Research Article

Innate
Immunity

Journal of

J Innate Immun 2012;4:553–568
DOI: 10.1159/000338648

Received: December 4, 2011
Accepted after revision: April 5, 2012
Published online: June 19, 2012

Synthetic Immunomodulatory Peptide
IDR-1002 Enhances Monocyte Migration
and Adhesion on Fibronectin
Laurence Madera Robert E.W. Hancock
Centre for Microbial Diseases and Immunity Research, Department of Microbiology and Immunology, University of
British Columbia, Vancouver, B.C., Canada

Abstract
Regulation of the immune system by immunomodulatory
agents, such as the synthetic innate defense regulator (IDR)
peptides, has been proposed as a potential strategy to
strengthen host immune responses against infection. IDR
peptides confer protection in vivo against a range of bacterial infections and have been developed as components of
single-dose vaccine adjuvants due to their ability to modulate innate immunity, correlating with an increased recruitment of monocytes to sites of infection or immunization.
However, the mechanisms by which IDR peptides augment
monocyte recruitment remain poorly defined. Anti-infective
peptide IDR-1002 was demonstrated here to lack direct
monocyte chemoattractive activity yet enhance, by up to
5-fold, the ability of human monocytes to migrate on fibronectin towards chemokines. This effect correlated with an
increased adhesion of monocytes and THP-1 cells to fibronectin by IDR-1002 and other IDR peptides and the adhesion
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of THP-1 cells to fibronectin occurred in a ␤1-integrin-dependent manner, corresponding with an increased activation of
␤1-integrins and the phosphoinositide 3-kinase (PI3K)-Akt
pathway. PI3K- and Akt-specific inhibitors abrogated IDR1002-induced adhesion and activation of ␤1-integrins,
whereas p38 and MEK1 inhibitors did not affect, or moderately inhibited, adhesion, respectively. Furthermore, IDR1002 enhancement of monocyte migration towards chemokines and activation of ␤1-integrins was abrogated in the
presence of PI3K- and Akt-specific inhibitors. In summary,
IDR-1002 enhanced monocyte migration on fibronectin
through promotion of ␤1-integrin-mediated interactions
regulated by the PI3K-Akt pathway, revealing a mechanism
by which IDR-1002 promotes monocyte recruitment.
Copyright © 2012 S. Karger AG, Basel

Introduction

The troubling rise of antibiotic-resistant pathogens
necessitates the development of novel therapeutic strategies to combat bacterial infections. One such strategy under investigation is that of immunomodulation, the regulation and augmentation of host immune responses with
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prising IDR-1002, CpG oligonucleotide and polyphosphazene. In this adjuvant formulation, which enables effective single-dose vaccines against pertussis, its primary
role is to enhance recruitment of immune cells [5, 6]. Although IDR peptides demonstrate potent anti-infective
and adjuvant properties, our limited understanding regarding the mechanisms by which IDR peptides modulate immunity represents an obstacle in their development as clinical therapeutic agents.
Augmentation of monocyte recruitment to the site of
infection appears to be an important step in IDR-mediated protection, an observation supported by the abolishment of IDR protection in a monocyte-/macrophagedepleted animal [3, 4]. An understanding of how IDR
peptides reinforce monocyte recruitment to the site of infection or immunization is essential to the development
of improved multifunctional immunomodulatory agents
with increased anti-infective properties. Studies have focused on the ability of IDR peptides to indirectly promote
cell recruitment via stimulation of chemokine production by host cells, whereas IDR-mediated enhancement of
leukocyte recruitment is a highly rapid occurrence [4].
This implicates a yet undiscovered mechanism by which
IDR peptides directly modulate leukocyte migratory behavior.
Monocyte recruitment is a complex process which relies on monocyte interactions with its surrounding environment to provide signals which coordinate cellular migratory behavior. Monocyte adhesion to tissues has been
shown to play an important role in monocyte locomotion
and migration [7] and is largely mediated by the interactions of integrins with their various ligands, including
cellular adhesion molecules on endothelial surfaces or a
number of component molecules of the extracellular matrix (ECM). In this study, we investigated the effects of
IDR-1002 on monocyte migration on, and attachment to,
fibronectin, a glycoprotein present in the ECM networks
of many tissues [8]. We demonstrated that IDR-1002 rapidly induced ␤1-integrin-mediated monocyte adhesion to
fibronectin and enhanced monocyte chemotaxis towards
natural chemokines through a fibronectin-coated membrane. The enhanced monocyte-fibronectin interaction
elicited by IDR-1002 was dependent on its activation of
the phosphoinositide 3-kinase (PI3K)-Akt pathway and
downstream activation of ␤1-integrins. These results suggest that IDR peptides enhance cell recruitment through
their regulation of monocyte signaling networks and
subsequent modulation of integrin function, illustrating
a previously unreported mechanism for the IDR-mediated augmentation of host defense.
Madera/Hancock
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the aim of enhancing bacterial clearance during infection. Derivatives of natural host defense peptides (HDPs)
are being studied as potential immunomodulatory antiinfective agents. Host defense (also termed antimicrobial) peptides encompass structurally diverse families of
cationic amphipathic molecules, which are widely expressed in virtually every class of life [1, 2]. Although
originally viewed as direct antimicrobial agents, it is becoming increasingly clear that these peptides broadly
modulate the immune response. HDP immunomodulatory activities, in both in vitro and in animal models, include the direct promotion of chemotaxis and stimulation of chemokine production, promoting phagocyte infiltration into infected sites. These peptides also regulate
immune cell function, enhancing leukocyte antimicrobial activity and modulating cellular differentiation of
dendritic cells and macrophages. In addition, HDPs can
suppress potentially harmful pro-inflammatory responses stimulated by bacterial products, promote epithelial
cell migration and growth, and stimulate wound healing
and angiogenesis. The comprehensive effects of such peptides make them promising templates for the development of novel anti-infective therapeutics.
The development of innate defense regulator (IDR)
peptides represents an effort to exploit and improve upon
the anti-infective properties of HDPs. Originating from
a peptide library of sequence-modified bactenecin derivatives, IDR peptide candidates were screened for their
ability to induce chemokine production in vitro as an indicator of immunomodulation. Numerous IDR peptides
exhibiting potent chemokine-inducing properties have
thus demonstrated the ability to protect against bacterial
infection in vivo through selective enhancement of antibacterial innate immunity. IDR-1, a peptide lacking
direct antimicrobial activity, confers prophylactic and
therapeutic protection against systemic infections with
multidrug-resistant bacteria in mouse models [3]. This
protection correlates with the enhancement of chemokine production, suppression of potentially harmful inflammatory cytokines and an increase in macrophage
counts at the site of infection. A derivative of IDR-1,
IMX942, developed by Inimex Pharmaceuticals, has
demonstrated a strong safety profile in phase I clinical
trials. IDR-1002, a remote derivative of bovine bactenecin, confers increased in vivo protection against bacterial
infections, an effect that is also associated with the enhancement of chemokine production as well as an increase in neutrophils and monocyte recruitment to the
site of infection [4]. It has also been developed and outlicensed as a component of an adjuvant formulation, com-

