SE of eight independent experiments (n = 8). Analysis of variance with Bonferroni’s

PathScan® ELISA demonstrated that LL-37-mediated JNK
MAPK phosphorylation was significantly inhibited by ~50% in
the presence of the Cdc42/Racl Rho GTPase inhibitor ML141
(Figures 3A,B, respectively). This was consistent with our
results demonstrating that LL-37-induced chemokine produc-
tion was suppressed by ~50% in the presence of ML141 inhibitor
in THP-1 macrophage-like cells (Figure 1).

LL-37-Induced Chemokine Production and
JNK MAPK Phosphorylation Is Dependent
on Cdc42/Rac1 Rho GTPase in Primary

Human Blood-Derived Cells
Previous studies have shown that LL-37-mediated bioactivity in
THP-1 macrophage-like cells, including induction of cytokines,

Frontiers in Immunology | www.frontiersin.org

August 2018 | Volume 9 | Article 1871


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Hemshekhar et al.

GTPase in LL-37-Mediated Immunomodulation

5000" 3k % %k

Bl Untreated
= +ML141(10 pM)

4000+

20001

1500

IL-1RA (pg/mL)

1000+

Ctl LL-37

koo

sLL-37 LPS

' 1 +VC (0.01% DMSO)

Bl Untreated
+FTS (10 uM)

6000+
5000

4000-
2000-

1500+

IL-1RA (pg/mL)

1000+

500+

04

Ctl LL-37

FIGURE 2 | LL-37-induced anti-inflammatory cytokine IL-1RA production is independent of Rho and Ras GTPase activity. Macrophage-like THP-1 cells were
pre-incubated with either (A) the Cdc42/Rac1 inhibitor ML141 (10 pM) or (B) Ras inhibitor FTS (10 uM), for 1 h prior to stimulation with either LL-37 (5 pM), sLL-37
(5 uM), lipopolysaccharide (10 ng/ml), or 0.01% DMSO as vehicle control (VC). Tissue culture supernatants were monitored by ELISA for the production of the
anti-inflammatory cytokine IL-1RA after 48 h. Results shown as mean + SE of eight independent experiments (n = 8). Analysis of variance with Bonferroni’s post hoc

test was used for statistical analyses (***p < 0.0005).
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is similar to that in primary human macrophages and PBMC
(4, 10, 28, 29). Therefore, we further examined LL-37-mediated
responses in human PBMC and MDM to validate our observa-
tions using macrophage-like THP-1 cells (Figures 1-3) in primary
human cells. Human PBMC and MDM were stimulated with
peptides LL-37 or sLL-37 (5 uM), in the presence or absence of
Cdc42/Racl Rho GTPase inhibitor ML141. TC supernatants were
monitored by ELISA for the production of chemokines (GRO-«,
IL-8, and MCP-1) and the anti-inflammatory cytokine IL-1RA.
LL-37-induced GRO-qa, IL-8, and MCP-1 production were all
significantly suppressed in the presence of the inhibitor ML141, in
human PBMC (Figures 4A-C, respectively). Whereas, the inhibi-
tor ML141 did not alter LL-37-induced IL-1RA production in
human PBMC (Figure 4D). Similarly, LL-37-induced chemokines
GRO-a and IL-8 were significantly suppressed in the presence

of the inhibitor ML141 (Figures 5A,B, respectively), whereas
IL-1RA production was not altered (Figure 5C), in human MDM.

We further examined LL-37-mediated J]NK MAPK phos-
phorylation in the presence and absence of ML141 in human
MDM. Consistent with the data in macrophage-like THP-1 cells
(Figure 3), LL-37-mediated JNK MAPK phosphorylation was
significantly suppressed by ~50% in the presence of inhibitor
ML141, in human MDM (Figure 5D). Taken together, our results
demonstrated that LL-37-induced chemokine responses, but not
IL-1RA production, were dependent on the activity of Cdc42/
Racl Rho GTPase in macrophage-like THP-1 cell line and in
primary human cells such as PBMC and MDM. Moreover, LL-37-
mediated JNK MAPK phosphorylation was also dependent on
Cdc42/Rac 1 Rho GTPases in both macrophage-like THP-1 cell
line and in primary human MDM.
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FIGURE 3 | LL-37-mediated JNK mitogen-activated protein kinase (MAPK) phosphorylation is dependent on Cdc42/Rac1 RhoGTPase. Macrophage-like THP-1
cells were pre-incubated with Cdc42/Rac1 inhibitor ML141 (10 uM) for 1 h prior to stimulation with either LL-37 (5 uM), sLL-37 (5 pM), or recombinant human IL-32y
(20 ng/ml), for 15 min. (A) Cell lysates (each containing 20 pg total protein each) were probed with phospho-JNK (T183/Y185) antibody by western blots. Antibodies
against total-JNK and p-actin were used as loading controls. Densitometry analyses for western blots represent relative fold change compared to unstimulated cells
normalized to 1. Results shown as mean + SE of five independent experiments (n = 5). (B) Cell lysates (40 pg each) were monitored by PathScan® phospho-JNK
(Thr183/Tyr185) Sandwich ELISA for relative quantitative estimation of JNK MAPK phosphorylation. Results shown as mean + SE of four independent experiments

(n = 4). Analysis of variance with Bonferroni’s post hoc test was used for statistical analyses (*p < 0.05, **p < 0.005).

