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ABSTRACT
The growing threat of antibiotic-resistant bacteria necessitates the development of
new anti-infective therapeutics. Innate defense regulator (IDR) peptides are a novel class of
immunomodulatory agents shown to combat bacterial pathogens in murine models of
infection via the augmentation of host immune functions, including the stimulation of
chemokine production and enhancement of leukocyte recruitment, while suppressing
bacterial-induced inflammation. Although IDR-peptides present the potential for future
broad-range anti-infective agents, our limited understanding of how they modulate host
immunity remains an obstacle in their development as clinical therapeutics. I hypothesized
that IDR-peptides impact host immunity by modulating the immune responses of monocytes,
a cell population necessary for IDR-mediated protection against infection. In this study, IDR1002 was found to be a multi-faceted regulator of monocyte migration. IDR-1002 induced
the production of monocyte-specific chemokines MCP-1 and MCP-3, as well as neutrophilspecific chemokines, IL-8 and GRO-α in human peripheral blood mononuclear cells
(PBMCs), correlating with the activation of the mitogen-activated protein kinases (MAPK),
p38 and extracellular-regulated kinase (ERK)-1/2, in monocytes. IDR-1002 was also found
to enhance human monocyte migration towards chemokines through the enhancement of β1integrin-mediated adhesion to fibronectin via regulation of the phosphatidylinositol-3-kinase
(PI3K)-Akt signalling pathway. In addition, IDR-1002 increased monocyte responsiveness to
the chemokines MIP-1α and RANTES via modulation of CCR5 expression. These results
demonstrate an overall promotion of monocyte motility by IDR-1002. In contrast to the
immune-strengthening effects of IDR-1002, the production of pro-inflammatory cytokines in
human PBMCs stimulated with bacterial lipopolysaccharide (LPS) was suppressed by the
peptide, and correlated with a suppression of LPS-induced NFκB and p38 MAPK signalling
and activation of PI3K-Akt signalling in monocytes. These results demonstrate that IDRpeptides are potent modulators of human monocyte function via their extensive regulation of
monocyte signalling networks, potentially accounting for their multifunctional effects on host
immunity in murine models of bacterial infection.
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1

INTRODUCTION

1.1.

ANTIBIOTIC RESISTANCE AND THE EMERGING BACTERIAL THREAT
The discovery and commercial development of antibacterial antibiotics in the early-

to-mid-20th century heralded a new era of medicine. Over the past seven decades, the use of
these therapeutic agents allowed for the effective management of infectious diseases
previously seen as untreatable (1). The application of antibiotics, in synergy with
improvements in hygiene and sanitation, drastically reduced the morbidity and mortality
from common bacterial pathogens to the point where it was believed that infectious diseases
would be fully under control. Reports of microbes resistant to specific classes of antibiotics,
observed as early as the 1950s, remained largely unnoticed, obscured by the rapid discovery
of novel antibiotic classes and their increasing availability. However, the extensive use of
antibiotics, in both medicinal and non-medicinal settings (particularly in agriculture), has
greatly accelerated the development of antibiotic-resistant pathogens via natural selection. In
parallel, the discovery of new antibiotic classes has considerably slowed, the majority of
antibiotics in use today being discovered prior to the 1970s. This situation has culminated in
the rise of drug-resistant “superbugs,” including methicillin-resistant Staphylococcus aureus
(MRSA) and vancomycin-resistant enterococci (VRE), which are now significant medical
menaces. Our options for treating these pathogens only continues to shrink as the use of lastresort antibiotics is met with the rapid development of resistance, foreshadowing a dire return
to the pre-antibiotic era unless novel anti-infective strategies can be developed.
1.2.

IMMUNE MODULATION AS AN ANTI-INFECTIVE STRATEGY
As the development of antibiotic agents fails to keep pace with the expansion of drug

resistant bacteria, new strategies to combat bacterial infections are required. One such
strategy under consideration is the manipulation and enhancement of natural host immune
responses, or immunomodulation, to promote pathogen clearance. Dissimilar to traditional
antibiotic agents that act on specific bacterial targets, immunomodulatory anti-infective
agents enhance a pre-existing system that has evolved to exhibit broad spectrum
antimicrobial activity (2). Utilization of the innate immune system, with its diverse
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mechanisms of action, in principle will minimize the development of antimicrobial resistance
since pathogens would have to counter multiple modes of attack from processes that have
been effective in keeping them at bay for millions of years (2). Thus the concept of
regulating innate immune responses for the purpose of fighting infection provides vast
potential for the development of broadly effective anti-infective therapeutics.
The innate immune response is a highly conserved system which serves to rapidly
counter microbial invasion. Through the utilization of germ-line encoded pathogenrecognition receptors such as Toll-like receptors (TLRs) and Nod-like receptors (NLRs), the
host is able recognize pathogen-associated molecular patterns (PAMPs), common motifs
conserved among numerous pathogenic species (3-5). The recognition of these PAMPs,
including bacterial and viral nucleic acids as well as bacterial lipid and protein structures,
results in the initiation of host defense. This includes the robust recruitment of immune cells,
such as neutrophils and monocytes, from the blood to the site of infection. In addition, the
subsequent activation of immune cells in the infectious locale results in the generation of
numerous antimicrobial mechanisms, including microbial phagocytosis, generation of
reactive chemical species, and production of antimicrobial peptides (5). These multiple
cascades collaborate to promote microbial clearance and resolve infection. To manage and
coordinate these complex processes, the host relies on the production of cell-to-cell
signalling agents, or cytokines (5). Pathogenic recognition results in the rapid production of
pro-inflammatory cytokines, which serve to activate proximal immune cells. The production
of chemoattractive cytokines, or chemokines, is essential for the recruitment of circulating
cells to the site of infection (6). Regulatory cytokines are also essential for the termination of
innate immune responses after pathogen clearance, minimizing inflammation-induced host
damage (7). In summary, cytokines play a paramount role in the management of innate
immune responses and, thus, are tantalizing candidates as immune modulating therapeutic
agents.
Numerous immunomodulatory agents based on cytokine mediators are being
developed, or have been developed, into clinical anti-infective agents. The enhancement of
beneficial immune responses by immunomodulators, such as the promotion of cell
recruitment and activation and/or the restoration of cellular antimicrobial functions, has been
shown to promote effective pathogenic clearance. One of the best examples of this is the

2

development of interferon (IFN) therapy. IFNs encompass a family of endogenous proteins
expressed by the host immune system primarily in response to viral infections (8). Through
interactions with their cognate receptors, and downstream induction of IFN-stimulated genes,
Type I IFNs inhibit protein synthesis, promote cellular apoptosis, and increase the production
of RNA-digesting enzymes, all of which serve to inhibit viral replication (8). The synthesis
of Type I IFN derivatives with improved activity and stability, such as PEGylated IFN-α, has
led to the development of antiviral therapeutics (9). Administration of Peg-IFN-α, in
combination with other antiviral drugs, is commonly done in the treatment of chronic
hepatitis B virus and hepatitis C virus infections to control disease (10-13). Type II IFN,
namely IFN-γ, promotes the antimicrobial functions of immune cells, enhancing the
phagocytic and oxidative burst activity of macrophages and NK cells (14). Harnessing this
effect, IFN-γ is currently used as an anti-infective agent in patients with chronic
granulomatous disease (CGD) (15, 16). Individuals with CGD are unable to mount an
effective oxidative burst response in their immune cells and consequently suffer from
increased occurrence of microbial infection (17). Administration of IFN-γ significantly
reduces the frequency of bacterial and fungal infections in CGD patients, a striking example
of how strengthening the immune response can counter microbial infections (18). Colony
stimulating factors (CSFs) represent another class of endogenous host immune mediators that
have been developed into successful anti-infectives. Derivatives of granulocyte-CSF, a
promoter of neutrophil proliferation and activator of antimicrobial activity, can restore
neutrophil function and reduce the frequency of infection in neutropenic patients (19).
Granulocyte-macrophage-CSF is also effective in restoring immune function and reducing
infection in leukopenic patients, and in addition has met with some success as an anti-fungal
agent in in vitro settings (19-21). Exogenous activators of immunity, including TLR-agonists,
similarly have either been developed into antimicrobial agents, or have shown potential as
anti-infective agents in animal studies (22-27). These advances have shown that modulation
of the host immunity is an effective strategy to counter microbial infections in a wide variety
of settings.
Although immunomodulators have seen successes as antimicrobial agents, many
obstacles remain. Artificial regulation of the immensely complex system that is host
immunity requires a delicate balancing act, and the modulation of immunity is a double-
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edged sword. The associated inflammatory response which is necessary for effective
antimicrobial immune functions must be kept in control to prevent the onset of adverse
effects on the host. In certain cases, the systemic administration of immune stimulatory
agents has been shown to elicit symptoms of a potentially harmful inflammatory response,
sometimes termed a "cytokine storm". Administration of IFNs, as well as exogenous TLRagonists, strengthen host anti-viral responses yet induce flu-like symptoms, including fever,
hypotension, and fatigue (28-30). So in summary, the application of immunomodulatory
agents must always be balanced against the risks of pushing the immune response to harmful
extremes. Thus, a major goal in anti-infective immunomodulatory therapy is the development
of multi-functional poly-directional immune regulators that can enhance the features of
immunity responsible for microbial clearance while limiting adverse inflammatory reactions.
1.3.

HOST DEFENSE PEPTIDES
Cationic host defense peptides (HDPs), also termed antimicrobial peptides,

encompass a large family of peptides and represent one among many defense mechanisms
utilized by our innate immune system. HDPs are widely distributed throughout many species,
from plants to insects to mammals, a breadth matched by the diverse nature of these peptides
in terms of size, sequence, and structure (31-33). Despite these differences, HDPs exhibit
certain similarities. They are approximately 12 to 50 amino acids in length and amphipathic
in nature due to the inclusion of hydrophobic, hydrophilic, and charged residues. HDPs are
positively charged, hence their cationic designation, displaying a charge of +2 to +9,
stemming from the presence of arginine and lysine residues. These peptides also adopt a
broad range of structures, including α-helical conformations, β-sheets, extended
configurations, and loop structures, and are often classified based on these characteristics.
In mammals, two major classes of HDPs can be found, the cathelicidins and
defensins. Members of these peptide families can be found, constitutively expressed or
induced, in the granules of many leukocytes and epithelial cells (Table 1.1) (34-36). Initial
investigations revealed that these peptides exhibited in vitro antimicrobial activity against a
broad range of organisms, including bacteria, fungi, and enveloped viruses, due to either their
preferential disruptive effects on microbial membranes or on microbial intracellular targets
(37, 38). The observation of antimicrobial activity, coupled with their prominent presence in

4

immune cells, led to the hypothesis that HDPs participated in the immune response through
direct antimicrobial killing. However, research in the last decade showing the sensitivity of
HDP-mediated direct killing to the presence of physiological levels of monovalent and
divalent cations, indicates that this role is restricted to locales where HDPs are present in
high concentrations, such as in the phagocytic granules of neutrophils (37). Further studies
revealing novel HDP-mediated functions suggested instead that HDPs are comprehensive
regulators of the overall immune response.
Table 1.1 Localization of human host defense peptides
Peptide Class

Members

α-defensins

HNP1-4

β-defensins

•

Neutrophils, monocytes, lymphocytes

•

Paneth cells

HD5-6

•

Paneth cells

hBD1-4

•

Epithelial cells

•

Monocytes

•

Epididymis and airway epithelial cells

•

Paneth cells

•

Monocytes, Neutrophils, Mast cells

•

B- and γσ-T-lymphocytes

•

Epithelial cells

hBD5-6

Cathelicidins

Localization

hCAP18/LL-37

The ability of HDPs to regulate the immune response is extensive, impacting on
numerous functional aspects of immunity (Figure 1.1). HDPs exhibit profound regulatory
effects on the innate immune response. Initial invasion by pathogens results in the increased
production and release of HDPs by immune cells at the site of infection. In addition to direct
HDP-mediated killing in phagocytic granules, peptides have been shown to act as
chemotactic factors for a number of immune cells, resulting in the further infiltration of
effector cells to combat invading pathogens. Human defensins and human cathelicidin LL-37
have been shown to directly attract monocytes and neutrophils (39-41). An effective immune
response relies on the rapid infiltration of these cell populations due to their potent
antimicrobial functions, such as the phagocytosis of microbes, the release of damaging
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reactive chemical species, and the secretion of antimicrobial enzymes. These peptides also
demonstrate the ability to chemoattract T-lymphocytes and dendritic cells (41, 42), essential
mediators of later-stage adaptive immune responses. Activation of immune cells by HDPs
results in the production and secretion of certain cytokines, particularly chemokines, leading
to secondary regulatory effects on immunity. LL-37 alone can induce the production of
multiple

chemokines

including

monocyte

chemoattractant

MCP-1,

neutrophil

chemoattractant IL-8 in human peripheral blood mononuclear cells (PBMCs) (43, 44).
Likewise, human defensins are able to stimulate the production of chemokines in a variety of
cell types (45, 46), further demonstrating that HDPs are direct and indirect promoters of
immune cell recruitment.