Reagents
Peptides LL-37 (LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES-NH2), IDR-1002 (VQRWLIVWRIRK-NH2), IDRHH2 (VQLRIRVAVIRA-NH2) and IDR-1018 (VRLIVAVRIWRR-NH2) were synthesized by solid-phase F-moc chemistry by
CPC Scientific (Sunnyvale, Calif., USA). IDR-1 (KSRIVPAIPVSLLNH2) and negative control peptide 1035 (KRWRWIVRNIRRNH2) were similarly synthesized by the Biomedical Research
Center (University of British Columbia, Vancouver, B.C., Canada). Phorbol myristate acetate (PMA) was resuspended in dimethyl sulfoxide (DMSO; both from Sigma-Aldrich, St. Louis, Mo.,
USA) and stored at –20 ° C. PI3K inhibitor LY294002, Akt inhibitor SH-5, p38 mitogen-activated protein kinase (MAPK) inhibitor
SB203580 and MEK1 MAPK inhibitor PD98059 (all from Calbiochem, San Diego, Calif., USA) were resuspended in DMSO and
stored at –20 ° C. In inhibitor experiments, the concentrations of
DMSO used never exceeded 0.1% (v/v) in cell cultures. The Giprotein inhibitor pertussis toxin was also obtained from Calbiochem. Chemokines MCP-1/CCL2, MCP-3/CCL7, MIP-1␣/CCL3
and RANTES/CCL5 were obtained from R&D Systems (Minneapolis, Minn., USA).
Cell Isolation and Culture
Human peripheral blood mononuclear cells (PBMCs) were
isolated as previously reported [9]. Briefly, venous blood was collected from healthy volunteers using heparin-containing Vacutainer tubes (BD Bioscience, San Jose, Calif., USA) in accordance
with University of British Columbia ethical approval and guidelines. Human blood was diluted in an equal amount of PBS (Invitrogen, Carlsbad, Calif., USA) then layered over Ficoll-Paque Plus
(Amersham, Piscataway, N.J., USA) prior to separation by density
gradient centrifugation. The mononuclear cell layer was extracted
and washed twice with PBS. The monocyte population was enriched by negative selection magnetic bead purification from the
PBMCs using the Easy-Sep Human Monocyte Enrichment Kit
(Stemcell Technologies, Vancouver, B.C., Canada) as per the manufacturer’s instructions. Monocytes were then resuspended in
RPMI 1640 with 10% (v/v) heat-inactivated FBS, 2 m M TLT-glutamine, and 1 mM sodium pyruvate (all from Invitrogen), placed
in a polypropylene tube (BD Falcon, San Jose, Calif., USA) and
cultured in a humidified incubator at 37 ° C with 5% CO2. The human monocytic cell line THP-1 [10] (ATCC TIB-202; American
Type Culture Collection, Manassas, Va., USA) was cultured in the
same media and conditions, as stated above, for a maximum of
five passages.
Fibronectin Adhesion Assay
Polystyrene tissue culture plates (BD Falcon) were coated
overnight at 4 ° C with 50 g/ml of human plasma fibronectin
(Calbiochem) per well. The wells were then washed with PBS prior to blocking with PBS containing 1% (w/v) BSA (Roche, Basel,
Switzerland) for 1 h at 37 ° C. Wells were washed again with PBS
prior to use. Wells without fibronectin were also blocked with 1%
BSA as controls for nonspecific adhesion.
Human blood monocytes and THP-1 cells were resuspended
in RPMI 1640 with 1% FBS at a density of 5 ! 105 cells/ml for 1 h.
For PI3K-Akt inhibition studies, cells were then pretreated with
chemical inhibitors, or a DMSO vehicle control, at the indicated
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concentrations for 1 h. Similarly for ␤1-integrin blocking studies,
cells were pretreated with an anti-human ␤1-integrin functional
blocking monoclonal antibody (mAb; P4C10; Millipore, Billerica,
Mass., USA) at the indicated concentrations or 20 g/ml of a
mouse IgG1 isotype antibody (MG1-45; Biolegend, San Diego,
Calif., USA) for 1 h. 5 ! 104 cells were added to each well and
stimulated with the indicated treatments. PMA at 50 ng/ml was
used as a positive control for monocyte-fibronectin binding in
some experiments. The cells were incubated at 37 ° C for 3 h, unless otherwise stated. The cells were then removed and the wells
washed twice with PBS prior to upside-down centrifugation at
50 g for 5 min to remove non-adherent cells. Wells were washed
twice with PBS and adherent cells were stained with the DiffQuick staining kit (VWR Scientific Products, Radnor, Pa., USA)
as per the manufacturer’s instructions.
Measurement of adhesion levels were done by averaging the
counts of cells over 6 high power fields (HPF; magnification:
!200) under phase-contrast microscopy with a light microscope.
Counts per HPF of adherent cells on non-fibronectin-coated,
BSA-blocked wells were subtracted from counts of fibronectincoated wells without stimulation for each treatment to assess fibronectin-specific monocyte adhesion.
Flow Cytometry to Determine ␤1-Integrin Levels and Akt
Phosphorylation
All flow cytometry results were collected using the FACSCalibur flow cytometer in conjunction with CellQuest Pro software
(BD Biosciences). THP-1 cells were resuspended in RPMI 1640
with 1% FBS at a density of 1 ! 106 cells/ml; 2 ! 105 cells per well
were then seeded on tissue culture plates and placed in a humidified incubator at 37 ° C and 5% CO2 for 1 h. For inhibitor studies,
THP-1 cells were then pretreated with chemical inhibitors, or a
DMSO vehicle control, at the indicated concentrations for 1 h.
Cells were then stimulated with the indicated treatments for the
indicated time points and incubated at 37 ° C for 3 h. Following
treatment, THP-1 cells were then fixed with PBS and 4% (w/v)
formaldehyde (Fisher Scientific, Pittsburgh, Pa., USA) at room
temperature for 20 min in preparation for staining.
To investigate ␤1-integrin surface expression, THP-1 cells
were washed using PBS with 0.5% BSA and stained at room temperature for 1 h with an anti-human CD29 mouse IgG1-AlexaFluor쏐 647 (TS2/16, Biolegend) or an mAb specific for the active conformation of human ␤1-integrins (HUTS-4; Millipore). THP-1
cells were also stained, in parallel, with a mouse IgG1 antibody
conjugated to AlexaFluor 647 (MOPC-21; Biolegend) or a mouse
IgG2b isotype antibody (MPC-11; Biolegend) as respective isotype
controls. For the determination of activated ␤1-integrin levels,
THP-1 cells were then washed and further stained with a goat
anti-mouse IgG-DyLightTM 649 (Poly4053; Biolegend) antibody
for 30 min at room temperature. Cells were then washed and resuspended in PBS with 0.5% BSA and 0.5% formaldehyde for analysis. Protein expression levels for each sample were determined by
measuring the geometric mean fluorescence intensity (MFI) levels of 1,000 cells, subtracted by MFI levels of their isotype-stained
counterparts. The displayed fold changes over basal values were
calculated by dividing the corrected MFI values of each treatment
by the MFI values of the untreated sample of their respective time
point and inhibitor conditions.
To investigate the intracellular levels of phosphorylated Akt,
THP-1 cells were washed with 0.5% BSA and permeabilized in
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Methods