LL-37-Mediated Leukocyte Migration Is

Dependent on Cdc42/Rac1 Rho GTPase

We have demonstrated that LL-37-induced production of
chemokine IL-8, which recruits neutrophils is dependent on
Cdc42/Racl Rho GTPase in macrophage-like THP-1 cells
(Figure 1), in human PBMC (Figure 4) and MDM (Figure 5).
LL-37 isalso known to induce the production of chemokines such
as MCP-1 that recruit monocytic cells (10). Similarly, we dem-
onstrated production of MCP-1 following LL-37 stimulation in
PBMC (Figure 4C). Therefore, in this study, we further examined
LL-37-mediated recruitment of human monocytes and neutro-
phils, in the presence and absence of the inhibitor ML141, in cell
migration assays. Human PBMCs were stimulated with peptides,
either LL-37 or sLL-37, in the presence and absence of the inhibi-
tor ML141. TC supernatants obtained from stimulated human
PBMC were used in cell migration assays. Human recombinant
chemokines MCP-1, IL-8, and GRO-a were used as controls in
these assays. The monocyte chemoattractant MCP-1 significantly
increased the migration of THP-1 monocytic cells, whereas the
neutrophil chemokine IL-8 did not (Figure 6A). In contrast,
the neutrophil chemoattractant IL-8 significantly increased the
migration of human neutrophils, but MCP-1 did not (Figure 6B).
GRO-a alone did not increase the migration of either monocytes
or neutrophils. It is known that GRO-« recruits neutrophils via
receptor CXCR2 independent of CXCRI, whereas IL-8 engages
both these receptors (30, 31). Moreover, the affinity of CXCR2

was shown to be higher for IL-8 compared to GRO-« (32). Based
on these studies, it is possible that the concentration (30 ng/ml)
used for recombinant chemokines may not be sufficient for GRO-
a-mediated neutrophil migration in this assay. Nevertheless,
GRO-a was used as a negative control in this assay. A chemokine
mix (MCP-1, IL-8, and GRO-«) was used as an overall positive
control as it increased the migration of both monocytes and
neutrophils (Figure 6). These results confirmed the specificity of
the recombinant chemokines used as controls in the cell migra-
tion assays. We demonstrated that LL-37-induced monocyte cell
migration was inhibited by ~50% (Figure 6A) and that of human
neutrophils by ~70% (Figure 6B), in response to TC supernatants
obtained from PBMC pretreated with the inhibitor ML141. These
results functionally confirmed that the Cdc42/Racl Rho GTPase
pathway plays a key role in controlling LL-37-mediated recruit-
ment of leukocytes such as monocytes and neutrophils.

Cdc42 GTPase Is Activated in Response

to LL-37

We demonstrated that the Cdc42/Racl pharmacological inhibi-
tor ML141 significantly suppressed production of LL-37-induced
chemokines in macrophage-like THP-1 cells (Figure 1), human
PBMC (Figure 4), and MDM (Figure 5). We also showed that the
inhibitor significantly suppressed LL-37-mediated JNK MAPK
phosphorylation in both macrophage-like THP-1 cells (Figure 3)
and in primary human MDM (Figure 5D). These results are
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consistent with previous studies demonstrating that LL-37-
induced responses and signaling mechanisms are similar in mac-
rophage-like THP-1 cells and in primary human blood-derived
cells such as PBMC and MDM (4, 10). Therefore, we performed
further mechanistic studies in the macrophage-like THP-1 cells.
As the pharmacological inhibitor ML141 suppressed LL-37-
mediated migration of monocytes and neutrophils (Figure 6),
this indicated that Cdc42/Racl activity may be involved in the
peptide-mediated response. Therefore, we examined activation
of Cdc42 and Racl independently in the presence and absence of
LL-37. Macrophage-like THP-1 cells were stimulated with either
LL-37 or sLL-37 for 5 min, and the activations of Cdc42 and Racl
Rho GTPase were analyzed using the respective G-LISA assays.
We showed that stimulation with LL-37 significantly increased
the activation of Cdc42 GTPase (Figure 7A), whereas that of
Racl was modest and not statistically significant (Figure 7B). To
further delineate whether LL-37 acts as a GEF, or alters human
Dbs-induced GEF activity, we performed a fluorophore-based
GEF assay. We demonstrated that the peptides LL-37 or sLL-37 did
not exhibit GEF activity to facilitate the exchange of GDP to GTP
for the activation of Cdc42 GTPases (Figure S2 in Supplementary

Material). Taken together, these results demonstrated that Cdc42
Rho GTPase is activated in response to LL-37, but the peptide
itself does not facilitate subsequent GEF activity.

Knockdown of Cdc42 Rho GTPase
Suppresses LL-37-Induced Chemokine

Production

As Cdc42 Rho GTPase was activated in response to LL-37
(Figure 7A), we further monitored the effect of Cdc42 knockdown
(KD) on LL-37-mediated responses. Cdc42 KD was confirmed
using immunoblots after 96 h siRNA treatment (Figure 8A), and
subsequently after additional 24 and 48 h (Figures 8B,C, respec-
tively). This confirmed the knockdown of Cdc42 expression at
the time point of cell stimulation and, at the time points, TC
supernatants were collected for the assays. LDH abundance was
monitored in TC supernatants to examine cytotoxicity, which
showed that Cdc42 KD was not lethal to the cells after either 96 h
of SiRNA delivery or subsequently after 24 or 48 h (Figure S3 in
Supplementary Material). LL-37-induced chemokine production
(GRO-a and IL-8) was significantly inhibited ~50% in the Cdc42
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FIGURE 5 | Cdc42/Rac1 Rho GTPase controls LL-37-induced chemokine secretion and JNK mitogen-activated protein kinase (MAPK) phosphorylation in human
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LL-37 (5 uM), sLL-37 (5 uM), or recombinant human IL-32y (20 ng/ml), for 15 min. Cell lysates (40 pg each) were monitored by PathScan® phospho-JNK (Thr183/
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variance with Dunn’s multiple comparison test was used for statistical analyses (*p < 0.05).

KD cells (Figures 8D,E). Whereas, LL-37-induced IL-1RA pro-
duction was not suppressed in Cdc42 KD cells (Figure 8F). These
results were similar to the results obtained using the pharmaco-
logical inhibitor ML141 (Figures 1, 2, 4, and 5). Taken together,
our results suggest that the Cdc42 Rho GTPase pathway plays a
key role in LL-37-mediated chemokine production.

LL-37-Induced Cdc42 Rho GTPase Activity
and Chemokine Production Is Mediated
Through GPCR Signaling

Cdc42 is known to function in association with GPCR signaling,
similar to other G-proteins (33). Therefore, we examined whether
LL-37-induced activation of Cdc42 Rho GTPase and chemokine
production is also mediated through GPCR pathway. We
evaluated LL-37-induced responses in the presence of the GPCR
inhibitor PTx. We showed that PTx significantly suppressed
LL-37-mediated activation of Cdc42 Rho GTPase (Figure 9A).
In addition, LL-37-induced production of chemokines GRO-a

and IL-8 were significantly suppressed between 70 and 90%, in
the presence of PTx (Figures 9B,C). In contrast, LL-37-induced
IL-1RA production was not altered in the presence of PTx
(Figure 9D). These results demonstrated that LL-37-mediated
Cdc42 Rho GTPase activation and subsequent chemokine pro-
duction involves GPCR signaling, but LL-37-induced production
of the anti-inflammatory cytokine IL-1RA is not dependent on
the GPCR-to-Cdc42 Rho GTPase pathway.