Figure 1.1 The roles of host defense peptides in immunity.
Aside from their effects on cellular recruitment, HDPs also have the capability to
regulate other axes of the host inflammatory response. Certain HDPs have the capacity to
propagate the inflammatory response, potentially strengthening the immune reaction against
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infection. For instance, the induction of pro-inflammatory cytokines, including TNFα and IL1β, is enhanced by human α-defensins in activated monocytes (47). Defensins are also able to
elicit pro-inflammatory cytokine production in epithelial cells, keratinocytes and
lymphocytes (46, 48, 49). On the other hand LL-37 does not stimulate pro-inflammatory
cytokine induction but can act in tandem with intrinsic immune mediators to potentiate the
host response. Thus human cathelicidin synergizes with IL-1β to promote cytokine
production in PBMCs (50). In contrast, HDPs can also rein in the overstimulation of the host
inflammatory response. LL-37 is well-documented as a potent suppressor of bacterial
lipopolysaccharide (LPS)-induced responses and can also suppress cytokine production
induced by lipoteichoic acid (44, 51-53). Consequently LL-37 is able to confer protection in
rats against LPS-induced sepsis (54). Similarly, LL-37 and defensins can induce, or
synergistically enhance, in a number of cell populations, the production of IL-10 (45, 49, 50),
an immunosuppressive cytokine essential in the regulation of the host inflammatory
response. Taken together, HDPs are complex inflammatory mediators, promoting immune
activation while limiting the onset of an excessive, harmful, inflammatory response.
The later stages of the immune response, including the potential engagement of
adaptive immune responses, are modulated by HDPs as well. Failing the rapid clearance of
pathogens by innate immunity, the onset of slower, antigen-specific adaptive response then
plays a major role (4). Adaptive responses are activated by specific pathogenic patterns in
conjunction with signals generated from the innate immune response. Specifically, antigen
presentation by cells such as macrophages and dendritic cells, in addition to host cytokines
generated by innate immunity, stimulates the selective proliferation and activation of
lymphocytes. The clonal expansion of these lymphocytes results in the generation of Blymphocyte-mediated antibody responses and the promotion of cell-mediated immunity, such
as the killing of infected cells by cytotoxic T-lymphocytes and the promotion of helper Tlymphocyte activity. HDPs have been shown to influence the growth and differentiation
behaviour of a number of immune cells essential in adaptive immunity. Defensins in mouse
models enhanced the CD3-mediated proliferation of CD4 T-lymphocytes, correlating with
other studies showing an enhancement of antigen-specific humoral and cellular responses by
defensins (55, 56). LL-37 demonstrates the capacity to upregulate co-receptor CD86
expression on dendritic cells and can promote the polarization of monocyte-derived dendritic
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cell to Th1 type responses by enhancing the production of Th1 cytokines IL-12 and IL-6
while decreasing IL-4 secretion (57). In addition, recent studies have shown that LL-37
skews M-CSF-driven macrophage differentiation to a more reactive, pro-inflammatory state
(58). Correspondingly, investigations have shown that LL-37 exhibits adjuvant properties,
enhancing adaptive responses (59).
The ability of HDPs to regulate cellular growth, coupled with their ability to
chemoattract cells, allows them to play a role in the resolution of infection. Defensins
demonstrate the ability to promote keratinocyte migration, as well as keratinocyte
proliferation, suggesting a role in the re-epithelialization of a wound area (46). Defensins can
also promote extracellular matrix (ECM) formation, essential for wound restoration, by
increasing the levels of collagen precursors while decreasing levels of matrix
metalloproteinase-1, an enzyme involved in the breakdown and remodeling of the ECM (60).
Likewise LL-37, which can be induced by wounding, is able to promote the chemoattraction
of keratinocytes, suppress keratinocyte apoptosis and stimulate the proliferation of epithelial
cells (61-65). LL-37 also promotes angiogenesis by endothelial cells (66). Certainly, the
minimal protein expression of LL-37 in chronic epithelial ulcers and the inhibition of
epithelial healing in a human skin wound model by LL-37-specific neutralizing antibodies
underscores the importance of this human cathelicidin in wound healing (67).
Cationic HDPs, previously regarded as one of several families of direct antimicrobial
agents in our immune arsenal, have been revealed as elaborate coordinators of host
immunity. HDPs, produced or found at sites of pathogenic invasion, can promote the
recruitment and activation of immune effector cells, enhancing the initial antimicrobial
barrage the host utilizes to rapidly clear infection. HDPs, by virtue of their effects on the host
cytokine environment, are also modulators of inflammation, the effector arm of innate
immunity essential for further recruitment of immune cells and antimicrobial agents to the
site of infection. Moreover, HDPs are agents of inflammatory balance, promoting necessary
elements of inflammation, while suppressing microbial-mediated overstimulation, which can
often result in severe host damage, and even death. The regulation of the host cytokine milieu
by HDPs also results in a cascade of HDP-mediated effects, including the regulation of
cellular growth, differentiation, and behaviour. This diverse, yet concerted, regulation leads
to the further activation of innate anti-infective responses, enhancement of adaptive
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immunity, and the promotion of wound healing and resolution. Overall cationic HDPs exhibit
the characteristics of an ideal anti-infective immunomodulator, potentiating host antimicrobial responses via the multi-pronged enhancement of host immunity, yet displaying
inherent regulatory properties which limit the harmful drawbacks of traditional
immunomodulatory therapeutics.
The major issue is whether the complex immunomodulatory behaviour of HDPs
translates into improved host morbidity and mortality during infection and whether they can
be harnessed and developed into effective anti-infective therapeutics. To be sure, numerous
studies have shown the importance of HDPs in infection. Dysregulation of HDP levels
correlate with increased susceptibility to infectious diseases. In inflammatory skin diseases,
psoriatic patients, who exhibit elevated levels of defensins and LL-37, show a decreased
susceptibility to infections relative to atopic dermatitis patients who exhibit decreased HDP
levels (68). Similarly, defensin and cathelicidin knock-out mice showed delayed clearance
and increased levels of bacterial pathogens (69-72). Neutropenic individuals, such as those
suffering from morbus Kostmann disease, are treated with cytokine G-CSF to restore
circulating neutrophils with normal oxidative responses (73, 74). Yet these restored
neutrophils are deficient in LL-37, an observation that correlates with chronic periodontal
diseases and excessive oral inflammation in these patients (73). Numerous studies also show
that the exogenous addition or overexpression of HDPs lead to improved disease outcomes.
Administration of defensins in murine and porcine models leads to improved clearance of
bacterial pathogens (75, 76). This defensin-mediated protection is suggested to be due to an
enhancement of the immune response rather than any direct antimicrobial effect by the
peptide (75, 76). These studies demonstrate that HDPs should be considered as a potential
repository of immunomodulatory anti-infectives, and although some HDPs are undergoing
clinical trials for such purposes, the use of HDP-based immunotherapy is still in its infancy
(77, 78).

1.4.

INNATE DEFENSE REGULATORS
The innate defense regulator (IDR)-peptide initiative represents an effort to utilize

natural HDP as templates to develop agents with improved immunomodulatory properties,
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and thus, in theory, improved anti-infective properties. Using the amino acid sequences of
natural HDPs as design templates, diverse peptide libraries are generated via sequence
scrambling and alteration (Figure 1.2). The generated peptide libraries were then screened in
vitro for immunomodulatory properties associated with in vivo protection against infection,
such as the ability to enhance chemokine production or suppress harmful endotoxin-induced
pro-inflammatory responses. This process resulted in the generation of candidate IDRpeptides and furthered our understanding of structure-function relationships of peptidemediated immunomodulation, allowing for the iterative optimization and synthesis of novel
candidates.

Figure 1.2 The generation of IDR-peptides from natural HDP templates.
The creation of immunomodulatory IDR-peptides has resulted in anti-infective
successes and a tacit demonstration that selective modulation of the immune response is a
10

viable anti-infective strategy. IDR-1, a 13-amino acid peptide which exhibits the ability to
enhance chemokine gene expression and protein production ex vivo in human PBMC models,
grants protection against a range of bacterial pathogens in murine infection models(79). Both
pre-treatment and post-treatment of mice with IDR-1 relative to intraperitoneal infection with
methicillin-susceptible and methicillin-resistant S. aureus, VRE, or Salmonella enterica
serovar Typhimurium, results in significantly enhanced bacterial clearance and reduced
mortality. This protection is also seen regardless of the route of IDR-1 administration, as
protection was observed via intraperitoneal, intramuscular, intravenous, or subcutaneous
injection of peptide. Coupled with the observations that IDR-1 demonstrated no direct
antimicrobial activity in vitro and has a half-life of less than 30 minutes in the blood, these
results strongly suggest that this peptide primes the immune response to elicit or strengthen
an immunoprotective response rather than acting directly upon bacteria. Indeed
administration of IDR-1 during an infection leads to a significant change in the murine
immune environment; namely an elevation of monocyte chemokine MCP-1, which correlates
with an increased macrophage presence at the site of infection, and a suppression of
bacterial-induced pro-inflammatory cytokines TNF-α and IL-6. Similarly in studies reported
in part here, IDR-1002, a 12-amino acid derivative of bovine bactenecin which demonstrated
potent MCP-1 inducing activity in preliminary human ex vivo PBMC studies, conferred
prophylactic and therapeutic murine protection against bacterial pathogens; this effect
correlating with an elevation of murine chemokines and cellular recruitment (80).
Importantly, IDR-peptides conferred anti-infective protection without the certain toxic effects
associated with some HDPs, such as mast cell degranulation and cellular apoptosis (79, 8183).
These studies have demonstrated that the generation and investigation of IDRpeptides is a strategy worth pursuing in the quest to develop immunomodulatory therapeutic
agents with broad-range antimicrobial activity. The ability of IDR-peptides to enhance
certain aspects of the immune response has also led to other anti-infective applications
beyond direct treatment of infections. IDR-peptides, as adjuvant components, result in the
generation of a balanced T-helper cell type 1 and type 2 responses and elevated antibody
titers in vaccine formulations against pertussis toxoid and Pseudorabies virus in murine and
porcine models, respectively (84). The potential capability of IDR-peptides to regulate
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inflammatory responses also makes them prospective candidates for suppression of
inflammatory diseases without compromising host anti-infective responses. While the
immunomodulatory range of IDR-peptides make them a gold-mine of prospective
immunotherapeutics, many obstacles must be overcome prior to their use in the clinic. While
the aforementioned studies demonstrate the functional efficacy of IDR-peptides as antiinfectives and adjuvants, the mechanisms by which these peptides modulate the complex
process that is immunity remains inadequately understood. Apart from our rudimentary
understanding that IDR-peptides can modulate levels of certain cytokines, many questions
remained unanswered at the start of this thesis research, including the range of cytokines
modulated by IDR-peptides and the methods by which IDR-peptides can selectively alter the
cytokine environment, leading to an enhancement of chemokine production and cell
recruitment while suppressing levels of specific inflammatory cytokines. Furthermore, it is
unknown whether IDR-mediated immunomodulation goes beyond cytokine regulation and
impacts on the wide array of cell-mediated anti-infective processes in other ways; and
ultimately, whether IDR-mediated effects in animal models reflect their effects in a human
system. The further characterization of peptide-mediated effects on the human immune
response, as well as the elucidation of the mechanisms by which IDR-peptides modulate
immunity, is essential for the further optimization and development of IDR-peptides into
potent anti-infective immunotherapeutic agents, and thus is the basis of this thesis project
1.5.

HYPOTHESIS AND PROJECT GOALS
Initial investigations into the immunoregulatory activities of IDR-peptides have

yielded tantalizing clues as to their mechanism(s) of action. The anti-infective activity of
IDR-peptides is mediated through the monocyte/macrophage population, with in vivo
depletion of the monocyte population abolishing any protective effects of peptides in
reducing bacterial load (80). In contrast, IDR-peptides conferred antimicrobial protection
even after the in vivo depletion of neutrophils or the T- and B-lymphocyte population (79).
These observations hint at the central role of the monocyte population in IDR-peptidemediated immunomodulation. In addition, recent investigations are revealing that
endogenous HDPs themselves are regulators of monocyte signal transduction networks,
particularly those heavily involved in immunity. For example, LL-37 has been demonstrated
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to activate the MAPK pathways, essential for cellular growth processes as well as the
production of immune cytokines (43). In parallel, LL-37 is able to suppress endotoxininduced NFκB signalling, a major pro-inflammatory signalling network. Initial studies have
also suggested that IDR-peptides regulate certain aspects of immunity, e.g. chemokine
induction, through these same pathways (79). As signalling pathway cascades regulate
virtually all cellular functions, it is feasible that the complex immunoregulatory effects of
IDR-peptides stem from their potential ability to regulate cellular signalling. Therefore, I
hypothesize that IDR-peptides are extensive modulators of cellular immune function via
their ability to regulate monocyte signalling networks. As such, this project aimed to utilize
the prototypical IDR-peptide IDR-1002 to: 1. further characterize the effects of IDR-peptides
on human cellular immune function, with monocytes as a focus, 2. determine the ability of
IDR-peptides to modulate monocyte signalling cascades of immune-related pathways, and 3.
investigate whether the functional regulatory effects of IDR-peptides arise from their
regulation of monocyte signalling.
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2

IDR-1002 REGULATES CYTOKINE PRODUCTION AND

CELLULAR SIGNALLING IN HUMAN PBMCs
2.1.