Fibronectin Migration Assay
All migration assays were performed using a 48-well microchemotaxis chamber (Neuro Probe). Freshly enriched human peripheral blood monocytes were adjusted to RPMI 1640 with 1%
FBS and incubated at 37 ° C for 1 h. For inhibitor studies, monocytes were pretreated with chemical inhibitors, or a DMSO vehicle control, at the indicated concentrations for 1 h. Similarly in
␤1-integrin blocking experiments, monocytes were pretreated
with 20 g/ml of a HUTS-4-blocking antibody or an isotypematched mouse IgG1 control antibody for 1 h; 5 ! 104 monocytes
were added to the upper wells of the chamber, and indicated concentrations of chemokines in RPMI 1640 with 1% FBS were added
to the lower wells. Lower wells containing RPMI 1640 and 1% FBS
were used as negative controls. In IDR-1002-chemokine synergy
studies, treatment with IDR-1002 was done by adding peptide to
both upper and lower wells to avoid a concentration gradient. The
upper and lower wells were separated by a polycarbonate membrane with 5-m-diameter pores. Membranes were precoated
with 50 g/ml of fibronectin at 4 ° C overnight, washed with PBS
and air-dried prior to use. After 1 h of incubation, non-migrated
monocytes were removed by PBS washing and scraping with a
rubber blade and adherent cells on the underside of the membrane
were stained with the Diff-Quick staining kit.
Control experiments assessing the effects of IDR-1002 on
monocyte migration independent of chemokines were similarly
done. To investigate any direct chemotactic properties of IDR1002, different concentrations of IDR-1002 were added to the
lower wells of the chemotaxis chamber and separated from the
monocyte-containing chamber with a non-coated polycarbonate
membrane. Likewise, migration experiments investigating the
chemotactic or chemokinetic properties of IDR-1002 in a fibronectin system were done by the addition of the indicated amount
of peptide to both the upper and lower wells in chemokinesis experiments, and lower wells alone in chemotaxis experiments. The
wells were then separated with a fibronectin-coated polycarbonate membrane and processed using the method stated above.
Migration for each treatment was measured by averaging the
number of migrated cells per HPF over 5 fields with each treatment condition done in duplicate. Fold change over control values
were calculated by dividing the average cell count per HPF of each
treatment by the average cell count per HPF of basal migration in
media alone.
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Results