DISCUSSION

LL-37 is a multifunctional immunomodulatory peptide with
opposing functions, acting both as an effector and regulator
of inflammation (8, 9). LL-37 facilitates pro-inflammatory
responses, primarily recruitment of leukocytes to the site of infec-
tions, which aids in the clearance of infections (34-36). LL-37
can function as a direct leukocyte chemoattractant, as well as
indirectly promoting recruitment of leukocytes by inducing the
production of chemokines (5, 35). Conversely, LL-37 can control
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FIGURE 6 | Cdc42/Rac1 Rho GTPases controls LL-37-mediated leukocyte migration. Human peripheral blood-derived mononuclear cells (PBMCs) were
pre-incubated with the Cdc42/Rac1 inhibitor ML141 (10 pM) for 1 h prior to stimulation with either LL-37 or sLL-37 (5 uM each). PBMC tissue culture supernatants
collected after 24 h were used in transwell cell migration assays to monitor the migration of (A) THP-1 monocytic cells and (B) human neutrophils. RPMI medium
spiked with chemokines monocyte chemotactic protein-1, IL-8, and GRO-a (30 ng/ml each) were used as experimental controls as indicated. Results shown are
from seven independent experiments using PBMCs isolated from independent donors (n-7). Each dot represents an independent donor and the median line is
shown for each condition. Kruskal-Wallis analysis of variance with Dunn’s multiple comparison test was used for statistical analyses (*p < 0.05, **p < 0.005).
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FIGURE 8 | Knockdown of Cdc42 Rho GTPase suppresses LL-37-induced chemokine production, but not anti-inflammatory cytokine IL-1RA. Human monocytic
THP-1 cells were treated with either human Cdc42 Accell SIRNA smartpool (1 pM) or non-target control (NTC) Accell SIRNA smartpool (1 uM) for 96 h. The
efficiency of knockdown was determined by western blots probing with Cdc42 antibody and protein loading using actin antibody, after (A) 96 h of SIRNA delivery,
and subsequently following cell differentiation to plastic-adherent, macrophage-like THP-1 cells after additional (B) 24 and (C) 48 h. Macrophage-like THP-1 cells,
either wild type, knockdown (KD), or cells treated with 50 pl SIRNA buffer (BC), were stimulated with LL-37 (5 uM), sLL-37 (5 uM each) or lipopolysaccharide (10 ng/
ml). Tissue culture supernatants were monitored by ELISA for the production of chemokines (D) GRO-« and (E) IL-8 after 24 h, and for (F) anti-inflammatory
cytokine IL-1RA after 48 h. Results shown as mean + SE of three independent experiments (n = 3). Analysis of variance with Bonferroni’s post hoc test was used for

the process of inflammation; LL-37 engages with intracellular
receptors to alter TLR-to-NF«B signaling cascades in the pres-
ence of infectious challenge and suppresses endotoxin-induced
inflammation (4, 8, 37). This duality of LL-37-mediated functions
is also evident in the context of cytokine-induced inflammation;
LL-37 can synergistically enhance inflammatory cytokines,
e.g., IL-1p and GMCSF-induced responses (38), and conversely
suppress cytokine IL-32-induced downstream inflammatory
responses, in blood-derived monocytic cells (10). Consistent

with this, LL-37 can induce the production of pro-inflammatory
chemokines (e.g., IL-8 and GRO-a), as well as that of anti-
inflammatory cytokines, e.g., IL-1RA (9, 10). Despite research
in the last two decades clearly demonstrating both pro- and
anti-inflammatory functions of LL-37, mechanisms that regulate
the opposing functions of this peptide have not been completely
elucidated.

Previous studies have suggested that LL-37 engages with
different interacting protein partners or receptors, depending
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test was used for statistical analyses (***p < 0.0005).
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FIGURE 9 | LL-37-induced activation of Cdc42/Rac1 Rho GTPase and chemokine secretion is mediated through G protein-coupled receptor (GPCR). Macrophage-
like THP-1 cells were treated 100 ng/ml of the GPCR inhibitor pertussis toxin for 1 h, prior to stimulation with either LL-37 (5 uM), sLL-37 (5 uM each), or
lipopolysaccharide (10 ng/ml). (A) Cells lysates were monitored for Cdc42 activation after 5 min of stimulation. Results shown as mean + SE of five independent
experiments (n = 5). Tissue culture supernatants were monitored by ELISA for the production of chemokines (B) GRO-« and (C) IL-8 after 24 h, and (D) anti-
inflammatory cytokine IL-1RA after 48 h. ELISA results shown are mean + SE of six independent experiments (n = 6). Analysis of variance with Bonferroni’'s post hoc
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on the cellular microenvironment, to influence the activity of
diverse signaling pathways (37, 39). Specific GPCRs have been
demonstrated to be involved in some of the functions mediated
by LL-37, which is primarily facilitated by MAPK signaling (11,
37, 40). GPCRs are known to engage Rho GTPases to activate
downstream MAPK signaling pathways (12, 41, 42). Recent stud-
ies have demonstrated that similar to LL-37, Rho GTPases can also
differentially modulate, i.e., both promote and control the process
of inflammation (17, 18). Therefore, we hypothesized that Rho
GTPases may be involved in the regulation of LL-37-mediated
immune functions. In this study, we show that inhibition Cdc42/
Racl Rho GTPase significantly suppress LL-37-induced secre-
tion of chemokines. We further demonstrate that LL-37 induces
the activation of Cdc42 Rho GTPase, and that the knockdown
of Cdc42 suppresses LL-37-induced chemokine production.
We also demonstrate that inhibiting Cdc42/Racl Rho GTPase
suppresses LL-37-mediated leukocyte migration, in particular,
migration of monocytes and neutrophils. It should be noted
that LL-37 alone, at the concentration used, did not induce cell
migration in our study (data not shown). These results suggest
that the chemoattractant function of LL-37, likely that mediated
indirectly by induction of chemokines subsequently facilitating
the migration of leukocytes, is controlled by Rho GTPase namely