INTRODUCTION
As demonstrated by researchers in our laboratory, anti-infective peptide IDR-1002

conferred in vivo protection against infection by Gram-positive and –negative bacterial
pathogens in murine models (80). This effect correlated with a regulation of the murine
chemokine/cytokine environment by IDR-1002 using in vivo and ex vivo models, suggesting
a regulation, and perhaps strengthening, of innate immune responses. Immunity is a highly
complex, tightly regulated, cascade of processes which act in concert to recognize microbial
invasion, recruit effector molecules to contain and combat pathogens, and repair host damage
and restore the normal state at the resolution of infection. Such an orchestrated process
requires regulatory elements to coordinate the variety of immune processes in order to
mediate a coherent immune response. The wide array of host cytokines, many of which are
rapidly produced at the onset of infection, plays an essential role this capacity as cell-to-cell
signalling mediators. Cytokines regulate virtually all aspects of immune functions. Within
innate immunity itself, a large repertoire of cytokines exists to initiate and mediate a rapid
and effective antimicrobial response. Inflammatory cytokines, such as TNFα, IL-6, and IL-1
are required to initiate inflammation, the effector arm of innate immunity, leading to the
enhanced recruitment of immune cells and antimicrobial compounds (85-87). A subset of
chemoattractive cytokines, or chemokines, are responsible for directly recruiting immune
effector cells, targeting cell traffic to specific sites via their generation of chemokine
concentration gradients. A diverse range of chemokines attracts specific immune effector
cells based on cellular receptor expression and specificity (88). As such this chemokine
milieu is immensely important in the initiation of innate immune responses. In addition,
cytokines such as IFNs or CSFs act as activators of effector cell functions, turning on or
strengthening the antimicrobial functions of immune cells, including neutrophils, monocytes,
and lymphocytes (8, 19). Due to the critical effects of cytokines on immunity, initial
observations that IDR-1002 and other IDR-peptides regulate the levels of specific murine
cytokines suggest that IDR-peptides are complex regulators of immunity. Therefore, an
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increased understanding of the breadth of cytokines regulated by IDR-1002, as well as the
mechanism by which it does so, would be invaluable in determining how IDR-regulation of
immunity can lead to enhanced immune protection.
The ability of IDR-1002 to increase the levels of monocyte chemoattractant MCP-1
during an infection, and the correlative increase in monocyte recruitment to the site of
infection, almost certainly play a major role in IDR-protection against infection. In vitro
murine studies showing an induction of neutrophil chemoattractant GRO-α by IDR-1002
may also explain the enhancement of neutrophil recruitment seen during infection. However,
both the extent and the mechanisms by which IDR-1002 and other IDR-peptides elicit their
cytokine-modulating effects have not been elucidated. In this study, the ability of IDR-1002
itself to induce the production of an array of cytokines by human PBMCs was further
investigated. Investigations into this heterogenous cell population were chosen for its
relevance to the systemic administration of IDR-peptides. The cytokines investigated focused
on those with profound effects on innate immunity, including effector cell chemoattractants
and general inflammatory cytokines. Here, IDR-1002 was observed to stimulate the
production of neutrophil chemoattractants GRO-α and IL-8 and monocyte chemoattractants
MCP-1 and MCP-3 in human PBMCs. In contrast, treatment of human PBMCs with IDR1002 elicited minimal production of pro-inflammatory cytokines IL-6 and TNF-α,
demonstrating selective cytokine induction. IDR-1002 stimulation of MCP-1 induction was
dependent on a wide range of immune signalling networks, including G-protein signalling
pathways, PI3K, p38 and MEK-1 MAPK, and NFκB pathways, networks that are heavily
involved in the regulation of cytokine production. Chemokine induction was also dependent
on cellular endocytic processes, including actin and microtubule polymerization, suggesting
peptide uptake was required for its cytokine regulation potentially through its effects on
intracellular targets. Furthermore, this pathway dependency correlated with an ability of
IDR-1002 to regulate and activate p38 and ERK-1/2 MAPK signalling in human monocytes.
Overall, these results reveal that IDR-1002 is a selective regulator of chemokine production
in human PBMCs, potentially reflecting an extensive regulation of monocyte signalling
pathways involved in immunity.
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2.2.

METHODS AND MATERIALS

2.2.1. Reagents
Peptide IDR-1002 (VQRWLIVWRIRK-NH2) was synthesized by solid phase F-moc
chemistry by CPC Scientific (Sunnyvale, CA). LPS from Pseudomonas aeruginosa strain
H103 was purified using the Darveau-Hancock method as previously described (89) and
stored at 4˚C. Inhibitors used included: Gi-protein inhibitor pertussis toxin, formyl peptide
receptor-like 1 antagonist WRW4, NFκB inhibitor BAY11-7082, PI3K inhibitor LY294002,
MEK-1 inhibitor PD98059, p38 MAPK inhibitor SB203580 (all from Calbiochem, San
Diego, CA), microtubule assembly inhibitor nocodazole, and actin polymerization inhibitor
cytochalasin D (both from Sigma-Aldrich, St. Louis, MO). Inhibitors were resuspended in
dimethylsulfoxide (DMSO) (Sigma-Aldrich) and stored at -20˚C. Concentrations of DMSO
used never exceeded 0.02% (v/v) in cell cultures.

2.2.2. PBMC isolation
Human PBMCs were isolated as previously reported (44). Briefly, venous blood was
collected from healthy volunteers using heparin-containing Vacutainer tubes (BD Bioscience,
San Jose, CA) in accordance with UBC ethical approval and guidelines. Human blood was
diluted in an equal amount of phosphate buffered saline (PBS) (Invitrogen, Carlsbad, CA)
then layered over Ficoll-Paque Plus (Amersham, Piscataway, NJ) prior to separation by
density-gradient centrifugation. The mononuclear cell layer was extracted and washed twice
with PBS. Cells were then resuspended in RPMI 1640 with 10% (v/v) heat-inactivated FBS,
2 mM L-glutamine, and 1 mM sodium pyruvate (all from Invitrogen), placed in a
polypropylene tube (BD Falcon, San Jose, CA), and cultured in a humidified incubator at
37°C with 5% CO2.

2.2.3. Measurement of cytokine production by ELISA
PBMCs at a concentration of 1x106 cells/ml were seeded on tissue culture plates and
placed in a humidified incubator at 37 ˚C and 5% CO2 for 1 hour. Cells were then stimulated
with the indicated concentrations of IDR-1002 and incubated for 24 hours. Treatment with 10
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ng/ml of LPS was used as a positive control for stimulation of cytokine production in some
experiments. In inhibitor treatments, PBMCs were pre-treated with the indicated dose of
chemical inhibitors for 1 hour, prior to stimulation with 100 μg/ml of IDR-1002 for 24 hours.
Samples were then centrifuged at 1000 x g for 10 minutes to obtain cell-free supernatants,
which were then stored at -20 ˚C. Cytokine levels were measured by ELISA using antihuman MCP-1 Ab clones 5D3-F7 and 2H5, anti-human IL-6 Ab clones MQ2-13A5 and
MQ2-39C3, anti-human TNFα Ab clones MAb1 and MAb11 (all from eBioscience, San
Diego, CA), anti-human GRO-α Ab clones 20326 and BAF275, anti-human MCP-3 Ab
clones 36320 and BAF282 (both from R&D Systems, Minneapolis, MN), and anti-human IL8 Ab clones 893A6G8 and 790A-2862 (Invitrogen), followed by avidin HRP (eBioscience)
as per manufacturer’s protocols. The ELISAs were then developed using the TMB Liquid
Substrate System (Sigma-Aldrich) and measured with a Power Wave X340 plate-reader
(Bio-Tek Instruments, Winooski, VT). Quantification of cytokines was done by comparisons
against serial dilutions of recombinant cytokine standards (R&D Systems, and eBioscience).

2.2.4. Measurement of protein phosphorylation by flow cytometry
All flow cytometry results were collected using the FACSCalibur flow cytometer in
conjunction with CellQuest Pro software (BD Biosciences). 2x106 PBMCs were seeded per
well on tissue culture plates and placed in a humidified incubator at 37 °C and 5% CO2 for 1
h. Cells were then stimulated with 100 μg/ml of IDR-1002 and incubated at 37 °C for 30
minutes. Following treatment, PBMCs were fixed with PBS and 4% (w/v) formaldehyde
(Fisher Scientific, Pittsburgh, PA) at room temperature for 20 min in preparation for staining.
PBMCs were then washed with 0.5% (w/v) BSA in PBS and permeabilized in 90%
(v/v) methanol at 4 °C for 30 min. The cells were then washed and stained at room
temperature for 1 hour with anti-phospho-p38 MAPK (Thr180/Tyr182) 3D7 rabbit mAb or
anti-phospho-p44/p42 MAPK (ERK-1/2, Thr202/Tyr204) E10 rabbit mAb (both from Cell
Signalling Technology, Danvers, MA). Following washing, the cells were stained with a goat
anti-rabbit IgG-Alexa Fluor 647 (H+L, Invitrogen) and with an anti-human CD14-Alexa
Fluor 488 M5E2 mouse mAb 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. Monocytes
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were assayed by gating on CD14 expressing cells within the PBMC population. Levels of
phosphorylated p38 and p44/p42 MAPK in IDR-1002-stimulated monocytes were
determined by measuring the geometric MFI levels of 1000 cells, divided by the geometric
MFI levels of untreated monocytes, resulting in a fold-change-over-baseline measurement.
2.3.

RESULTS

2.3.1. IDR-1002 regulation of chemokine production
Previous studies indicated that cationic peptides modulate the production of
chemokines. To determine whether this effect was seen in a human system with IDR-1002,
an ex vivo model using PBMCs isolated from human blood was established. Human PBMCs
were stimulated with IDR-1002, and the levels of various chemokines in culture supernatants
were measured by ELISA 24 hours after stimulation. IDR-1002 elicited an increase in the
production of chemokines GRO-α and MCP-1 by human PBMCs (Figure 2.1), consistent
with our results from murine in vitro models (80). IDR-1002 also demonstrated an ability to
induce the production of chemokines IL-8 and MCP-3, a neutrophil and monocyte
chemoattractant, respectively (90, 91). Significant induction of MCP-1, MCP-3, and GRO-α
was seen at peptide concentrations as low as 20 μg/ml whereas significant IL-8 induction was
seen as at peptide concentrations as low as 10 μg/ml. Maximal chemokine induction was seen
at the highest concentration of peptide used at 100 μg/ml in all cases. These results
demonstrate that IDR-1002 was capable of stimulating protein production of a wide range of
chemokines in a human system. It is valuable to note that IDR-peptides at these
concentrations μg/ml displayed no cytotoxic effects on human PBMCs as measured by an
LDH cytotoxicity assay (data not shown). This is in contrast to natural HDPs, such as LL-37
which exhibits cytotoxicity in PBMCs (unpublished data) and in airway epithelial cells (61)
at concentrations higher than 20 μg/ml.
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Figure 2.1 IDR-1002 stimulation of chemokine production by human PBMCs. PBMCs
were stimulated with different concentrations of IDR-1002. 24 hours after stimulation,
culture supernatants were collected and chemokine levels were measured by ELISA. Data are
presented as the mean chemokine levels (± SE) of at least 4 independent experiments, each
from independent donors. Statistical comparisons to untreated controls were done by
Student’s two-tailed t test. *p < 0.05; **p < 0.01.

2.3.2. IDR-1002 regulation of inflammatory cytokine production
As previously mentioned, the onset of a bacterial infection is rapidly met by the
production of a wide range of cytokines, a major component of the initiation of innate
immune responses. The elevation of inducible chemokines in an infection is often associated
with, and caused by, an elevation of inflammatory cytokines, such as IL-6 and TNFα which
act to initiate numerous inflammatory cell processes, such as the activation of immune cells
and secondary production of inflammatory mediators. The ability of IDR-1002 to modulate

19

the production of these cytokines was investigated. Human PBMCs were stimulated with
varying doses of IDR-1002 and after 24 hours cytokine levels in the culture supernatant were
measured by ELISA. Interestingly, cultures of human PBMCs stimulated with IDR-1002
showed minimal production of IL-6 and TNFα even at a peptide concentration of 100 μg/ml
(Figure 2.2). In contrast, stimulation of PBMCs with bacterial LPS resulted in a robust
elevation of pro-inflammatory cytokine levels after 24 hours as expected. The minimal effect
of IDR-1002 on IL-6 and TNFα production, despite its induction of chemokine levels,
revealed the ability of IDR-1002 to selectively regulate chemokine production in human
PBMCs.