Enhancement of Monocyte Migration on Fibronectin
by IDR-1002
To investigate the mechanisms underlying the enhancement of monocyte migration by IDR-1002, an in
vitro model using human monocytes was established. We
hypothesized that IDR-1002 would regulate the migratory activity of monocytes towards natural mediators of
chemotaxis expressed during an infection, such as host
chemokines. The ability of IDR-1002 to promote chemotaxis across an uncoated membrane filter was tested,
but little or no migration was observed, demonstrating a
lack of chemotactic activity by IDR-1002 (online suppl.
fig. 1; for all online supplementary material, see www.
karger.com/doi/10.1159/000338648); therefore, the effects
of molecules that are known to promote cell migration
were tested. It was observed that in the presence of fibronectin, IDR-1002 substantially enhanced the ability of
human blood monocytes to migrate towards a range of
chemokines. The degree of monocyte migration across a
fibronectin-coated membrane was determined by microscopy after 1 h. As shown in figure 1, varying concentrations of monocyte chemokines CCL2, CCL7, CCL3
and CCL5 increased the migration of monocytes across a
fibronectin-coated membrane compared to baseline migration of monocytes in medium alone, as expected (NB:
control peptide 1035 showed no enhancement of migration – see below). Baseline migration of monocytes after
1 h was estimated to be nearly 2% of the starting monocyte population. In the presence of IDR-1002, the numbers of migrating monocytes towards the chemokines
were significantly increased. IDR-stimulated monocytes
induced monocyte migration by up to fivefold from baseline migration levels, a nearly twofold increase compared
to chemokine-induced migration, demonstrating an enhancement of monocyte chemotactic activity. Migration
through fibronectin of monocytes treated with IDR-1002
in the absence of chemokines did not differ from the
spontaneous migration of media-only control treatments, indicating a lack of chemokinetic activity by IDR1002 (online suppl. fig. 2A), nor did migration towards
IDR-1002-containing wells differ from migration towards
media-only wells, demonstrating a lack of chemotactic activity in a fibronectin model as well (online suppl. fig. 2B).
Thus, the observed promotion of migration by IDR-1002
indicates synergistic enhancement of monocyte migratory behavior on fibronectin towards chemokines.
As IDR-1002 displayed an enhancement of chemotaxis towards all tested chemokines, the ability of IDR-1002
Madera/Hancock
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90% (v/v) methanol at 4 ° C for 30 min. The cells were then washed
and stained at room temperature for 1 h with phospho-Akt (Ser473) 193H12 rabbit mAb or a DA1E rabbit IgG isotype mAb (both
from Cell Signaling Technology, Danvers, Mass., USA). Following
washing, the cells were stained with a goat anti-rabbit IgG-Alexa
Fluor 647 (H+L; Invitrogen) for 30 min at room temperature. The
cells were then washed and resuspended in PBS with 0.5% BSA
and 0.5% formaldehyde for analysis. Levels of phosphorylated Akt
for each sample were determined by measuring the MFI levels of
1,000 cells, subtracted by MFI levels of their corresponding isotype-stained samples. The displayed fold changes over basal values were calculated by dividing the corrected MFI values of each
treatment by the MFI values of the untreated sample of their respective time point and inhibitor conditions.
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Fig. 1. IDR-1002 enhancement of monocyte migration on fibronectin. Effects of IDR-1002 (20 g/ml) on mo-

to promote monocyte-fibronectin interactions was investigated, since cellular adhesion to fibronectin is known to
facilitate monocyte migration through a number of environments, including the basement membrane of the endothelia and the ECM [11]. The interactions between
monocytes and surrounding substrates, such as endothelial surface and ECM components, are highly dependent
on the actions of the integrin family of receptors. Monocyte adhesion to fibronectin is primarily mediated by the
␤1 family of integrins, which include the monocyte adhesion receptors VLA-4 and ␣5␤1 [12, 13]. Previous treatment of monocytes with 20 g/ml of a ␤1-integrin-inhibiting antibody abolished the enhancing effect of IDR1002 on monocyte chemotaxis towards CCL2 and CCL7,

compared to monocytes pretreated with an isotypematched antibody control (fig. 2). Inhibition of ␤1-integrin function greatly reduced, but did not eliminate, the
augmentation of monocyte migration towards CCL3 and
CCL5 by IDR-1002. This observation correlated with
studies using uncoated membranes which demonstrated
specific enhancement of monocyte migration by IDR1002 towards CCL3 and CCL5, suggesting alternative
mechanisms through which IDR-1002 can promote
monocyte recruitment [unpubl. data]. Overall, these results showed that the ␤1-integrins play a large role in the
promotion of monocyte chemotaxis by IDR-1002, likely
through the enhanced interaction between monocytes
and the fibronectin-coated membrane. IDR-1002 did not
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nocyte chemotaxis towards varying levels of chemokines (3.125, 6.25, 12.5 and 25 ng/ml) through a fibronectin-coated membrane. Data are presented as fold increases in migration over baseline migration in media
alone (8SE) of at least 4 independent experiments, each from independent donors. Student’s two-tailed t test:
* p ! 0.05; ** p ! 0.01.
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significantly alter the migration of isotype-antibodytreated or ␤1-integrin-treated monocytes in the absence
of chemokines (data not shown).
Regulation of Monocyte Adhesion to Fibronectin by
IDR-1002
To elucidate the potential regulation of ␤1-integrinmediated binding by IDR-1002, we investigated whether
IDR-1002 could promote monocyte adhesion to fibronectin. Human blood monocytes or THP-1 cells were treated
with varying doses of IDR-1002 and assessed for their
ability to adhere to fibronectin-coated plates. The degree
of adhesion at 3 h was determined by microscopy after
the removal of unattached cells. IDR-1002 demonstrated
a dose-dependent and very substantial increase in adhe558