Cdc42. This is corroborated by previous studies demonstrating
that similar to LL-37, Rho GTPases also induce the release of
chemokines such as MCP-1 and IL-8 (19, 43). Moreover, it is
known that Rho GTPases promote cell migration and chemo-
taxis of leukocytes (8, 9, 44-46). However, as LL-37-induced
chemokine production was not completely mitigated by either
the Cdc42/Racl Rho GTPase pharmacological inhibitor or by
Cdc42 knockdown, it is likely that there are alternate mechanisms
that control the release of chemokines in response to LL-37. In
contrast, we demonstrate that LL-37-induced production of the
anti-inflammatory cytokine IL-1RA is not suppressed by either
inhibition of Cdc42/Racl Rho GTPase or knockdown of Cdc42.
This is the first study to provide direct evidence to demonstrate
that LL-37-induced pro-inflammatory activity such as induction
of chemokines and leukocyte migration, but not the ability of the
peptide to mediate anti-inflammatory responses such as IL-1RA
production, is selectively controlled by Cdc42 Rho GTPase activ-
ity. Even though we have only used IL-1RA for assessment of
LL-37-mediated anti-inflammatory activity, this study opens up
a new avenue to examine the role of Cdc42/Racl Rho GTPases
(if any) in anti-inflammatory functions of LL-37. Moreover, as
increased levels of LL-37 have been reported in chronic inflam-
matory diseases such as rheumatoid arthritis (47), psoriasis, and
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systemic lupus erythematosus (48, 49), results of this study imply
that Cdc42 GTPase may be a useful drug target to selectively
control LL-37-associated pro-inflammatory responses such
as leukocyte recruitment to the site of inflammation, without
compromising the anti-inflammatory functions of the peptide.
Cell-specific deletion of Cdc42 GTPase has been shown to be
effective in mitigating inflammation and plaque formation in
atherosclerotic mice (18), thus providing the proof-of-concept
that Cdc42 RhoGTPase may serve as a useful target for selectively
regulating LL-37-mediated responses in chronic inflammatory
diseases.

LL-37-mediated various functions are known to involve p38,
JNK, and Erk1/2 MAPK in different cell types (10, 11, 40, 50).
In this study, we demonstrate that control of LL-37-induced
leukocyte recruitment by Cdc42/Racl Rho GTPases specifically
involves the INK MAPK signaling pathway. It has been previously
demonstrated that Rho GTPases regulate chemokine expression
via the JNK MAPK signaling pathway (17, 51), and that activa-
tion of Cdc42/Racl RhoGTPase is known to increase JNK phos-
phorylation (52). Overall, the JNK MAPK pathway is involved in
chemokine production under various inflammatory conditions
(53, 54). These studies support our findings that LL-37-mediated
chemokine production and leukocyte recruitment involves the
Cdc42/Racl Rho GTPase-JNK MAPK axis. However, it should
be noted that there may exist some redundancy in MAPK signal-
ing mechanisms in LL-37-induced chemoattractant activity,

as previous studies have also demonstrated the involvement of
p38 and Erk1/2 MAPK signaling in LL-37-induced chemokine,
in particular, IL-8 production (55, 56). As LL-37-induced anti-
inflammatory cytokine IL-1RA production was not dependent
on either Rho or Ras GTPases, it is thus possible that the
anti-inflammatory functions of LL-37 such as mitigation of
endotoxin-induced inflammation involves the p38 and/or
Erkl/2 MAPK signaling, but is independent of Rho GTPases.
Indeed, previous studies have shown that the ability of LL-37 to
suppress inflammatory responses involves the p38 and Erk1/2
signaling MAPK pathways (4, 10, 57, 58). Taken together, it can
be surmised that the pro-inflammatory functions of LL-37 may
be primarily controlled by Cdc42/Racl Rho GTPase pathway via
JNK MAPK signaling, whereas the anti-inflammatory functions
of the peptide may be independent of Rho GTPases selectively
involving p38 and/or ERK1/2 MAPK signaling.

Cdc42 Rho GTPase is known to function in association with
GPCR (33, 59). LL-37 has also been demonstrated to be an
agonist for GPCRs such as fMet-Leu-Phe (fMLF), interaction of
which results in increased cell migration (60). Consistent with
this, we demonstrate that LL-37-induced chemokine secretion
is mediated through the GPCR signaling. In contrast, we show
that LL-37-induced IL-1RA production is not dependent on
GPCR, which suggest that the anti-inflammatory functions
of the peptide may be independent of GPCR signaling. This is
consistent with our previous study demonstrating that the ability
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phosphorylation of JNK mitogen-activated protein kinase (MAPK) (T183/Y185). The LL-37-GPCR-Cdc42 RhoGTPase axis signals via the JNK MAPK pathway to
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of LL-37 to suppress endotoxin-induced inflammatory responses
are not inhibited by PTx and thus independent of GPCR (61).
It is thus likely that the anti-inflammatory mechanisms of the
peptide are mediated by the engagement with other receptors.
We have previously demonstrated that LL-37 directly interacts
with intracellular GAPDH to facilitate p38 MAPK signaling and
downstream anti-inflammatory activity such as IL-10 produc-
tion (37). However, the interaction of LL-37 with GAPDH also
facilitates chemokine production (37), suggesting some redun-
dancy in receptors and/or crosstalk between various pathways
associated with immunomodulatory functions of LL-37, which
needs to be fully delineated in future studies. Nevertheless, based
on our overall findings, we submit the model that LL-37-GPCR
interaction activates Cdc42 RhoGTPase subsequently engaging
the JNK MAPK signaling pathway to induce chemokine produc-
tion and downstream leukocyte recruitment (Figure 10), and
that the mechanisms that underlie the ability of the peptide to
control inflammation may be independent of this process. This
is the first study to suggest that Cdc42 Rho GTPase activity may
be the molecular toggle between LL-37-mediated inflammatory
responses versus the anti-inflammatory functions of the peptide.

ETHICS STATEMENT

Venous blood was collected from healthy volunteers with writ-
ten informed consent, according to a protocol approved by the
University of Manitoba Research Ethics Board.