Figure 2.2 IDR-1002 stimulation of pro-inflammatory cytokine production by human
PBMCs. PBMCs were stimulated with different concentrations of IDR-1002 or 10 ng/ml of
LPS. Twenty four hours after stimulation, culture supernatants were collected and levels of
inflammatory cytokines TNFα and IL-6 were measured by ELISA. Data are presented as the
mean cytokine levels (± SE) of at least 4 independent experiments, each from independent
donors.

2.3.3. Signalling pathway dependency of IDR-1002-mediated cytokine regulation
IDR-1002 induced the cellular production of numerous chemoattractants in both
human and murine models. Therefore it was of interest to determine the mechanism by which
it did this. The production of cytokines in response to an infection is mediated by a wide
array of cellular signalling networks. In the context of immunity, these networks are
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triggered upon the detection of pathogenic signatures or endogenous host signals; the
resultant signalling cascades lead to the production of cytokines among other effects. To
investigate whether IDR-1002 utilized any of these networks to elicit its cytokine-inducing
activity, inhibitors specific for pathways essential in the immune response were utilized.
Human PBMCs were pre-treated with chemical inhibitors or a DMSO vehicle control for 1
hour, prior to stimulation with IDR-1002. As before, the ability of IDR-1002 to induce
PBMC production of MCP-1 was assayed by ELISA 24 hours post stimulation. Pre-treatment
with a DMSO control had no significant effects on the ability of IDR-1002 to induce MCP-1
production (Figure 2.3). However, inhibition of pertussis toxin-sensitive G-protein signalling
and G-protein-coupled receptor (GPCR) FPRL-1 knocked down peptide-induced MCP-1
production completely and by more than 60% respectively, an effect nearing significance in
the latter case. FPRL-1 function, as well as pertussis toxin-sensitive G-protein signalling play
an important role in LL-37-mediated chemotaxis and angiogenesis (40, 66). Inhibition of
numerous essential immune mediators gave similar results. Inhibition of the NFκB pathway
resulted in a knockdown of MCP-1 production of greater than 60% and inhibition of the
MAPK family members, p38 and MEK-1, showed a near-complete knockdown of peptidemediated MCP-1 production. A similar effect was seen in PBMCs pre-treated with a PI3K
inhibitor. Parallel studies showed that, in contrast, inhibition of JAK-STAT, JNK, PKA, and
CaMKII signalling had no effects on IDR-1002-induced MCP-1 production (80). The
extensive inhibition of chemokine induction suggested that IDR-1002 was impacting on a
diverse subset of immune signalling pathways to elicit its cytokine-regulating properties.
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Figure 2.3 The role of immune signalling pathways in IDR-1002 induction of MCP-1
production. PBMCs were pre-treated for 1 hour with a Gi-protein inhibitor (pertussis toxin,
100ng/ml), FPRL-1 antagonist (WRW4, 10μM), PI3K inhibitor (LY294002, 10μM), NFκB
inhibitor (BAY11, 1μM), MEK-1 inhibitor (PD98059, 10μM), p38 MAPK inhibitor
(SB203580, 10μM), or 0.02% DMSO. PBMCs were then stimulated with 100 μg/ml of IDR1002 for 24 hours. Levels of MCP-1 in culture supernatants were measured by ELISA. Data
are presented as the mean MCP-1 levels (± SE) of at least 3 independent experiments, each
from independent donors. Statistical comparisons between peptide treatments and peptide
with inhibitor treatments were done by Student’s two-tailed t test. *p < 0.05.
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Figure 2.4 The role of actin and microtubule assembly in IDR-1002 induction of MCP-1
production. PBMCs were pre-treated for 1 hour with a microtubule assembly inhibitor
(nocodazole, 500 ng/ml) or an actin polymerization inhibitor (cytochalasin D, 500 ng/ml).
PBMCs were then stimulated with 100 μg/ml of IDR-1002 for 24 hours. Levels of MCP-1 in
culture supernatants were measured by ELISA. Data are presented as the mean MCP-1 levels
(± SE) of at least 3 independent experiments, each from independent donors. Statistical
comparisons between peptide treatments and peptide with inhibitor treatments were done by
Student’s two-tailed t test. **p < 0.01.
Recent studies have demonstrated that LL-37 also utilizes a comparable range of
signalling networks to mediate its chemokine-inducing properties (92). LL-37 and IDR-1
have also been shown to act on intracellular targets after internalization (93). It seemed likely
that IDR-1002 was also internalized, allowing it to act on intracellular targets. The ability to
interact with intracellular mediators as well as cell-surface components would provide a
plausible explanation for the seeming promiscuity of IDR-1002 in utilizing multiple
pathways. To investigate this possibility, human PBMCs were pre-treated for 1 hour with
inhibitors of microtubule and actin polymerization, both important in cellular uptake
processes and endocytosis, prior to stimulation with IDR-1002. As previously described,
levels of MCP-1 production induced by peptide were measured by ELISA 24 hours post
stimulation. The inhibition of microtubule assembly eliminated the ability of IDR-1002 to
induce MCP-1 production (Figure 2.4). Similarly, inhibition of actin polymerization resulted
in a strong knockdown of peptide-induced MCP-1 production, although this effect was not
statistically significant. These results suggest that cytoskeletal rearrangement is necessary for
IDR-1002-mediated cytokine regulation, potentially through its active uptake into the cell
and downstream effects on intracellular interacting partners.
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2.3.4. IDR-1002 activation of MAP Kinase signalling in human monocytes
As cellular signalling pathways played an important role in IDR-mediated chemokine
induction, the ability of IDR-1002 to modulate monocyte signalling activity was examined.
This specific cell population within human PBMCs was a natural target to examine for a
number of reasons. In addition to the specific dependency of IDR-mediated protection on the
monocyte population, the observation of increased chemokine gene expression by murine
macrophages stimulated with IDR-1002 in vitro further suggests that IDR-1002 may
modulate the host cytokine environment via regulation of monocyte/macrophage responses
(80). Thus, it was hypothesized that IDR-1002 can modulate monocyte/macrophage
signalling behaviour, therefore leading to these effects.
Human PBMCs were stimulated with 100 μg/ml of IDR-1002 and assessed for the
levels of intracellular phosphorylated p38 (T180/Y182) and ERK-1/2 (T202/T204).
Antibodies against CD14 and specific gating allowed for the measurement of intracellular
phosphorylated MAPK mediators specifically in the monocyte population. After 30 minutes,
monocytes stimulated with IDR-1002 exhibited a significant, approximately 2-fold increase
in phospho-p38 and phospho-ERK-1/2 levels relative to unstimulated monocytes, indicative
of the activation of the p38 and ERK-1/2 MAPK pathways (94, 95) (Figure 2.5). This
observation supported the pathway inhibitor experiments in showing a dependency of
peptide-mediated chemokine induction on the MAPK pathways, and suggested that MAPK
mediators are functionally activated by IDR-1002. No significant changes in MAPK
phosphorylation between peptide treatments and control treatments were seen in the CD14negative population (data not shown). Importantly, these results demonstrated that, in
principle, IDR-1002 was a regulator of monocyte signalling behaviour.
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Figure 2.5 IDR-1002 activation of MAP Kinase pathways in human monocytes. PBMCs
were stimulated with 100 μg/ml of IDR-1002 for 30 minutes. PBMCs were stained with
phospho-specific antibodies against p38 MAPK and ERK-1/2. Monocyte levels of
phosphorylated MAPK mediators were analyzed by flow cytometry, gating on the CD14+
monocyte population. Data are presented as mean fold-increases in MAPK phosphorylation
over untreated cells (± SE) of 4 independent experiments, each from independent donors.
Statistical comparisons between IDR-1002 stimulated cells and untreated controls were done
by Student’s two-tailed t test. *p < 0.05.

2.4.

DISCUSSION
The intent of this study was to characterize how IDR-1002 regulates the cytokine