J Innate Immun 2012;4:553–568

sion to fibronectin of either blood monocytes or THP-1
cells, indicating a promotion of monocyte-fibronectin interactions (fig. 3a). Although blood monocytes demonstrated increased sensitivity to lower IDR-1002 concentrations compared to a THP-1 model, the adhesion patterns of IDR-1002-stimulated monocytes and THP-1 cells
were similar. Thus, we elected to use THP-1 cells as an
alternative model to further investigate monocyte adhesion behavior.
Monocyte adhesion and migration is a rapid event.
Monocyte adhesive interactions with various substrates
can be differentially regulated in as little as a few minutes
[14, 15]. The rapid regulation of adhesion in response to
extracellular stimuli, such as chemokines, is a necessity
for substrate-mediated monocyte motility, which reMadera/Hancock
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Fig. 2. The role of ␤1-integrins in IDR-1002-mediated enhancement of monocyte migration. Monocytes were
pretreated with a ␤1-integrin-inhibiting antibody or an isotype-matched control antibody (20 g/ml) for 1 h.
Monocytes were then assessed for their ability to migrate towards chemokines (12.5 ng/ml) through a fibronectin-coated membrane with or without IDR-1002 (20 g/ml) treatment. Data are presented as fold increases in
migration over isotype-antibody-treated monocyte migration in media alone (8SE) of at least 4 independent
experiments, each from independent donors. Student’s two-tailed t test: * p ! 0.05; ** p ! 0.01.
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quires the coordinated engagement and disengagement
of adhesion receptors to their environmental ligands.
Thus the temporal profile of IDR-1002-mediated adhesion to fibronectin was determined. THP-1 cells on fibronectin-coated plates were stimulated with IDR-1002 for
varying amounts of time prior to removal of non-adherent cells. Time course adhesion experiments showed that
IDR-1002-induced THP-1 adhesion to fibronectin was
rapid, with significant adhesion observed as early as 15
min. A continued increase in THP-1 adhesion was evident up to 3 h after IDR stimulation (fig. 3b).

Next it was determined whether the adhesive activity
of IDR-1002 was mediated specifically through the binding activity of the ␤1-integrins. THP-1 cells were pretreated with varying doses of a ␤1-integrin-inhibiting antibody 1 h prior to stimulation with IDR-1002. The addition of a ␤1-integrin-inhibiting antibody resulted in a
dose-dependent inhibition of THP-1 adhesion to fibronectin-coated plates, fully abrogating IDR-1002-mediated adhesion at an antibody concentration of 20 g/ml
(fig. 3c). In contrast, pretreatment of THP-1 cells with 20
g/ml of an isotype-matched antibody had no effect on

IDR-1002 Enhances Monocyte Migration
and Adhesion on Fibronectin

J Innate Immun 2012;4:553–568

559

Downloaded by:
University of British Columbia
137.82.209.203 - 1/13/2014 7:07:22 PM

Fig. 3. IDR-1002 regulation of monocyte adhesion on fibronectin.
a Monocytes or THP-1 cells were stimulated with various concen-
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Fig. 4. IDR-1002 regulation of ␤1-integrins on THP-1 surfaces. Time course effects of the levels of total ␤1-integrin (a) or the activated isoform of ␤1-integrin (b) on THP-1 cells stimulated with IDR-1002 (50 g/ml). Detection of integrin levels were done by staining with an anti-CD29 antibody or a HUTS-4 antibody, which detects
the activated conformation of ␤1-integrins, and measured by flow cytometry. Data are presented as the mean
MFI fold change over basal values (8SE) of at least 5 independent experiments. Student’s two-tailed t test:
* p ! 0.05; ** p ! 0.01; *** p ! 0.001.