REFERENCES

1. Brown KL, Poon GEF Birkenhead D, Pena OM, Falsafi R, Dahlgren C,
et al. Host defense peptide LL-37 selectively reduces proinflammatory
macrophage responses. ] Immunol (2011) 186(9):5497-505. doi:10.4049/
jimmunol.1002508

2. Doss M, White MR, Tecle T, Hartshorn KL. Human defensins and LL-37
in mucosal immunity. J Leukoc Biol (2010) 87(1):79-92. doi:10.1189/
j1b.0609382

3. Gordon YJ, Huang LC, Romanowski EG, Yates KA, Proske RJ, McDermott
AM. Human cathelicidin (LL-37), a multifunctional peptide, is expressed by
ocular surface epithelia and has potent antibacterial and antiviral activity. Curr
Eye Res (2005) 30(5):385-94. doi:10.1080/02713680590934111

4. Mookherjee N, Brown KL, Bowdish DM, Doria S, Falsafi R, Hokamp K, et al.
Modulation of the TLR-mediated inflammatory response by the endogenous
human host defense peptide LL-37. ] Immunol (2006) 176(4):2455-64.
doi:10.4049/jimmunol.176.4.2455

5. Scott MG, Davidson DJ, Gold MR, Bowdish D, Hancock RE. The human
antimicrobial peptide LL-37 is a multifunctional modulator of innate
immune responses. [ Immunol (2002) 169(7):3883-91. doi:10.4049/
jimmunol.169.7.3883

6. van der Does AM, Beekhuizen H, Ravensbergen B, Vos T, Ottenhoff TH,
van Dissel JT, et al. LL-37 directs macrophage differentiation toward macro-
phages with a proinflammatory signature. J Immunol (2010) 185(3):1442-9.
doi:10.4049/jimmunol. 1000376

7. Vandamme D, Landuyt B, Luyten W, Schoofs L. A comprehensive summary
of LL-37, the factotum human cathelicidin peptide. Cell Immunol (2012)
280(1):22-35. doi:10.1016/j.cellimm.2012.11.009

8. Kahlenberg JM, Kaplan MJ. Little peptide, big effects: the role of LL-37 in
inflammation and autoimmune disease. J Immunol (2013) 191(10):4895-901.
doi:10.4049/jimmunol.1302005

9. Choi KY, Mookherjee N. Multiple immune-modulatory functions of cathe-
licidin host defense peptides. Front Immunol (2012) 3:149. doi:10.3389/
fimmu.2012.00149

AUTHOR CONTRIBUTIONS

NM and MH designed the study. MH primarily performed the
experiments, analyzed the data, and wrote the manuscript. KGC
performed the experiments with human PBMC and cell migra-
tion assays. NM conceived the study and extensively edited the
manuscript. All the authors edited the manuscript.

ACKNOWLEDGMENTS

The authors thank Mr. Hadeesha Piyadasa and Dr. Vidyanand
Anaparti for intellectual input and acknowledge the techni-
cal support of Ms. Protiti Khan and Ms. Sana Faiyaz for this
study.

FUNDING

Funding for this study was obtained from the Natural Sciences
and Engineering Research Council of Canada (NSERC), grant
number 435549-2013 RGPIN. KGC was supported by a Canadian
Institutes of Health Research Doctoral Research Award.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at
https://www.frontiersin.org/articles/10.3389/fimmu.2018.01871/
full#supplementary-material.

10. Choi KY, Napper S, Mookherjee N. Human cathelicidin LL-37 and its deriva-
tive IG-19 regulate interleukin-32-induced inflammation. Immunology (2014)
143(1):68-80. doi:10.1111/imm.12291

Bowdish DM, Davidson DJ, Speert DP, Hancock RE. The human cationic
peptide LL-37 induces activation of the extracellular signal-regulated kinase
and p38 kinase pathways in primary human monocytes. J Immunol (2004)
172(6):3758-65. doi:10.4049/jimmunol.172.6.3758

Chiariello M, Vaque JP, Crespo P, Gutkind JS. Activation of Ras and Rho
GTPases and MAP kinases by G-protein-coupled receptors. Methods Mol Biol
(2010) 661:137-50. doi:10.1007/978-1-60761-795-2_8

Boureux A, Vignal E, Faure S, Fort P. Evolution of the Rho family of ras-like
GTPases in eukaryotes. Mol Biol Evol (2007) 24(1):203-16. doi:10.1093/
molbev/msl145

Egorov MV, Polishchuk RS. Emerging role of Cdc42-specific guanine nucle-
otide exchange factors as regulators of membrane trafficking in health and
disease. Tissue Cell (2017) 49(2 Pt A):157-62. doi:10.1016/j.tice.2016.10.002
Croise P, Estay-Ahumada C, Gasman S, Ory S. Rho GTPases, phosphoinosit-
ides, and actin: a tripartite framework for efficient vesicular trafficking. Small
GTPases (2014) 5:629469-1-15. doi:10.4161/sgtp.29469

Ridley AJ.Rho GTPases and actin dynamics in membrane protrusions
and vesicle trafficking. Trends Cell Biol (2006) 16(10):522-9. doi:10.1016/j.
tcb.2006.08.006

Biro M, Munoz MA, Weninger W. Targeting Rho-GTPases in immune cell
migration and inflammation. Br ] Pharmacol (2014) 171(24):5491-506.
doi:10.1111/bph.12658

Ito TK, Yokoyama M, Yoshida Y, Nojima A, Kassai H, Oishi K, et al. A crucial
role for CDC42 in senescence-associated inflammation and atherosclerosis.
PLoS One (2014) 9(7):e102186. doi:10.1371/journal.pone.0102186

Langert KA, Von Zee CL, Stubbs EB Jr. Cdc42 GTPases facilitate TNF-alpha-
mediated secretion of CCL2 from peripheral nerve microvascular endoneurial
endothelial cells. ] Peripher Nerv Syst(2013) 18(3):199-208.d0i:10.1111/jns5.12032
Tong L, Tergaonkar V. Rho protein GTPases and their interactions with
NFkappaB: crossroads of inflammation and matrix biology. Biosci Rep (2014)
34(3):e00115-283-95. doi:10.1042/BSR20140021