environment, furthering our understanding of how IDR-peptides can modulate host immune
responses. In this investigation, IDR-1002 demonstrated an ability to selectively induce the
production of cytokines by human PBMCs; specifically, IDR-1002 stimulated the production
of chemokines IL-8, GRO-α, MCP-1, and MCP-3 while the production of inflammatory
cytokines TNF-α and IL-6 was unaltered. These observations correlated favourably with the
effects of IDR-1002 seen in murine models in studies done in collaboration with Dr
Anastasia Nijnik and others (80). IDR-1002 stimulated the production of chemokines by
peritoneal lavage cells in ex vivo models, and upregulated chemokine gene expression in in
vitro models using bone marrow-derived macrophages. In vivo infection studies showed
similar results. During an S. aureus infection, pre-treatment with IDR-1002 resulted in an
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enhanced production of murine chemokines at the site of infection, while levels of
inflammatory regulators TNFα and IL-6 remained unchanged, as I have shown in the human
PBMC system. The very strong correspondence of effects in murine and human models
further reinforced the likelihood that these observations are functionally important since the
innate immune systems of these two species is reasonably divergent, especially in the
chemokine arm of innate immunity (96, 97)
My investigation, in addition to supporting the observations seen in vivo, further
expands our understanding of how IDR-1002 enhances innate immune responses. While our
collaborative infection studies linked the enhancement of monocyte and neutrophil
recruitment to the augmentation of MCP-1 and GRO-α production, the studies presented in
this thesis suggest a multi-pronged mobilization of leukocytes to the site of infection via the
production of an array of chemokines. The relationship between multiple chemokines in the
context of antimicrobial innate immunity is complex. Despite the similarity in function of
cell-specific chemoattractants, multiple seemingly redundant chemokines are often required
for a proper antimicrobial response. For instance, in murine models of Listeria
monocytogenes infection knockout mice for either MCP-1 or MCP-3 show impaired
monocyte recruitment as well as increased susceptibility to infection, demonstrating the need
for multiple chemokines for an optimal antimicrobial response (98). My study has revealed
that IDR-1002 stimulates the production of a range of chemokines, each one potentially
playing major roles in IDR-mediated protection against infection.
Considering the ability of IDR-1002 to induce the production of numerous
chemokines without the stimulation of general inflammatory mediators, it is tempting to state
that the primary immunomodulatory function of IDR-1002 is an enhancement of cell
migration. This hypothesis is supported by a number of ex vivo and in vitro studies regarding
IDR-1002. Investigations into leukocyte microbicidal indicators, including activation of
neutrophils and macrophages, phagocytosis, and production of nitric oxide and reactive
oxygen species, showed minimal regulation by IDR-1002. However indirect potentiation of
antimicrobial activities by IDR-1002 cannot be discounted, for instance IDR-1002 enhanced
the production of the cell-activating cytokine IFNγ during S. aureus infections but not in ex
vivo or in vitro models (80). The implication is that IDR-1002 likely reacts differently in an
infection system, potentially acting in synergy with endogenous host mediators or even
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microbial components to modulate immune responses. This phenomenon is seen with both
endogenous host defense peptides and IDR-peptides. LL-37, a moderate inducer of
chemokine production alone, drastically enhances chemokine production and immune
signalling in human PBMCs in the presence of the endogenous inflammatory mediator IL-1β
or cytokine GM-CSF, correlating with an enhancement of IL-1β-induced IκBα
phosphorylation and NFκB nuclear translocation (43, 50). In addition, LL-37, in combination
with self-DNA, acts as a stimulator of interferon production in plasmacytoid dendritic cells
(99). Similarly, synergy between IDR-HH2, a structurally-related IDR with similar
chemokine inducing properties as IDR-1002, and CpG oligonucleotides results in a robust
enhancement of chemokine production in human PBMCs (84, 100). However, although there
may be other unreported immunomodulatory effects of IDR-1002, the results in this section
advocate the modulation of chemokine production and enhancement of cell migration as a
major axis in IDR-mediated immunomodulation.
Following the characterization of IDR-1002 cytokine regulation, the mechanism
through which this occurs was investigated. Cellular reactions to regulatory agents, whether
from endogenous agents such as cytokines or HDPs, or exogenous agents such as microbial
components, are governed by complex signal transduction pathways. Regulation of cytokine
gene expression and protein production are no exceptions. It was hypothesized that IDR1002 exhibited an effect on cytokine levels in similar ways. I investigated the role of
pathways known to be used by endogenous HDPs, such as G-protein-related cascades (40,
42, 46, 82, 101), and showed they were implicated in IDR-1002-mediated MCP-1 induction.
Studies into downstream pathways determined that the central inflammatory signalling
pathways NFκB, PI3K, p38 and ERK-1/2 MAPK were all involved in IDR-induced MCP-1
production in human PBMCs, implicating these pathways as targets for IDR-1002 regulation.
This finding correlates with the observation that IDR-1 induction of chemokine production is
dependent on the NFκB, PI3K, and MAPK pathways (79). The involvement of multiple
pathways is not altogether unexpected as cytokine expression is dependent on the
coordinated actions of numerous pathways, such as, for example, the activation of
transcription factors required for optimal gene expression. This may account for the
interesting observation that IDR-1002, while inducing and utilizing pro-inflammatory
pathways, did not induce the production of the pro-inflammatory cytokines IL-6 and TNFα,
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which are regulated by similar pathways. The signal transduction profile induced by IDR1002 may be sufficient to promote the production of chemokines, yet insufficient to
significantly induce the expression and activation of certain pro-inflammatory cytokines. As
mentioned, this fine control of cytokine production likely originates from the integration of
regulation by multiple signal transduction pathways on numerous host processes, such as
transcription factor activity and cytokine message stability to name a couple. Our
understanding of the methods by which IDR-peptides and HDPs affect immune signalling
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, intracellular
targets for IDR-peptides have been suggested, due to the necessity of actin polymerization
and microtubule formation, both required for cellular uptake and endocytic processes, in
IDR-1002-mediated chemokine production. It is possible that endosome formation and
intracellular trafficking, mediated by actin and microtubules respectively, facilitate cellular
uptake and localization of IDR-peptides whereby they act on host targets. Indeed certain
intracellular IDR-peptide receptors have been identified, including the cellular scaffold
protein sequestosome-1/p62 and GAPDH, both important for IDR-1-mediated activation of
p38 MAP Kinase (93, 102). These observations demonstrate that the interaction of IDRpeptides with endogenous molecules can result in the downstream regulation of signalling.
Further studies concerning the intracellular trafficking of IDR-peptides, and how this is
affected by actin and microtubule activity, are required; these findings would be of interest in
identifying downstream peptide-targets. Certain structural characteristics shared both by
HDPs and synthetic IDR-peptides, including their small size, net positive charge, and
amphiphilic properties, suggest the potential for numerous overlapping interacting partners.
Indeed, HDPs have been shown to utilize different receptors, including chemokine receptors,
to regulate different aspects of immunity (66, 103-105). Therefore, it is speculated that IDRpeptides, akin to endogenous HDPs, likely utilize a diverse range of endogenous receptors to
regulate distinct aspects of the immune response, including the regulation of monocyte
integrin function and adhesion.
The major aim of this chapter was to elucidate the ability of IDR-1002 to regulate
cytokine production, in hopes it would increase our understanding of how IDR-peptides
modulate immunity and, as a result, antimicrobial protection. This investigation has shown
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that IDR-1002 is an inducer of numerous chemokines, and thus cell migration, through
regulation of cellular signalling pathways. Yet, the ability of IDR-1002 to regulate
chemokine production, cell migration, and cellular signalling suggests a deeper, more
comprehensive, regulation of immunity by IDR-peptides. In the grand network of immunity,
chemokine-mediated cellular recruitment forms the basis for a host of essential immune
functions. Although the recruitment of effector cells, such as monocytes and neutrophils, is
indeed required for innate immune microbial clearance, trafficking of these cells in addition
to primed lymphocytes to the site of infection is required for the assertion of adaptive
immune functions (106). The augmented production of RANTES, a chemoattractant and
activator of T-lymphocytes (107), by IDR-1002 during S. aureus infection could facilitate
adaptive immune responses. Similar induction by IDR-peptides of other lymphocyte
chemoattractants is certainly feasible and would be of investigative interest. Proof-ofprinciple studies have shown that IDR-peptides, especially IDR-1002, can serve as adjuvant
components in vaccine formulations, augment antigen-specific immune responses, as well as
modulate T-helper-cell balance (84, 108, 109). Cell recruitment is also an essential process
for wound healing and resolution. Recruitment of effector cells responsible for clearance of
cellular debris and tissue remodeling is essential for wound repair (110). Mobilization of
epithelial cells to wounded sites, prior to their proliferation, is necessary for wound closure
(111, 112). As previously mentioned, human defensins and LL-37 are promoters of wound
healing, in part due to their ability to stimulate epithelial cell migration (61, 113).
Chemokines themselves process secondary functions, involved in cellular activation and
growth (114, 115). Thus, through these consequential processes stemming from chemokine
regulation and cell mobility, the potential for immunomodulation by IDR-1002 is vast and
must be further investigated.
In summary, this study has demonstrated that IDR-1002 regulates cellular cytokine
production through its modulation of cellular signalling pathways; this expands upon a
proposed mechanism of IDR protection, whereby bacterial clearance is promoted due to an
enhancement of leukocyte recruitment. It must be emphasized that this thesis demonstrates
that the immunoregulatory effects of IDR-1002 also occur in a human system, a requisite
observation in the context of clinical drug development of anti-infective IDR-peptides. In
addition, the similarities in IDR-mediated cytokine regulation between murine and human
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systems provides support that investigations in a murine system can yield viable insights
regarding IDR-mediated immunomodulation in a human system, and vice versa. These
results also expose a widespread utilization of immune signalling pathways and a modulation
of monocyte signalling behaviour, a cell population necessary for IDR-mediated protection,
revealing potential avenues by which IDR-peptides may modulate host immunity. Overall,
this study hints at a complex regulatory role of IDR-1002 in immunity and, most importantly,
provides a foundation from which further mechanistic investigations can be undertaken.
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3

IDR-1002 PROMOTES HUMAN MONOCYTE MIGRATION ON

FIBRONECTIN VIA INDUCTION OF INTEGRIN-MEDIATED
ADHESION
3.1.

INTRODUCTION
The enhanced clearance of pathogenic bacteria by IDR-1002 in murine infection

models demonstrates the effectiveness in modulating host immunity to augment natural
antimicrobial responses. Antimicrobial protection mediated by IDR-peptides is accompanied
by the in vivo regulation of host cytokine production, as well as the enhancement of
leukocyte recruitment to the site of infection (79, 80). In the previous chapter IDR-1002 was
revealed to have extensive effects on cellular chemokine production through its modulation
of numerous signal transduction pathways involved in the innate immune response. The
ability of IDR-peptides to regulate cytokine production is currently under intense
investigation in the hopes of further understanding their complex regulatory effects on host
immunity. Indeed this aspect of IDR-regulation has been harnessed and developed for other
anti-infective purposes, for instance the use of IDR-peptides as adjuvants in vaccine
formulation due to their ability to boost vaccine cytokine production (84, 100, 108). It was
hypothesized here that the second hallmark effect of IDR-peptides, the capability to enhance
leukocyte recruitment, also stems from its ability to induce host chemokine production at the
site of infection. However, while the induction of chemokine production by IDR-1002 is
often observed hours after administration in in vivo murine models and in vitro human
PBMC models, the promotion of leukocyte recruitment is a very rapid process, observable as
soon as 1 hour after administration (80). These observations are consistent with the ability of
IDR-1002 to directly regulate cellular motility, perhaps independent of its influence on host
chemokine production. The study reported in this chapter thus aimed to uncover
undiscovered new mechanisms whereby IDR-1002 could directly modulate monocyte
migratory behaviour. The elucidation of such mechanisms not only furthers our
understanding of how IDR-peptides mediate their antimicrobial protective effects, but is
critical to the development of improved anti-infective immunomodulatory agents.
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Trafficking of monocytes and other immune cells in response to microbial invasion is
an immensely complex process. Cellular recruitment in the innate immune response is
mediated by a multi-stage process that serves to draw cells from the circulatory system and
rapidly direct them to specific areas where their antimicrobial immune functions are required.
In the initial stages of infection the detection of microbial patterns by sentry cells, such as
macrophages and dendritic cells, at the invasion site results in the production of a variety of
inflammatory mediators and chemoattractive compounds (3, 5, 116). Activation of proximal
endothelial cells by these inflammatory mediators leads to the increased expression of
selectins and integrins, which serve to capture circulating leukocytes (117-119). Immune
cells initially interact weakly with endothelial cells lining the vasculature, evidenced by their
rolling along the endothelia, and are further activated by interaction with chemokines
presented at the endothelial surface. This activation results in the firm adhesion and arrest of
cells, preliminary to cellular transmigration or extravasation across the endothelial layer.
Once past the endothelial barrier, cells then respond to a chemokine gradient and migrate
towards the site of infection, culminating in a rapid influx of effector cells to the site of
infection or injury. Regulation of any of these processes can have significant effects on
cellular recruitment. However, the current investigation focused on monocyte adhesive
behaviour and aimed to elucidate IDR-mediated effects on monocyte migration under this
context.
Adhesion is a major theme in the process of cellular trafficking and, as such,
mediators of cellular adhesion play a crucial role in leukocyte recruitment (Figure 3.1). Lowaffinity adhesion, mediated between selectins and their receptors, is necessary for the initial
capture of circulating leukocytes (118). Firm integrin-mediated adhesion is then necessary
for the arrest of rolling leukocytes and allows for their extravasation into tissues. Within this
environment, adhesion also plays a central role in cellular motility. The extracellular matrix
(ECM) provides a tissue structural support network comprising of fibrous meshes of proteins
and

polysaccharides,

including,

but

not

limited

to,

collagen,

fibronectin

and

glycosaminoglycans. Integrin-mediated interactions with the ECM provide a foothold from
which cells can apply directional force that is essential for oriented movement (118, 120).
Furthermore, cell-to-ECM interactions are essential for secondary signalling from integrinmediated signal transduction cascades or from chemokines and growth factors bound and
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presented on the matrix itself (121, 122). These signalling cascades not only serve to
modulate and direct cellular movement, but also play important roles in adhesion-mediated
tissue remodeling, cell growth, and wound healing. As such, the interaction between
monocytes and their environment, by virtue of adhesion, plays a fundamental role in
monocyte recruitment to the site of infection.

Figure 3.1 Leukocyte adhesion molecules regulating the multiple stages of cellular
trafficking. This figure was partially adapted from Ley et al. (2007) with permission (118).
As a key process in leukocyte recruitment, the regulation of cellular adhesion by IDR1002 was investigated as a potential mechanism for promoting monocyte migration in in vivo
models. In this chapter, it was demonstrated that, unlike some host defence peptides, IDR1002 possessed no direct chemokinetic or chemoattractive ability for human monocytes.
However, IDR-1002 could augment monocyte migration through a membrane coated with
fibronectin, an ECM glycoprotein which plays an important role in monocyte locomotion

33

(120, 123). Specifically, it was shown that IDR-1002 enhanced monocyte migration towards
endogenous chemokines MCP-1, MCP-3, MIP-1α, and RANTES by promoting monocyte
adhesion to fibronectin. The pro-adhesive effect elicited by IDR-1002 was dependent on the
function of the β1-integrin family of receptors, one of the major monocyte adhesive receptors
for fibronectin. These phenomena also correlated with the peptide-induced activation of β1integrins, an effect mediated by the activation of the PI3K-Akt pathway. IDR-1002 also
demonstrated the ability to promote monocyte adhesion to ICAM-1, an adhesion molecule
essential in the firm adhesion between leukocytes and the endothelial surface (118).
Correspondingly, IDR-1002 was shown to increase the surface expression of β2-integrin
subunit CD11c, a monocyte receptor for ICAM-1 (124, 125). In addition, it was also found
that promotion of monocyte adhesion to fibronectin was likely a function shared among IDRpeptides and endogenous immunomodulatory peptide LL-37. Overall, this study reveals a
novel mechanism whereby IDR-1002, through its regulation of signal transduction pathways,
directly enhances monocyte recruitment; namely the promotion of integrin-mediated
monocyte adhesion. Moreover, the knowledge that IDR-peptides regulate monocyte adhesion
provides insights into the mechanisms through which IDR-peptides potentially modulate
adhesion-dependent immune processes, such as cellular growth and wound healing.

3.2.

METHODS AND MATERIALS

3.2.1. Reagents
Peptides

LL-37

(LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES-NH2),

IDR-1002 (VQRWLIVWRIRK-NH2), IDR-HH2 (VQLRIRVAVIRA-NH2), and IDR-1018
(VRLIVAVRIWRR-NH2), and were synthesized by solid phase F-moc chemistry by CPC
Scientific (Sunnyvale, CA). IDR-1 (KSRIVPAIPVSLL-NH2) and negative control peptide
1035 (KRWRWIVRNIRR-NH2) were similarly synthesized by the Biomedical Research
Center (University of British Columbia, Vancouver, BC, Canada). PMA was resuspended in
DMSO (both from Sigma-Aldrich, St. Louis, MO) and stored at -20 ˚C. PI3K inhibitor
LY294002, Akt inhibitor SH-5, p38 MAPK inhibitor SB203580, and MEK1 MAPK inhibitor
PD98059 (all from Calbiochem, San Diego, CA) were resuspended in DMSO and stored at 20 ˚C. In inhibitor experiments, the concentrations of DMSO used never exceeded 0.1% (v/v)
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in cell cultures. Gi-protein inhibitor, pertussis toxin, was also obtained from Calbiochem.
Chemokines MCP-1, MCP-3, MIP-1α, and RANTES were obtained from R&D Systems
(Minneapolis, MN).