␤1-Integrin Regulation by IDR-1002
Due to the ␤1-integrin dependency of peptide-mediated effects on monocyte-fibronectin adhesion and migration, the regulation of ␤1-integrins by IDR-1002 was assessed. The effects of IDR-1002 on the overall expression
levels of ␤1-integrins on monocyte surfaces were investigated by measuring the levels of CD29, the ␤-subunit of
␤1-integrin heterodimers, on THP-1 cells. THP-1 cells
were stimulated with IDR-1002 for various time intervals
prior to assessment of ␤1-integrin levels. Over the course
of 4 h, there was no substantial change in overall ␤1-integrin levels (fig. 4a). However, integrin function can be
differentially regulated via multiple processes, including
the conformational change of resting integrins to a higher-affinity state, termed integrin activation [7]. THP-1
cells stimulated with IDR-1002 displayed a transient increase in levels of activated ␤1-integrins, as determined
by staining with the HUTS-4 antibody, which specifically targets ␤1-integrin in its activated conformation [16].
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Integrin activation was detectable as early as 15 min and
peaked at 30 min, showing a 50% increase over unstimulated controls (fig. 4b). Levels of ␤1-integrin activation decreased after 60 min before returning to unstimulated
levels after 4 h. Thus while IDR-1002 had no major effect
on the expression of total ␤1-integrin surface levels, it induced the transient activation of ␤1-integrins from a lowaffinity state to a high-affinity one.
Role of the PI3K-Akt Pathway in IDR-1002
Enhancement of Adhesion and ␤1-Integrin Regulation
The PI3K-Akt pathway has been shown to play a major
role in regulating cellular adhesion [13, 17–22]. As IDR1002-mediated chemokine regulation in human PBMCs
is dependent on the PI3K pathway [4], we inquired whether IDR-1002 activated the PI3K-Akt pathway in human
monocytes and whether this resulted in the regulation of
monocyte adhesion. PI3K activation was determined by
measuring the levels of Akt phosphorylation in THP-1
cells. THP-1 cells were stimulated with IDR-1002 for
varying time intervals prior to assessment of intracellular
phospho-Akt levels. IDR-1002-stimulated THP-1 cells
demonstrated a rapid increase in Akt phosphorylation,
peaking at 15 min with a 2-fold increase in phosphorylation over unstimulated controls (fig. 5a). Elevated phospho-Akt levels persisted until 4 h after treatment exhibitMadera/Hancock
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peptide-mediated adhesion. Our results suggest that the
IDR-1002-induced adhesion of THP-1 cells to fibronectin
is dependent on ␤1-integrin activity, supporting the previous observation that ␤1-integrins play a large role in
peptide-mediated enhancement of monocyte chemotaxis
on fibronectin.
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mediated integrin activation. THP-1 cells pretreated with
100 ng/ml of pertussis toxin for 1 h, prior to IDR-1002
stimulation for 30 min, exhibited an increase in ␤1-integrin activation similar to THP-1 cells without pertussis
toxin pretreatment (online supp. fig. 4). This pertussis
toxin pretreatment condition was sufficient to eliminate
migration towards chemokines CCL3 and CCL5, confirming an inhibition of Gi-protein functions [unpubl.
data]. Taken together, these results indicate that IDR1002 promotes THP-1 binding to fibronectin via the
PI3K-Akt pathway, likely through the inside-out activation of ␤1-integrins.
Role of the PI3K-Akt Pathway in IDR-1002-Mediated
Enhancement of Monocyte Migration
Having demonstrated that IDR-1002 utilized the
PI3K-Akt pathway to promote monocyte interaction with
fibronectin via ␤1-integrin activation, we investigated
whether this pathway played a role in the peptide-mediated enhancement of monocyte chemotaxis. Monocytes
were pretreated with 10 m of LY294002 or SH-5 for 1 h
prior to chemotaxis towards monocyte chemokines. The
presence of LY294002 or SH-5 reduced baseline spontaneous monocyte migration by 53 and 70%, respectively,
compared to DMSO-pretreated controls (p ! 0.05, n = 3).
In the absence of chemokines, IDR-1002 did not significantly alter monocyte migration in each respective inhibitor treatment (data not shown). Similar to previous
experiments, monocytes pretreated with DMSO migrated towards chemokines through a fibronectin-coated
membrane, an effect significantly enhanced in the presence of IDR-1002 (fig. 6). However, after LY294002 and
SH-5 pretreatment, IDR-1002 had a minimal or no effect
on monocyte chemotaxis towards chemokines. It must be
noted that LY294002 and SH-5 pretreatment strongly
suppressed monocyte chemotactic responses to all chemokines tested, consistent with observations that the
PI3K-Akt pathway is a major regulatory axis of monocyte
chemotaxis. It is possible that the elimination of IDR1002 enhancement on migration stemmed from a general suppression of the monocyte chemotactic response,
masking any prospective PI3K-Akt-independent mechanisms, utilized by IDR-1002. However, in conjunction
with results demonstrating the PI3K-Akt-dependent enhancement of monocyte adhesion and integrin activation
by IDR-1002, these observations strongly suggested that
the PI3K-Akt pathway is central for the enhancement of
monocyte chemotaxis by IDR-1002.
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ing a similar kinetic profile to that of IDR-1002-induced
␤1-integrin activation. This effect was abrogated in THP1 cells pretreated for 1 h with LY294002, a PI3K-specific
inhibitor, demonstrating a PI3K-dependent activation of
Akt by IDR-1002 (fig. 5b).
To determine the involvement of the PI3K-Akt pathway in IDR-1002-mediated monocyte adhesion to fibronectin, adhesion experiments were repeated using THP1 cells pretreated with PI3K inhibitor LY294002 and Aktspecific inhibitor SH-5 for 1 h prior to stimulation with
IDR-1002. The addition of a PI3K or an Akt inhibitor reduced peptide-induced monocyte adhesion to fibronectin in a dose-dependent manner compared to a DMSO
pretreatment control (fig. 5d). Complete elimination of
the adhesive response by either inhibitor occurred at
concentrations of 10 m, a non-toxic concentration capable of fully inhibiting Akt activation induced by IDR1002. To assess whether other pathways required for
IDR-mediated immunomodulation are involved in IDR1002-induced adhesion, namely the MAPK pathways [3,
4], THP-1 cells were pretreated with the p38 MAPK inhibitor SB203580 or the MEK1 inhibitor PD98059 prior
to stimulation of IDR-1002. Inhibition of p38 had no effect on peptide-induced THP-1 fibronectin adhesion
(online suppl. fig. 3), while MEK1 inhibition, at high inhibitor concentrations, led to a 40% reduction in adhesion (p ! 0.01, n = 5, online suppl. fig. 3). In the absence
of peptide stimulation, none of the inhibitors alone affected THP-1 adhesion to fibronectin at any concentration used (data not shown). Overall, it could be concluded that activation of the PI3K-Akt pathway by IDR-1002
is necessary for peptide-mediated monocyte adhesion to
fibronectin.
Both PI3K and Akt have been demonstrated to be inside-out signaling activators of various integrin classes,
including ␤1-integrins [19, 23–25]. As IDR-1002 promotion of THP-1 adhesion to fibronectin was shown to be
PI3K-Akt dependent, the role of the PI3K-Akt pathway in
IDR-1002-induced ␤1-integrin activation was then investigated. THP-1 cells pretreated with 10 m of LY294002
or SH-5, prior to stimulation with IDR-1002, exhibited no
increase in ␤1-integrin activation compared to non-peptide-stimulated controls, as measured by HUTS-4 antibody binding (fig. 5c). In contrast, DMSO-pretreated
THP-1 cells, stimulated with IDR-1002, presented transient activation of ␤1-integrins over unstimulated controls, demonstrating the necessity of the PI3K-Akt pathway. As pertussis toxin-sensitive Gi-protein signaling was
necessary for IDR-1002 induction of chemokines [4], we
also investigated whether it was also involved in peptide-
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Fig. 6. The role of the PI3K-Akt pathway in IDR-1002-mediated enhancement of monocyte migration. Mono-