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Frontiers in Immunology | www.frontiersin.org

August 2018 | Volume 9 | Article 1871


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.4049/jimmunol.1002508
https://doi.org/10.4049/jimmunol.1002508
https://doi.org/10.1189/jlb.0609382
https://doi.org/10.1189/jlb.0609382
https://doi.org/10.1080/02713680590934111
https://doi.org/10.4049/jimmunol.176.4.2455
https://doi.org/10.4049/jimmunol.169.7.3883
https://doi.org/10.4049/jimmunol.169.7.3883
https://doi.org/10.4049/jimmunol.1000376
https://doi.org/10.1016/j.cellimm.2012.11.009
https://doi.org/10.4049/jimmunol.1302005
https://doi.org/10.3389/fimmu.2012.00149
https://doi.org/10.3389/fimmu.2012.00149
https://doi.org/10.1111/imm.12291
https://doi.org/10.4049/jimmunol.172.6.3758
https://doi.org/10.1007/978-1-60761-795-2_8
https://doi.org/10.1093/molbev/msl145
https://doi.org/10.1093/molbev/msl145
https://doi.org/10.1016/j.tice.2016.10.002
https://doi.org/10.4161/sgtp.29469
https://doi.org/10.1016/j.tcb.2006.08.006
https://doi.org/10.1016/j.tcb.2006.08.006
https://doi.org/10.1111/bph.12658
https://doi.org/10.1371/journal.pone.0102186
https://doi.org/10.1111/jns5.12032
https://doi.org/10.1042/BSR20140021
https://www.frontiersin.org/articles/10.3389/fimmu.2018.01871/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2018.01871/full#supplementary-material

Hemshekhar et al.

GTPase in LL-37-Mediated Immunomodulation

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

Choi KY, Chow LN, Mookherjee N. Cationic host defence peptides: multifac-
eted role in immune modulation and inflammation. J Innate Immun (2012)
4(4):361-70. doi:10.1159/000336630

Amatngalim GD, Nijnik A, Hiemstra PS, Hancock RE. Cathelicidin peptide
LL-37 modulates TREM-1 expression and inflammatory responses to
microbial compounds. Inflammation (2011) 34(5):412-25. doi:10.1007/
s10753-010-9248-6

Davidson DJ, Currie AJ, Reid GS, Bowdish DM, MacDonald KL, Ma RC,
et al. The cationic antimicrobial peptide LL-37 modulates dendritic cell dif-
ferentiation and dendritic cell-induced T cell polarization. ] Immunol (2004)
172(2):1146-56. doi:10.4049/jimmunol.172.2.1146

Pfaffl MW. A new mathematical model for relative quantification in
real-time RT-PCR. Nucleic Acids Res (2001) 29(9):e45. doi:10.1093/
nar/29.9.e45

Hu Y, Hu X, Boumsell L, Ivashkiv LB. IFN-gamma and STAT1 arrest mono-
cyte migration and modulate RAC/CDC42 pathways. ] Immunol (2008)
180(12):8057-65. doi:10.4049/jimmunol.180.12.8057

Lokuta MA, Nuzzi PA, Huttenlocher A. Calpain regulates neutrophil
chemotaxis. Proc Natl Acad Sci U S A (2003) 100(7):4006-11. doi:10.1073/
pnas.0636533100

Reichman M, Schabdach A, Kumar M, Zielinski T, Donover PS, Laury-
Kleintop LD, et al. A high-throughput assay for Rho guanine nucleotide
exchange factors based on the transcreener GDP assay. J Biomol Screen (2015)
20(10):1294-9. doi:10.1177/1087057115596326

Yuk JM, Shin DM, Lee HM, Yang CS, Jin HS, Kim KK, et al. Vitamin D3
induces autophagy in human monocytes/macrophages via cathelicidin. Cell
Host Microbe (2009) 6(3):231-43. d0i:10.1016/j.chom.2009.08.004

Tang X, Basavarajappa D, Haeggstrom JZ, Wan M. P2X7 receptor regulates
internalization of antimicrobial peptide LL-37 by human macrophages that
promotes intracellular pathogen clearance. ] Immunol (2015) 195(3):1191-
201. doi:10.4049/jimmunol.1402845

Hammond ME, Lapointe GR, Feucht PH, Hilt S, Gallegos CA, Gordon CA,
et al. IL-8 induces neutrophil chemotaxis predominantly via type I IL-8
receptors. ] Immunol (1995) 155(3):1428-33.

Murphy PM. Neutrophil receptors for interleukin-8 and related CXC chemo-
kines. Semin Hematol (1997) 34(4):311-8.

Ahuja SK, Murphy PM. The CXC chemokines growth-regulated oncogene
(GRO) alpha, GRObeta, GROgamma, neutrophil-activating peptide-2, and
epithelial cell-derived neutrophil-activating peptide-78 are potent agonists
for the type B, but not the type A, human interleukin-8 receptor. ] Biol Chem
(1996) 271(34):20545-50. doi:10.1074/jbc.271.34.20545

Dong C, Wu G. G-protein-coupled receptor interaction with
small GTPases. Methods Enzymol (2013) 522:97-108. doi:10.1016/
B978-0-12-407865-9.00006-6

Babolewska E, Brzezinska-Blaszczyk E. Human-derived cathelicidin LL-37
directly activates mast cells to proinflammatory mediator synthesis and
migratory response. Cell Immunol (2015) 293(2):67-73. doi:10.1016/j.
cellimm.2014.12.006

Niyonsaba F, Iwabuchi K, Someya A, Hirata M, Matsuda H, Ogawa
H, et al. A cathelicidin family of human antibacterial peptide LL-37
induces mast cell chemotaxis. Immunology (2002) 106(1):20-6.
doi:10.1046/j.1365-2567.2002.01398 x

Beaumont PE, McHugh B, Gwyer Findlay E, Mackellar A, Mackenzie KJ, Gallo
RL, et al. Cathelicidin host defence peptide augments clearance of pulmonary
Pseudomonas aeruginosa infection by its influence on neutrophil function
in vivo. PLoS One (2014) 9(6):€99029. doi:10.1371/journal.pone.0099029
Mookherjee N, Lippert DN, Hamill P, Falsafi R, Nijnik A, Kindrachuk J, et al.
Intracellular receptor for human host defense peptide LL-37 in monocytes.
J Immunol (2009) 183(4):2688-96. doi:10.4049/jimmunol.0802586