3.2.2. Cell isolation and culture
Human PBMCs were isolated as previously reported (44). Briefly, venous blood was
collected from healthy volunteers using heparin-containing Vacutainer tubes (BD Bioscience,
San Jose, CA) in accordance with UBC ethical approval and guidelines. Human blood was
diluted in an equal amount of PBS (Invitrogen, Carlsbad, CA) then layered over Ficoll-Paque
Plus (Amersham, Piscataway, NJ) 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, BC,
Canada) as per the manufacturer’s instructions. Monocytes were then resuspended in RPMI
1640 with 10% (v/v) heat-inactivated FBS, 2 mM L-glutamine, and 1 mM sodium pyruvate
(all from Invitrogen), placed in a polypropylene tube (BD Falcon, San Jose, CA), and
cultured in a humidified incubator at 37 °C with 5% CO2. The human monocytic cell line
THP-1(126), from the American Type Culture Collection (ATCC TIB-202, Manassas, VA),
was cultured in the same media and conditions, as stated above, for a maximum of five
passages.

3.2.3. Monocyte adhesion assay
Each well of polystyrene tissue-culture plates (BD Falcon) were coated overnight at 4
°C with 50 μg/ml of human plasma fibronectin (Calbiochem) or 2 μg/ml of recombinant
human ICAM-1 (R&D Systems) per well. The wells were then washed with PBS prior to
blocking with PBS containing 1% (w/v) BSA (Roche, Basel, Switzerland) for 1 hour at 37
°C. Wells were washed again with PBS prior to use. Wells without fibronectin or ICAM-1
were also blocked with 1% BSA as controls for non-specific adhesion.
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Human blood monocytes and THP-1 cells were resuspended in RPMI 1640 with 1%
FBS at a density of 5x105 cells/ml for 1 hour. For PI3K-Akt inhibition studies, cells were
then pre-treated with chemical inhibitors, or a DMSO vehicle control, at the indicated
concentrations for 1 h. Similarly for β1-integrin blocking studies, cells were pre-treated with
an anti-human β1-integrin functional blocking mAb (P4C10, Millipore, Billerica, MA) at the
indicated concentrations or 20 μg/ml of a mouse IgG1 isotype Ab (MG1-45, Biolegend, San
Diego, CA) for 1 h. 5x104 cells were added to each well and stimulated with the indicated
treatments. phorbol myristate acetate (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 50x g for 5 min to remove non-adherent cells.
Wells were washed twice with PBS and adherent cells were stained with the Diff-Quik
Staining Kit (VWR Scientific Products, Radnor, PA) as per the manufacturer’s instructions.
Measurement of adhesion levels were done by averaging the counts of cells over six
200x magnification high power fields (HPF) under phase-contrast microscopy with a light
microscope. Counts per HPF of adhered cells on non-protein-coated, BSA-blocked wells
were subtracted from counts of protein-coated wells for each treatment to assess fibronectinspecific or ICAM-1-specific monocyte adhesion.

3.2.4. Flow cytometry to determine integrin levels and Akt phosphorylation
All flow cytometry results were collected on a 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 1x106 cells/ml. 2x105 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 pre-treated with chemical inhibitors, or a
DMSO vehicle control, at the indicated concentrations for 1 hour. 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) at room temperature for 20 min in preparation for staining.
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To investigate integrin surface expression, THP-1 cells were washed using PBS with
0.5% BSA and stained at room temperature for 1 hour with an anti-human CD29 mouse
IgG1-Alexa Fluor 647 (TS2/16, Biolegend) Ab, an anti-human CD11c mouse IgG1 Alexa
Fluor 647 (3.9, Biolegend) Ab, or a monoclonal Ab (mAb) specific for the active
conformation of human β1-integrins (HUTS-4, Millipore). THP-1 cells were also stained, in
parallel, with a mouse IgG1 Ab conjugated to Alexa Fluor 647 (MOPC-21, Biolegend) or a
mouse IgG2b isotype Ab (MPC-11, Biolegend) as respective isotype controls. For the
determination of activated β1-integrin levels, THP-1 cells were then washed and further
stained with a goat anti-mouse IgG-DyLight 649 (Poly4053, Biolegend) Ab 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 1000 cells,
subtracted by the geometric MFI levels of their isotype-stained counterparts. The displayed
fold-change-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 90% (v/v) methanol at 4 °C for 30 min. The
cells were then washed and stained at room temperature for 1 hour with phospho-Akt (Ser473) 193H12 rabbit mAb or a DA1E rabbit IgG isotype mAb (both from Cell Signalling
Technology, Danvers, MA). 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 geometric MFI
levels of 1000 cells, subtracted by the geometric MFI levels of their corresponding isotypestained samples. The displayed fold-change-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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3.2.5. 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 β1-integrin blocking experiments, monocytes were pre-treated with 20
μg/ml of a HUTS-4 blocking Ab or an isotype-matched mouse IgG1 control Ab for 1 h.
5x104 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 for migration. Treatment
with IDR-1002 was done by adding peptide to both upper and lower wells to avoid a peptide
concentration gradient. The upper and lower wells were separated by a polycarbonate
membrane with 5-μM-diameter pores. Membranes were pre-coated with 50 μg/ml of
fibronectin at 4°C overnight, washed with PBS, and air-dried prior to use. After 1 hour of
incubation non-migrated monocytes were removed by PBS washing and scraping with a
rubber blade. Adhered cells on the underside of the membrane were stained with the DiffQuik 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 IDR-1002, different concentrations of IDR-1002 were added to the lower wells
of the chemotaxis chamber and separated from the monocyte-containing chamber with a noncoated 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 in the
method stated above.
Migration for each treatment was measured by averaging the number of migrated
cells per HPF over five 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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3.3.

RESULTS

3.3.1. Monocyte chemotactic and chemokinetic properties of IDR-1002
To investigate the mechanisms underlying the enhancement of monocyte migration
by IDR-1002, an in vitro model using human monocytes was established. Initially, the ability
of IDR-1002 to directly chemoattract monocytes across an uncoated membrane filter was
investigated. This was done by the addition of IDR-1002 to the lower wells of a chemotaxis
chambers with the placement of monocytes in the upper wells, separated by a porous
polycarbonate membrane. As shown in Figure 3.2, varying concentrations of IDR-1002
elicited no significant change in migration after 1 hour compared to baseline migration
towards media-only controls, demonstrating a lack of monocyte chemotactic activity by IDR1002.

Figure 3.2 Monocyte chemotactic properties of IDR-1002. Human monocytes were
assessed for the ability to migrate towards various concentrations of IDR-1002 through a
non-coated polycarbonate membrane after 1 hour. Data are presented as mean fold-increases
migration over baseline migration towards media alone (± SE) of at least 3 independent
experiments, each from independent donors.
The effects of IDR-1002 on monocyte migration through a fibronectin-coated
membrane were then assessed. Similarly, after 1 hour, a range of IDR-1002 concentrations in
the lower wells of a chemotaxis chamber did not alter monocyte migration across a
fibronectin-coated membrane compared to baseline migration towards media-only controls
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(Figure 3.3A). Baseline migration of monocytes was estimated to be nearly 2% of the starting
monocyte population. This result further demonstrates the minimal monocyte chemotactic
properties of IDR-1002. The addition of IDR-1002 to both upper and lower wells also failed
to elicit any changes in monocyte migration compared to baseline migration, indicating
minimal chemokinetic activity by IDR-1002 as well (Figure 3.3B). Overall, these
observations demonstrate that IDR-1002 does not directly modulate monocyte migratory
activity.

Figure 3.3 IDR-1002 regulation of monocyte migration on fibronectin. (A) The
chemotactic properties of IDR-1002 were assessed by the addition of the indicated
concentrations of peptide to the lower wells of the chemotaxis chamber, whereas (B) the
chemokinetic properties of IDR-1002 were assessed by the addition of peptide to both upper
and lower wells. Monocytes were then measured for their ability to migrate through a
fibronectin-coated membrane after 1 hour. Data are presented as mean fold-increases in
migration over monocyte migration towards media alone (± SE) of 3 independent
experiments, each from independent donors.

3.3.2. IDR-1002 enhancement of human monocyte migration on fibronectin
It was then hypothesized that IDR-1002 would regulate the migratory activity of
monocytes towards natural mediators of chemotaxis expressed during an infection, such as
host chemokines. Therefore the effects of IDR-1002 in cooperation with molecules that are
known to promote cell migration were then examined. 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
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fibronectin-coated membrane was determined by microscopy after 1 h. As shown in Figure
3.4, varying concentrations of monocyte chemokines MCP-1, MCP-3, MIP-1α, and
RANTES increased the migration of monocytes across a fibronectin-coated membrane
compared to baseline migration of monocytes in media alone, as expected. In the presence of
IDR-1002 the numbers of migrating monocytes towards the chemokines were significantly
increased by up to five fold of baseline migration levels, demonstrating an enhancement of
monocyte chemotactic activity. In conjunction with the lack of chemotactic or chemokinetic
activity by IDR-1002, the observed promotion of migration by IDR-1002 was indicative of
the synergistic enhancement of monocyte migratory behaviour on fibronectin towards
chemokines.

Figure 3.4 IDR-1002 enhancement of monocyte migration towards chemokines on
fibronectin. IDR-1002 (20 μg/ml) demonstrated an enhancement of monocyte chemotaxis
towards varying levels and types of monocyte chemokines (3.125, 6.25, 12.5, 25 ng/ml)
through a fibronectin-coated membrane after 1 hour. Data are presented as mean foldincreases in monocyte migration over baseline migration towards media alone (± SE) of at
least 4 independent experiments, each from independent donors. Statistical comparisons
between migration levels of IDR-1002 stimulated cells and non-peptide-stimulated cells were
done by Student’s two-tailed t test. *p < 0.05; **p < 0.01.
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As IDR-1002 displayed an enhancement of chemotaxis towards all tested
chemokines, the ability of IDR-1002 to promote general monocyte-fibronectin interactions
was then investigated. Fibronectin is a glycoprotein component of many tissue networks,
such as the extracellular matrix. 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 (123). The interactions between monocytes and surrounding
substrates, such as endothelial surfaces and ECM components, are highly dependent on the
actions of the integrin family of heterodimeric receptors. Monocyte adhesion to fibronectin is
primarily mediated by the β1 family of integrins, which include the monocyte adhesion
receptors VLA4 and α5β1 (127, 128). Pre-treatment of monocytes with 20 μg/ml of an
inhibiting antibody of β1-integrins abolished the enhancing effect of IDR-1002 on monocyte
chemotaxis towards MCP-1 and MCP-3, compared to monocytes pre-treated with an isotypematched antibody control (Figure 3.5). Inhibition of β1-integrin function greatly reduced, but
did not eliminate, the augmentation of monocyte migration towards MIP-1α and RANTES by
IDR-1002, suggesting alternative mechanisms through which IDR-1002 promotes monocyte
migration. Overall, these results show that the β1-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 significantly alter
migration of isotype-antibody-treated or β1-integrin-treated monocytes in the absence of
chemokines (data not shown).
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Figure 3.5 The role of β1-integrins in IDR-1002-mediated enhancement of monocyte
migration. Monocytes were pre-treated with a β1-integrin inhibiting antibody or an isotypematched control antibody (20 μg/ml) for 1 hour. Monocytes were then assessed for their
ability to migrate towards chemokines (12.5 ng/ml) through a fibronectin-coated membrane
for 1 hour with or without IDR-1002 (20 μg/ml) treatment. Data are presented as mean foldincreases in migration over isotype-treated monocyte migration towards media alone (± SE)
of at least 4 independent experiments, each from independent donors. Statistical comparisons
were done by Student’s two-tailed t test. *p < 0.05; **p < 0.01.