Induction of Monocyte Adhesion to Fibronectin by
IDR Peptides
Immunomodulatory IDR peptides exhibit many functional similarities. Anti-infective peptides IDR-1 and
IDR-1002 confer in vivo protection against bacterial infections through modulation of innate immune responses, including the regulation of chemokine/cytokine
responses and recruitment of monocytes to the site of infection [3, 4]. Likewise, IDR-1018 and IDR-HH2 also
demonstrate the ability to modulate the host cytokine/
chemokine environment [26, 27], while both IDR-1002
and IDR-HH2 promote adjuvant activity in formulation

[5, 6]. We sought to determine whether the ability to promote monocyte adhesion to fibronectin demonstrated by
IDR-1002 was shared with other IDR peptides as well.
Human monocytes or THP-1 cells were stimulated with
IDR peptides or human cathelicidin LL-37, a HDP with
similar immunomodulatory functions, and investigated
their ability to adhere to fibronectin-coated plates after
3 h. LL-37 was utilized at a concentration of 20 g/ml as
higher concentrations have been associated with observable cytotoxicity in human PBMCs as measured by a lactate dehydrogenase release assay; in contrast, IDR peptides elicited minimal cytotoxicity up to concentrations
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cytes were pretreated with the PI3K-inhibitor LY294002 (10 m), Akt-inhibitor SH-5 (10 m) or 0.1% DMSO
for 1 h. Monocytes were then assessed for their ability to migrate towards chemokines (12.5 ng/ml) through a
fibronectin membrane with or without IDR-1002 (20 g/ml) treatment. Data are presented as fold increases in
migration over the migration of DMSO-treated monocytes in media alone (8SE) of at least 3 independent experiments, each from independent donors. Student’s two-tailed t test: * p ! 0.05; ** p ! 0.01.
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of 100 g/ml [unpubl. data]. Treatment with PMA was
utilized as a positive control for monocyte-fibronectin
adhesion [28]. As show in figure 7, immunomodulatory
peptides LL-37, IDR-1, IDR-1002, IDR-1018 and IDRHH2 promoted monocyte and THP-1 adhesion to fibronectin to varying degrees. IDR-1002 was the most potent
adhesion-inducing peptide, promoting monocyte adhesion exceeding that of PMA treatment. Peptide 1035, a
negative control peptide isolated as part of the same design series as IDR-1002 but with no immunomodulatory
properties as measured by its lack of enhancement of chemokine production in human PBMCs [unpubl. data], did
not elicit monocyte or THP-1 adhesion above baseline
levels. These results indicate that promotion of monocyte
adhesion to fibronectin is a shared property between synthetic immunomodulatory IDR peptides, with IDR peptides stimulating monocyte adhesion at levels comparable to, or exceeding, natural inducers of adhesion.

Discussion

IDR peptides have a diverse range of regulatory effects
on host immunity that can be exploited to enhance protection against bacterial infections and promote adaptive
immunity. Our understanding of the range of mechanisms by which IDR peptides and HDPs exert their ef564
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fects is as yet incomplete, in part due to the diversity of
these mechanisms [29]. An increased understanding of
the key mechanisms will promote the design of improved
immunomodulators as anti-infective agents and adjuvants and their translation into clinical therapies. While
a common feature of IDR peptides is their ability to enhance cellular infiltration to sites of infection, mechanistic studies to date have focused on the indirect stimulation of chemotaxis, through the stimulation of chemokine production, rather than any direct effects on cellular
motility. In this study, we identified a mechanism by
which synthetic peptide IDR-1002 directly enhances
monocyte migration, a hallmark effect in IDR-mediated
protection against bacterial infection [3, 4] and its deployment in adjuvant formulations [5, 6]. Specifically, we
demonstrated that IDR-1002 enhanced monocyte migration towards chemokines through a fibronectin matrix
by strengthening the interaction between monocytes and
this substrate.
Recruitment of leukocytes to the site of infection is a
highly orchestrated and complex event. Mediators of cell
recruitment produced during an infection must not only
stimulate cellular movement, but also promote cellular
attachment to its surrounding environment [7]. Cellular
extensions of chemokine-stimulated leukocytes would
generate little net movement without an adhesive foothold on which to apply directional force [8]. Many studies
Madera/Hancock
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Fig. 7. IDR peptide-induced monocyte adhesion on fibronectin. Human blood monocytes (a) or THP-1 cells (b)
were stimulated with IDR peptides (100 g/ml) or LL-37 (20 g/ml) for 3 h and assayed for their ability to adhere to fibronectin-coated plates. Stimulation with 50 ng/ml of PMA was used as a positive control for inducing
monocyte adhesion to fibronectin. Data are presented as the mean of adherent cells per HPF (8SE) of at least
4 independent experiments. In experiments using primary monocytes, each independent experiment utilized
cells from an independent donor. Student’s two-tailed t test: * p ! 0.05; ** p ! 0.01; *** p ! 0.001.