Yu J, Mookherjee N, Wee K, Bowdish DM, Pistolic ], Li Y, et al. Host defense
peptide LL-37, in synergy with inflammatory mediator IL-1beta, augments
immune responses by multiple pathways. ] Immunol (2007) 179(11):7684-91.
doi:10.4049/jimmunol.179.11.7684

Verjans ET, Zels S, Luyten W, Landuyt B, Schoofs L. Molecular mechanisms
of LL-37-induced receptor activation: an overview. Peptides (2016) 85:16-26.
doi:10.1016/j.peptides.2016.09.002

Mookherjee N, Hamill P, Gardy J, Blimkie D, Falsafi R, Chikatamarla A, et al.
Systems biology evaluation of immune responses induced by human host

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

defence peptide LL-37 in mononuclear cells. Mol Biosyst (2009) 5(5):483-96.
doi:10.1039/b813787k

Fritsch R, de Krijger I, Fritsch K, George R, Reason B, Kumar MS, et al. RAS
and RHO families of GTPases directly regulate distinct phosphoinositide
3-kinase isoforms. Cell (2013) 153(5):1050-63. doi:10.1016/j.cell.2013.04.031
Hippenstiel S, Soeth S, Kellas B, Fuhrmann O, Seybold J, Krull M, et al. Rho
proteins and the p38-MAPK pathway are important mediators for LPS-
induced interleukin-8 expression in human endothelial cells. Blood (2000)
95(10):3044-51.

Zhao D, Kuhnt-Moore S, Zeng H, Wu JS, Moyer MP, Pothoulakis C.
Neurotensin stimulates IL-8 expression in human colonic epithelial cells
through Rho GTPase-mediated NF-kappa B pathways. Am ] Physiol Cell
Physiol (2003) 284(6):C1397-404. doi:10.1152/ajpcell.00328.2002

Yang D, Chertov O, Oppenheim JJ. Participation of mammalian defensins
and cathelicidins in anti-microbial immunity: receptors and activities of
human defensins and cathelicidin (LL-37). ] Leukoc Biol (2001) 69(5):691-7.
doi:10.1189/j1b.69.5.691

Shurin GV, Tourkova IL, Chatta GS, Schmidt G, Wei S, Djeu JY, et al. Small
rho GTPases regulate antigen presentation in dendritic cells. J Immunol (2005)
174(6):3394-400. doi:10.4049/jimmunol.174.6.3394

Ridley AJ. Rho GTPase signalling in cell migration. Curr Opin Cell Biol (2015)
36:103-12. doi:10.1016/j.ceb.2015.08.005

Paulsen F, Pufe T, Conradi L, Varoga D, Tsokos M, Papendieck J, et al.
Antimicrobial peptides are expressed and produced in healthy and inflamed
human synovial membranes. ] Pathol (2002) 198(3):369-77. doi:10.1002/
path.1224

Ong PY, Ohtake T, Brandt C, Strickland I, Boguniewicz M, Ganz T, et al.
Endogenous antimicrobial peptides and skin infections in atopic dermatitis.
N Engl ] Med (2002) 347(15):1151-60. doi:10.1056/NE]Moa021481

Reinholz M, Ruzicka T, Schauber J. Cathelicidin LL-37: an antimicrobial
peptide with a role in inflammatory skin disease. Ann Dermatol (2012)
24(2):126-35. d0i:10.5021/ad.2012.24.2.126

Chen X, Niyonsaba F, Ushio H, Nagaoka I, Ikeda S, Okumura K, et al. Human
cathelicidin LL-37 increases vascular permeability in the skin via mast cell
activation, and phosphorylates MAP kinases p38 and ERK in mast cells.
] Dermatol Sci (2006) 43(1):63-6. doi:10.1016/j.jdermsci.2006.03.001

Lu Y, Peng W, Xu Y. Small GTPase and regulation of inflammation response
in atherogenesis. ] Cardiovasc Pharmacol (2013) 62(4):331-40. doi:10.1097/
FJC.0b013e3182al12eb3

Coso OA, Chiariello M, Yu JC, Teramoto H, Crespo P, Xu N, et al. The
small GTP-binding proteins Racl and Cdc42 regulate the activity of the
JNK/SAPK signaling pathway. Cell (1995) 81(7):1137-46. doi:10.1016/
S0092-8674(05)80018-2

Han MS, Jung DY, Morel C, Lakhani SA, Kim JK, Flavell RA, et al. JNK
expression by macrophages promotes obesity-induced insulin resistance and
inflammation. Science (2013) 339(6116):218-22. doi:10.1126/science.1227568
Oltmanns U, Issa R, Sukkar MB, John M, Chung KE Role of c-jun N-terminal
kinase in the induced release of GM-CSFE, RANTES and IL-8 from human air-
way smooth muscle cells. Br ] Pharmacol (2003) 139(6):1228-34. doi:10.1038/
§j.bjp.0705345

Zhang YY, Yu YY, Zhang YR, Zhang W, Yu B. The modulatory effect of TLR2
on LL-37-induced human mast cells activation. Biochem Biophys Res Commun
(2016) 470(2):368-74. doi:10.1016/j.bbrc.2016.01.037

Zheng Y, Niyonsaba F, Ushio H, Nagaoka I, Ikeda S, Okumura K, et al.
Cathelicidin LL-37 induces the generation of reactive oxygen species and
release of human alpha-defensins from neutrophils. Br J Dermatol (2007)
157(6):1124-31. d0i:10.1111/§.1365-2133.2007.08196.x

Ruan Y, Shen T, Wang Y, Hou M, Li J, Sun T. Antimicrobial peptide
LL-37 attenuates LTA induced inflammatory effect in macrophages. Int
Immunopharmacol (2013) 15(3):575-80. doi:10.1016/j.intimp.2013.01.012
Inomata M, Into T, Murakami Y. Suppressive effect of the antimicrobial peptide
LL-37 on expression of IL-6, IL-8 and CXCL10 induced by Porphyromonas
gingivalis cells and extracts in human gingival fibroblasts. Eur ] Oral Sci (2010)
118(6):574-81. doi:10.1111/j.1600-0722.2010.00775.x