3.3.3. IDR-1002 promotion of β1-integrin-mediated monocyte adhesion to fibronectin
To elucidate the potential regulation of β1-integrin-mediated binding by IDR-1002, it
was 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
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hours was determined by microscopy after the removal of unattached cells. IDR-1002
treatment induced a dose-dependent and very substantial increase in adhesion to fibronectin
of either blood monocytes or THP-1 cells, indicating a promotion of monocyte-fibronectin
interactions (Figure 3.6A). Although blood monocytes demonstrated increased sensitivity to
lower IDR-1002 concentrations compared to a THP-1 model, the adhesion patterns of IDR1002-stimulated monocytes and THP-1 cells were similar. Thus, THP-1 cells were selected
as an alternative cell model to further investigate monocyte adhesion behaviour.
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 (129, 130).
The rapid regulation of adhesion in response to extracellular stimuli, such as chemokines, is a
necessity for substrate-mediated monocyte motility, which requires 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 minutes. A continued increase in THP-1 adhesion was evident up to 3
hours after IDR stimulation (Figure 3.6B).
Next it was determined whether the adhesive activity of IDR-1002 was mediated
specifically through the binding activity of the β1-integrins. THP-1 cells were pre-treated
with varying doses of a β1-integrin inhibiting antibody 1 hour prior to stimulation with IDR1002. The addition of a β1-integrin inhibiting antibody resulted in a dose-dependent
inhibition of THP-1 adhesion to fibronectin-coated plates, fully abrogating IDR-1002mediated adhesion at an antibody concentration of 20 μg/ml (Figure 3.7). In contrast, the pretreatment of THP-1 cells with 20 μg/ml of an isotype-matched antibody had no effect on
peptide-mediated adhesion. These results suggest that the IDR-1002-induced adhesion of
THP-1 cells to fibronectin is dependent on β1-integrin activity, supporting the previous
observation that β1-integrins play a large role in peptide-mediated enhancement of monocyte
chemotaxis on fibronectin.
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Figure 3.6 IDR-1002 regulation of monocyte adhesion on fibronectin. (A) Monocytes or
THP-1 cells were stimulated with various concentrations of IDR-1002 for 3 hours and
assessed for their ability to adhere to fibronectin-coated plates. (B) Time course effects of
IDR-1002 (50 μg/ml) on THP-1 adhesion to fibronectin. Data are presented as the mean of
adhered cells per HPF (± SE) of at least 3 independent experiments. In experiments using
primary monocytes, each experiment utilized cells from an independent donor. Statistical
comparisons to untreated cells were done by Student’s two-tailed t test. *p < 0.05; **p <
0.01; ***p < 0.001.
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Figure 3.7 The role of β1-integrins in IDR-1002 promotion of THP-1-fibronectin
adhesion. THP-1 cells were pre-treated with a β1-integrin inhibiting antibody or an isotypematched control antibody (20 μg/ml) for 1 hour. Cells were then stimulated with IDR-1002
(50 μg/ml) for 3 hours and assessed for their ability to adhere to fibronectin-coated plates.
Data are presented as the mean of adhered cells per HPF (± SE) of 3 independent
experiments. Statistical comparisons to IDR-1002 stimulations of isotype-treated THP-1 cells
were done by Student’s two-tailed t test. *p < 0.05; **p < 0.01.

3.3.4. IDR-1002 regulation of β1-integrin expression and activation in THP-1 cells
Due to the β1-integrin-dependency of peptide-mediated effects on monocytefibronectin adhesion and migration, the regulation of β1 integrins by IDR-1002 was assessed.
The effects of IDR-1002 on the overall expression levels of β1-integrins on monocyte
surfaces were investigated by measuring, in THP-1 cells, levels of CD29, the β-subunit of
β1-integrin heterodimers. THP-1 cells were stimulated with IDR-1002 for various time
intervals prior to assessment of β1-integrin levels. Over the course of 4 hours, there was no
substantial change in overall β1-integrin levels (Figure 3.8A). 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 (118). THP-1 cells
stimulated with IDR-1002 displayed a transient increase in levels of activated β1-integrins, as
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determined by staining with the HUTS-4 antibody, which specifically targets β1-integrin in
its activated conformation (131). Integrin activation was detectable as early as 15 minutes
and peaked at 30 minutes, showing a 50% increase over unstimulated controls (Figure 3.8B).
Levels of β1-integrin activation decreased after 60 minutes before returning to unstimulated
levels after 4 hours. Thus while IDR-1002 had no major effect on the expression of total β1integrin surface levels, it induced the transient activation of β1-integrins from a low-affinity
state to a high-affinity one.

Figure 3.8 IDR-1002 regulation of β1-integrins on THP-1 surfaces. Time course effects
of the levels of (A) total β1-integrin or (B) the activated isoform of β1-integrin on THP-1
cells stimulated with IDR-1002 (50μg/ml). Detection of integrin levels was done by staining
with an anti-CD29 antibody or a HUTS-4 antibody, which detects the activated conformation
of β1-integrins, and measured by flow cytometry. Data are presented as mean fold increases
of β1-integrin expression over unstimulated controls (± SE) of at least 5 independent
experiments. Statistical comparisons were done by Student’s two-tailed t test. *p < 0.05; **p
< 0.01; ***p < 0.001.

3.3.5. The role of the PI3K-Akt pathway in IDR-1002 enhancement of adhesion
The PI3K-Akt pathway has been shown to play a major role in regulating cellular
adhesion (128, 132-137). As IDR-1002-mediated chemokine regulation in human PBMCs is
dependent on the PI3K pathway (80), the ability of IDR-1002 to activate the PI3K-Akt
pathway in human monocytes, and whether this resulted in the regulation of monocyte
adhesion, was then investigated. PI3K activation was determined by measuring the levels of
Akt Ser473 phosphorylation in THP-1 cells. THP-1 cells were stimulated with IDR-1002 for
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varying time intervals prior to assessment of intracellular phospho-Akt levels. IDR-1002stimulated THP-1 cells exhibited a rapid increase in Akt phosphorylation, peaking at 15
minutes with a 2-fold increase in phosphorylation over unstimulated controls (Figure 3.9A).
Elevated phospho-Akt levels persisted until 4 hours post-treatment exhibiting a similar
kinetics profile to that of IDR-1002-induced β1-integrin activation. This effect was abrogated
in THP-1 cells pre-treated for 1 hour with LY294002, a PI3K-specific inhibitor,
demonstrating a PI3K-dependent activation of Akt by IDR-1002 (Figure 3.9B).

Figure 3.9 IDR-1002 activation of the PI3K-Akt pathway in THP-1 cells. (A) Time
course effects on Akt Ser-473 phosphorylation in THP-1 cells stimulated with IDR-1002 (50
μg/ml). (B) The effects of PI3K-Akt inhibitors on IDR-1002-mediated Akt phosphorylation
in THP-1 cells. THP-1 cells were pre-treated for 1 hour with PI3K-inhibitor LY294002 (10
μM), Akt-inhibitor SH-5 (10 μM), or 0.1% DMSO prior to IDR-1002 stimulation (50 μg/ml).
Phospho-Akt levels were assessed by intracellular staining with an anti-phospho-Akt
antibody and detected by flow cytometry. Data are presented as the mean fold increase of
Akt phosphorylation over untreated controls (± SE) of at least 5 independent experiments.
Statistical comparisons were done by Student’s two-tailed t test. *p < 0.05; **p < 0.01; ***p
< 0.001.
To determine the involvement of the PI3K-Akt pathway in IDR-1002-mediated
monocyte adhesion to fibronectin, adhesion experiments were repeated using THP-1 cells
pre-treated with PI3K inhibitor LY294002 and Akt-specific inhibitor SH-5 for 1 hour prior to
stimulation with IDR-1002. The addition of a PI3K or an Akt inhibitor reduced peptideinduced monocyte adhesion to fibronectin in a dose-dependent manner compared to a DMSO
pre-treatment control (Figure 3.10A, B). Complete elimination of the adhesive response by
either inhibitor occurred at concentrations of 10 μm, a non-toxic concentration capable of
fully inhibiting Akt activation induced by IDR-1002. To assess whether other pathways
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required for IDR-mediated immunomodulation are involved in IDR-1002-induced adhesion,
namely the MAPK pathways (79, 80), THP-1 cells were pre-treated with a p38 MAPK
inhibitor SB203580 or an MEK-1 inhibitor PD98059 prior to stimulation IDR-1002.
Inhibition of p38 had no effect on peptide-induced THP-1 fibronectin adhesion (Figure
3.10C), while MEK-1 inhibition, at high inhibitor concentrations, led to a 40% reduction in
adhesion (Figure 3.10D). 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.
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Figure 3.10 The role of the PI3K-Akt pathway in IDR-1002 promotion of THP-1
adhesion. Dose-dependent effects of a (A) PI3K-inhibitor LY294002, (B) Akt-inhibitor SH5, (C) p38 MAPK-inhibitor SB203580, or (D) MEK-1 inhibitor PD98059 on IDR-1002induced THP-1 adhesion. THP-1 cells were pre-treated for 1 hour with 10 μM of inhibitors or
0.1% DMSO prior to a 3 hour stimulation with IDR-1002 (50 μg/ml). THP-1 cells were then
assessed for their adherence to fibronectin-coated plates. Data are presented as the mean of
adhered THP-1 cells per HPF (± SE). Statistical comparisons against IDR-1002 stimulations
of DMSO pre-treated cells were done by Student’s two-tailed t test. *p < 0.05; **p < 0.01;
***p < 0.001.
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3.3.6. The role of the PI3K-Akt pathway dependency in IDR-1002 activation of β1-integrins
and monocyte migration on fibronectin
Both PI3K and Akt have been demonstrated to be inside-out signalling activators of
various integrin classes, including β1-integrins (134, 138-140). As IDR-1002 promotion of
THP-1 adhesion to fibronectin was shown to be PI3K-Akt-dependent, the role of the PI3KAkt pathway in IDR-1002-induced β1-integrin activation was then investigated. THP-1 cells
pre-treated with 10μm of LY294002 or SH-5, prior to stimulation with IDR-1002, exhibited
no increase in β1-integrin activation compared to non-peptide-stimulated controls, as
measured by HUTS-4 antibody binding (Figure 3.11A). DMSO pre-treated THP-1 cells,
stimulated with IDR-1002, presented transient activation of β1-integrins over unstimulated
controls. As pertussis toxin-sensitive Gi-protein-mediated signal transduction was necessary
for IDR-1002 induction of chemokines (80), and also necessary for many chemokinemediated functions (141), the role of this signalling axis in IDR-mediated β1-integrin
activation was also investigated. THP-1 cells pre-treated with 100 ng/ml of pertussis toxin,
prior to IDR-1002 stimulation for 30 minutes, exhibited an increase in β1-integrin activation
similar to THP-1 cells without pertussis-toxin treatment (Figure 3.11B). Taken together these
results indicate that IDR-1002 promotes THP-1 binding to fibronectin via the PI3K-Akt
pathway, likely through the inside-out activation of β1-integrins.
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Figure 3.11 The role of the PI3K-Akt pathway in IDR-1002 activation of β1-integrins.
(A) The effect of PI3K-Akt inhibitors on IDR-1002 induction of THP-1 β1-integrin
activation. THP-1 cells were pre-treated for 1 hour with PI3K-inhibitor LY294002 (10 μM),
Akt-inhibitor SH-5 (10 μM), or 0.1% DMSO prior to stimulation with IDR-1002 (50 μg/ml).
(B) The effect of Gi-protein inhibition on IDR-1002 induction of β1-integrin activation. THP1 cells were pre-treated for 1 hour with pertussis toxin (500 ng/ml) prior to a 30 minute
stimulation with IDR-1002 (50 μg/ml). Activated β1-integrins were measured by flow
cytometry detection of the HUTS-4 antibody. Data are presented as the mean fold-increase of
β1-integrin activation over untreated controls (± SE) of at least 4 independent experiments.
Statistical comparisons were done by Student’s two-tailed t-test. *p < 0.05, **p < 0.01.
Having demonstrated that IDR-1002 utilized the PI3K-Akt pathway to promote
monocyte interaction with fibronectin via β1-integrin activation, it was then investigated
whether this pathway played a role in the peptide-mediated enhancement of monocyte
chemotaxis. Monocytes were pre-treated with 10 μm of LY294002 or SH-5 for 1 hour prior
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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 pre-treatment 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 pre-treated with DMSO migrated
towards chemokines through a fibronectin-coated membrane, an effect significantly
enhanced in the presence of IDR-1002 (Figure 3.12). However after LY294002 and SH-5
pre-treatment, IDR-1002 had a minimal or no effect on monocyte chemotaxis towards
chemokines, indicating that the PI3-Akt pathway was essential for the enhancement of
monocyte chemotaxis by IDR-1002.

Figure 3.12 The role of the PI3K-Akt pathway in IDR-1002 enhancement of monocyte
migration. Monocytes were pre-treated for 1 hour with PI3K-inhibitor LY294002, Aktinhibitor SH-5, or 0.1% DMSO. Monocytes were then assessed for their ability to migrate
towards chemokines (12.5 ng/ml) for 1 hour through a fibronectin membrane with or without
IDR-1002 (20 μg/ml) treatment. Data are presented as the mean fold-increases in migration
over the migration of DMSO-pre-treated monocytes towards media alone (± SE) of at least 3
independent experiments, each from independent donors. Statistical comparisons were done
by Student’s two-tailed t test. *p < 0.05; **p < 0.01.
53

3.3.7. IDR-1002 promotion of monocyte adhesion to ICAM-1
As it was determined that IDR-1002 enhanced monocyte migration on fibronectin
through an enhancement of integrin-mediated adhesion, the ability of IDR-1002 to influence
monocyte adhesion to another integrin ligand, ICAM-1, was investigated. ICAM-1, an
endothelial surface glycoprotein, is an adhesion molecule which plays an important role in
cellular recruitment during an inflammatory response (118). Through its interaction with
integrins of cells in the bloodstream, ICAM-1 facilitates the firm adhesion of rolling cells to
the endothelial layer, a prerequisite for cellular transmigration across the endothelia and
further localization to the site of infection. To ascertain the effects of IDR-1002 on ICAM-1
adhesion, THP-1 cells were stimulated with varying concentrations of peptide and measured
for their ability to adhere to ICAM-1-coated plates. After 3 h, IDR-1002 demonstrated the
ability to induce THP-1 adhesion to ICAM-1 in a dose-dependent manner (Figure 3.13).
Significant adhesion was observed at peptide concentrations as low as 20 μg/ml. This
demonstrates that the promotion of monocyte adhesion by IDR-1002 is not limited to
fibronectin, but occurs with other adhesive ligands that play an essential role in cellular
recruitment.