The regulation of integrin-mediated cellular adhesion
is an enormously complex process that involves the actions and interactions of numerous intracellular signaling
networks. A diverse array of signaling mediators has been
shown to modulate integrin function, including those of
the MAPK and PI3K-Akt pathways, the G-protein-coupled receptor and phospholipase C networks, and the
small GTPases Rho and Rap [7, 17–21]. Many of these
pathways and networks have been implicated as necessary
for certain immunomodulatory effects of natural HDPs
[34]. Synthetic IDR peptides, similar to their natural precursors, have demonstrated the ability to regulate immune responses, such as the regulation of chemokine production, through modulation of endogenous pathways [3,
4]. Thus, we hypothesize that modulation of monocyte
integrin function and adhesion by IDR-1002 stemmed
from its activation of natural signaling pathways; this
conclusion is consistent with the observation of a modest
responsiveness of THP-1 cells to the human HDP LL-37
(fig. 7). In this study, we observed that the ability of IDR1002 to induce ␤1-integrin activation and promote monocyte adhesion and migration on fibronectin was highly
dependent on its activation of the PI3K-Akt pathway,
demonstrating a link between the modulation of signaling by IDR peptides and the regulation of integrin function. Interestingly, the inhibition of the p38 and MEK1
MAPK pathways, both involved in monocyte integrin
regulation and IDR-1002-mediated chemokine regulation
in PBMCs, showed no or comparatively minor effects on
monocyte adhesion. Similarly, inhibition of Gi-protein
function by pertussis toxin, involved in both IDR-1002mediated cytokine induction or chemokine-mediated responses, had no effect on peptide-mediated activation of
␤1-integrins. This underscores the complexity by which
IDR peptides might modulate specific signaling networks
to regulate distinct aspects of immunity. Our understanding of the methods by which IDR peptides and HDPs affect immune signaling activity remains in its infancy. The
upstream receptors of IDR peptides which coordinate this
IDR-induced signal regulation have not yet been fully elucidated. However, certain IDR peptide receptors have
been identified, including the cellular scaffold protein sequestosome-1/p62 and intracellular GAPDH, both important for IDR-1-mediated activation of p38 MAPK [35,
36]. These observations demonstrate that the interaction
of IDR peptides with endogenous molecules can result in
the downstream regulation of signaling. Certain structural characteristics shared both by HDPs and synthetic
IDR peptides, such as their small size, net positive charge
and amphiphilic properties, also suggest the potential for
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have shown that leukocyte adhesion to the endothelial
surface is a fundamental step in subsequent cellular extravasation and transmigration into tissues [7]. Further
localization of leukocytes within tissues also depends on
cellular adhesion to the ECM to facilitate movement. We
propose that IDR-1002 promotes monocyte recruitment
by improving their ability to adhere to substrates. In our
study IDR-1002, a peptide which displayed neither direct
chemokinetic nor chemoattractive activity, nevertheless
enhanced monocyte migration towards a wide range of
chemokines through a network of fibronectin, a major
ECM component of many tissues. IDR-1002-mediated
augmentation was greatly reduced with the functional
disruption of the ␤1-integrin family, the major monocyte
adhesion receptor for fibronectin. This was supported by
observations that IDR-1002 induced the potent adhesion
of monocytes and THP-1 cells to fibronectin in a ␤1-integrin-dependent manner, correlating with a rapid increase
in ␤1-integrin activation on THP-1 surfaces. Although we
cannot preclude a supportive role of other monocyte fibronectin-binding receptors, such as the ␤2 or ␤3 families
of integrins [30–33], the complete abrogation of adhesion
by a ␤1-integrin-inhibiting antibody indicates a primary
role of ␤1-integrins in IDR-1002-mediated adhesion.
Overall, these results elucidate a mechanism in which
IDR-1002 promotion of ␤1-integrin-mediated adhesion
results in an enhancement of monocyte movement towards chemotactic signals through fibronectin. It is feasible that in vivo administration of IDR-1002 during a
bacterial infection, or as part of an adjuvant formulation,
would prime monocytes for enhanced adhesion, and,
thus, migration towards chemotactic mediators produced in abundance at the site of infection or immunization. We propose that this effect is independent of the
enhancement of recruitment via the promotion of cellular chemokine release, which is observed hours after peptide administration in in vitro and in vivo models [4].
Interestingly, observations that IDR-1002 may enhance
monocyte migration towards specific chemokines (CCL3
and CCL5 but not CCL2 or CCL7), in both a ␤1-integrininhibited fibronectin migration model and a non-coatedmembrane migration model, suggest an additional adhesion-independent mechanism by which this peptide can
promote monocyte recruitment. This multipronged improvement in monocyte recruitment would account for
the increased numbers of monocytes at the infection site
and enhanced bacterial clearance elicited by IDR-1002
treatment [4] and enhanced adjuvanticity of formulated
pertussis toxoid [5, 6].
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monocyte arrest and adhesion on the endothelial layer
[7].
In summary, we established that IDR peptides can promote the adhesion and migration of monocytes to fibronectin through enhanced ␤1-integrin function via activation of the PI3K-Akt pathway. This study identifies novel
functions of IDR peptides in promoting integrin-mediated monocyte adhesion to fibronectin and synergistically
enhancing monocyte migration towards host chemokines, further expanding the repertoire of immune-regulating effects of IDR peptides. Monocyte adhesion not
only has implications in monocyte recruitment, but farreaching regulatory functions in many aspects of the host
immune response, including wound healing, cellular differentiation and tissue homeostasis, among others. Understanding how IDR peptides regulate monocyte migration, adhesion and integrin function through its effect on
cellular signaling networks will aid in the development
and optimization of novel agents with improved anti-infective and immunomodulatory functions.
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