Valtcheva N, Primorac A, Jurisic G, Hollmen M, Detmar M. The orphan
adhesion G protein-coupled receptor GPR97 regulates migration of lymphatic
endothelial cells via the small GTPases RhoA and Cdc42. ] Biol Chem (2013)
288(50):35736-48. d0i:10.1074/jbc.M113.512954

Frontiers in Immunology | www.frontiersin.org

August 2018 | Volume 9 | Article 1871


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1159/000336630
https://doi.org/10.1007/s10753-010-9248-6
https://doi.org/10.1007/s10753-010-9248-6
https://doi.org/10.4049/jimmunol.172.2.1146
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.4049/jimmunol.180.12.8057
https://doi.org/10.1073/pnas.0636533100
https://doi.org/10.1073/pnas.0636533100
https://doi.org/10.1177/1087057115596326
https://doi.org/10.1016/j.chom.2009.08.004
https://doi.org/10.4049/jimmunol.1402845
https://doi.org/10.1074/jbc.271.34.20545
https://doi.org/10.1016/B978-0-12-407865-9.00006-6
https://doi.org/10.1016/B978-0-12-407865-9.00006-6
https://doi.org/10.1016/j.cellimm.2014.12.006
https://doi.org/10.1016/j.cellimm.2014.12.006
https://doi.org/10.1046/j.1365-2567.2002.01398.x
https://doi.org/10.1371/journal.pone.0099029
https://doi.org/10.4049/jimmunol.0802586
https://doi.org/10.4049/jimmunol.179.11.7684
https://doi.org/10.1016/j.peptides.2016.09.002
https://doi.org/10.1039/b813787k
https://doi.org/10.1016/j.cell.2013.04.031
https://doi.org/10.1152/ajpcell.00328.2002
https://doi.org/10.1189/jlb.69.5.691
https://doi.org/10.4049/jimmunol.174.6.3394
https://doi.org/10.1016/j.ceb.2015.08.005
https://doi.org/10.1002/path.1224
https://doi.org/10.1002/path.1224
https://doi.org/10.1056/NEJMoa021481
https://doi.org/10.5021/ad.2012.24.2.126
https://doi.org/10.1016/j.jdermsci.2006.03.001
https://doi.org/10.1097/FJC.0b013e3182a12eb3
https://doi.org/10.1097/FJC.0b013e3182a12eb3
https://doi.org/10.1016/S0092-8674(05)80018-2
https://doi.org/10.1016/S0092-8674(05)80018-2
https://doi.org/10.1126/science.1227568
https://doi.org/10.1038/sj.bjp.0705345
https://doi.org/10.1038/sj.bjp.0705345
https://doi.org/10.1016/j.bbrc.2016.01.037
https://doi.org/10.1111/j.1365-2133.2007.08196.x
https://doi.org/10.1016/j.intimp.2013.01.012
https://doi.org/10.1111/j.1600-0722.2010.00775.x
https://doi.org/10.1074/jbc.M113.512954

Hemshekhar et al.

GTPase in LL-37-Mediated Immunomodulation

60. LeY, YangY, CuiY, Yazawa H, Gong W, Qiu C, et al. Receptors for chemotactic
formyl peptides as pharmacological targets. Int Immunopharmacol (2002)
2(1):1-13. doi:10.1016/51567-5769(01)00150-3

61. Mookherjee N, Hancock RE. Cationic host defence peptides: innate immune
regulatory peptides as a novel approach for treating infections. Cell Mol Life
Sci (2007) 64(7-8):922-33. doi:10.1007/s00018-007-6475-6

62. Lau YE, Rozek A, Scott MG, Goosney DL, Davidson DJ, Hancock RE.
Interaction and cellular localization of the human host defense peptide LL-37
with lung epithelial cells. Infect Immun (2005) 73(1):583-91. doi:10.1128/
1A1.73.1.583-591.2005

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

Copyright © 2018 Hemshekhar, Choi and Mookherjee. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

17

August 2018 | Volume 9 | Article 1871


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/S1567-5769(01)00150-3
https://doi.org/10.1007/s00018-007-6475-6
https://doi.org/10.1128/IAI.73.1.583-591.2005
https://doi.org/10.1128/IAI.73.1.583-591.2005
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Host Defense Peptide LL-37-Mediated Chemoattractant Properties, but Not Anti-Inflammatory Cytokine IL-1RA Production, Is Selectively Controlled by Cdc42 Rho GTPase via G Protein-Coupled Receptors and JNK Mitogen-Activated Protein Kinase
	Introduction
	Materials and Methods
	Reagents
	Cell Culture
	Human Peripheral Blood-Derived Mononuclear Cells (PBMC) Isolation
	Human Monocyte-Derived Macrophages (MDM) Culture
	Human Neutrophil Isolation
	Cdc42 and Rac1 Activation G-LISA Assays
	Cdc42 SiRNA Knockdown
	ELISA
	PathScan® Sandwich ELISA for Quantitative Assessment of JNK MAPK Phosphorylation
	Western Blots
	RNA Isolation and Quantitative Real-Time PCR (qRT-PCR)
	Cell Migration Assays
	Guanine Nucleotide Exchange Factor (GEF) Assay
	Statistical Analyses

	Results
	LL-37-Induced Chemokine Production Is Dependent on Cdc42/Rac1 Rho GTPase
	LL-37-Induced Anti-Inflammatory IL-1RA Production Is Independent of Rho GTPases
	LL-37-Mediated JNK MAPK Phosphorylation Is Dependent on Cdc42/Rac1 Rho GTPase
	LL-37-Induced Chemokine Production and JNK MAPK Phosphorylation Is Dependent on Cdc42/Rac1 Rho GTPase in Primary Human Blood-Derived Cells
	LL-37-Mediated Leukocyte Migration Is Dependent on Cdc42/Rac1 Rho GTPase
	Cdc42 GTPase Is Activated in Response to LL-37
	Knockdown of Cdc42 Rho GTPase Suppresses LL-37-Induced Chemokine Production
	LL-37-Induced Cdc42 Rho GTPase Activity and Chemokine Production Is Mediated Through GPCR Signaling

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References