Figure 3.13 IDR-1002 promotion of THP-1 adhesion to ICAM-1. THP-1 cells were
stimulated with varying concentrations of IDR-1002 for 3 hours and assessed for their
adherence to ICAM-1-coated plates. Data are presented as the mean THP-1 adherence (± SE)
of 3 independent experiments. Statistical comparisons to untreated THP-1 cells were done by
Student’s two-tailed t test. *p < 0.05.
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3.3.8. IDR-1002 regulation of integrin CD11c expression on THP-1 cells
Whereas cellular adhesion to fibronectin is mediated by the β1-integrin family of
receptors, adhesion to ICAM-1 is generally regulated by the β2-integrin family (124). Similar
to the β1-integrins, the β2-integrin receptor complex consists of a heterodimer of an α- and βreceptor subunits. As was done for the β1-integrins, the ability of IDR-1002 to regulate the
monocyte surface expression of β2-integrins was investigated. THP-1 cells, stimulated with
IDR-1002 over a course of time, were assayed for the surface expression of CD11c, one of
the β2-integrin α-subunits expressed by monocytes. IDR-1002 upregulated the surface
expression of CD11c as early as 15 minutes (Figure 3.14). This increase peaked at 30
minutes, where an approximate 50% increase over baseline levels of CD11c was observed,
and elevated levels of CD11c were sustained up to 2 hours post stimulation.

Figure 3.14 IDR-1002 regulation of CD11c expression on THP-1 cells. Time course
effects of IDR-1002 stimulation (50 μg/ml) on CD11c surface expression by THP-1 cells.
CD11c levels were measured by the detection of anti-CD11c antibodies using flow
cytometry. Data are presented as the mean fold-increases in CD11c expression over untreated
cells (± SE) of 5 independent experiments. Statistical comparisons to untreated cells were
done by Student’s two-tailed t test. *p < 0.05.
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3.3.9. Regulation of monocyte adhesion 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 (79, 80). Likewise, IDR-1018
and IDR-HH2 also demonstrate the ability to modulate the host cytokine/chemokine
environment (84, 142), while both IDR-1002 and IDR-HH2 promote adjuvant activity in
formulation (100, 108). It was of interest to determine whether the ability to promote
monocyte adhesion 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 host defense peptide with similar immune modulatory functions, and investigated
for their ability to adhere to fibronectin-coated plates after 3 h. LL-37 was utilized at a
concentration of 20 μg/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 of 100 μg/ml
(unpublished data). Treatment with PMA was utilized as a positive control for monocytefibronectin adhesion (143). As shown in Figure 3.15, immunomodulatory peptides LL-37,
IDR-1, IDR-1002, IDR-1018, and IDR-HH2 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. 1035, a negative control
peptide with no immunomodulatory properties as measured by its lack of enhancement of
chemokine production in human PBMCs (unpublished), 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.
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Figure 3.15 IDR-peptide induction of monocyte adhesion to fibronectin. (A) Monocytes
or (B) THP-1 cells were stimulated with IDR-peptides, negative control peptide 1035 (100
μg/ml), or LL-37 (20 μg/ml) for 3 hours and assessed for their adherence to fibronectincoated plates. Stimulation with 50 ng/ml of PMA was used as a positive control for monocyte
fibronectin adhesion. Data are presented as the mean of adhered cells (± SE) of at least 4
independent experiments. In experiments using monocytes, each independent experiment
utilized cells from an independent donor. Statistical comparisons to untreated cells were done
by Student’s two-tailed t test. *p < 0.05; **p < 0.01; ***p < 0.001.

3.4.

DISCUSSION
The aim of this study was to identify novel mechanisms by which IDR-1002

enhances monocyte recruitment, a hallmark effect in IDR-mediated protection against
bacterial infection (79, 80) and its deployment in adjuvant formulations (100, 108). In this
chapter, it was demonstrated that IDR-1002, a peptide which displayed neither direct
chemokinetic nor chemoattractive activity, enhanced human monocyte migration towards a
wide range of chemokines through a fibronectin matrix. This augmentation by IDR-1002 on
monocyte recruitment correlated with a promotion of monocyte and THP-1 cell adhesion to
fibronectin, a major ECM component. Recruitment of leukocytes to the site of infection is a
highly orchestrated and complex event, of which cellular adhesion plays a major role.
Mediators of cell recruitment produced during an infection, must not only stimulate cellular
movement, but also promote cellular attachment to the surrounding environment (118).
Cellular extensions of chemokine-stimulated leukocytes would generate little net movement
without an adhesive foothold on which to apply directional force (120). Many studies have
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shown that leukocyte adhesion to the endothelial surface is a fundamental step in subsequent
cellular extravasation and transmigration into tissues (118). Further localization of leukocytes
within tissues also depends on cellular adhesion to the ECM to facilitate movement. Here, it
was shown that inhibition of β1-integrin, the major monocyte adhesion receptor for
fibronectin, not only eliminated IDR-1002 promotion of monocyte fibronectin adhesion, but
also greatly reduced the ability of the peptide to enhance monocyte recruitment on a
fibronectin membrane. These results also correlated with a rapid activation of β1-integrins on
THP-1 surfaces by IDR-1002. Taken together, these results demonstrate that IDR-1002,
through its promotion of β1-integrin-mediated adhesion, augments monocyte movement
towards chemotactic signals through fibronectin. Thus it is feasible that in vivo
administration of IDR-1002 during a bacterial infection would prime monocytes for
enhanced adhesion to fibronectin, and thus, tissue migration towards chemotactic mediators
produced in abundance at the site of infection. Furthermore, the ability of other
immunomodulatory peptides to promote monocyte adhesion to fibronectin suggests similar
mechanisms of enhancement may be shared among IDR-peptides.
The regulation of integrin-mediated cellular adhesion is an enormously complex
process that involves the actions and interactions of numerous intracellular signalling
networks. A diverse host of signalling mediators have been shown to modulate integrin
function, including those of the MAP Kinase and PI3K-Akt pathways, GPCR and
phospholipase C (PLC) networks, and the small GTPases Rho and Rap (118, 132-136). Many
of these pathways and networks have been implicated as necessary for certain
immunomodulatory effects of natural HDPs and IDR-peptides (50, 79, 80). Thus the role of
signal transduction pathways in IDR-1002 promotion of fibronectin adhesion and β1-integrin
activation was investigated. In this study, it was observed that the ability of IDR-1002 to
induce β1-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 signalling by IDR-peptides and the regulation of integrin
function. Interestingly, the inhibition of the p38 and MEK1 MAP Kinase 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-1002-mediated
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cytokine induction or chemokine-mediated responses, had no effect on peptide-mediated
activation of β1-integrins. This underscores the complexity by which IDR-peptides might
modulate specific signalling networks to regulate distinct aspects of immunity.
Although the current study focused on the ability of IDR-1002 to utilize the PI3KAkt pathway in modulating β1-integrin affinity via ‘inside-out’ activation, there are other
mechanisms through which this pathway can regulate integrin function. The PI3K-Akt
pathway is known to promote the recycling of internalized integrins to the cell surface (144,
145), although the lack of effect by IDR-1002 on total surface β1-integrins levels makes this
an unlikely explanation for IDR-1002-enhanced adhesion. However, we cannot exclude the
role of PI3K-Akt-mediated increases in integrin avidity via its promotion of integrin mobility
and clustering (146, 147). Taking into consideration the multiple effects of IDR-peptides and
natural peptides on cellular signalling, as well as the complexity of interactions within
signalling networks, IDR-1002 may affect other signalling networks through cross-talk. For
example, PI3K in various cell models has been shown to activate various small GTPases and
PLC, which are among the best characterized mediators of integrin activation (148-152).
Similarly, other signalling pathways used by IDR-1002 are known to impact the PI3K-Akt
pathway, including the GPCR-induced networks. Despite these complexities, it is clear that
the PI3K-Akt pathway is central to IDR-1002 modulation of β1-integrin function and
subsequent enhancement of monocyte migration and adhesion to fibronectin.
Monocyte adhesion and migration on fibronectin within tissues is only one process
coordinating overall leukocyte infiltration. This study provides insights into other
mechanisms by which IDR-1002 potentially promotes monocyte mobilization to infectious
sites. The β1-integrin activating properties of IDR-1002 may have implications at other
stages of monocyte recruitment. VLA4, a β1-integrin member, is a well known receptor for
VCAM-1 on endothelial cells and plays a major role in cellular rolling, firm adhesion, and
transmigration across the endothelia (153, 154). In addition, with many similarities between
the regulation of β1-integrins and other integrin family members, it is conceivable that IDRpeptides may affect other stages of integrin-mediated adhesion and migration. Indeed it was
observed that IDR-1002 promotes THP-1 adhesion to ICAM-1, an interaction essential for
monocyte arrest and adhesion on the endothelial layer (118). This effect correlated with an
increase in the total surface expression of CD11c, one of numerous β2-integrin α-chain
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subunits responsible for monocyte adhesion to ICAM-1. It remains to be seen whether the
promotion of ICAM-1 adhesion by IDR-1002 is β2-integrin-dependent and whether IDR1002 regulates the expression and activation of other β2-integrin family members. However,
these results imply that modulation of integrin-mediated adhesion by IDR-1002 extends
beyond enhancing monocyte adhesion and migration on fibronectin. More so, these results
suggest a possible promotion of monocyte endothelial arrest and transmigration by IDR1002, potentially contributing to the enhancement of monocyte recruitment seen in in vivo
models.
In summary, it was established that IDR-1002 can promote the adhesion and
migration of monocytes to fibronectin through enhanced β1-integrin function via activation
of the PI3K-Akt pathway. It was also established that regulation of monocyte adhesion is a
common function among IDR-peptides. This study thus identified novel functions of IDRpeptides

in

promoting

integrin-mediated

monocyte

adhesion

to

fibronectin

and

synergistically enhancing monocyte migration towards host chemokines. Furthermore, it was
demonstrated that IDR-1002 modulation of monocyte adhesion may extend to other
substrates, possibly through regulation of other integrin families, further expanding the
repertoire of immune regulating effects of IDR-peptides. Monocyte integrin-mediated
adhesion not only has implications in monocyte recruitment, but far-reaching regulatory
functions in many aspects of the host immune response. Dynamic signal transduction activity
induced by integrin-mediated adhesion can play a role in monocyte phagocytosis, growth,
cytokine production, and macrophage-differentiation (155-157). Understanding how IDRpeptides regulate monocyte migration, adhesion, and integrin function through its effect on
cellular signalling networks will aid in the development and optimization of novel agents
with improved anti-infective and immunomodulatory functions.
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4

IDR-1002 ENHANCES HUMAN MONOCYTE CHEMOTAXIS

TOWARDS RANTES AND MIP-1α VIA REGULATION OF CCR5
SURFACE EXPRESSION
4.1.

INTRODUCTION
The synthesis of anti-infective IDR-peptides embodies one of many efforts in the

development of anti-infective immunomodulatory agents. As the effectiveness of IDRpeptides in conferring anti-bacterial protection has been demonstrated, focus has shifted to
understanding the mechanisms through which they regulate immune responses, allowing for
the development of improved immunotherapeutics. While not entirely unexpected,
investigations into their mechanisms of action reveal levels of complexity comparable to
those exhibited by endogenous regulators of innate immunity, such as cytokines and HDPs.
As shown in Chapter 2, IDR-1002 acted as a selective regulator of the host cytokine
environment through modulation of host signal transduction pathways. In the previous
chapter, IDR-1002 was demonstrated to have the ability to directly regulate monocyte
integrin function and monocyte adhesion to multiple substrates, through the activation of
monocyte immune signalling networks. To add to this complexity, certain observations in
Chapter 3 suggest that IDR-1002 may play a distinct role in enhancing monocyte behaviour
towards certain chemokines.
Chemokines, as previously discussed, are one of the primary regulators of cellular
trafficking in many host processes, from development and homeostasis to the inflammatory
antimicrobial immune response. The intricate ability to direct the movement of distinct cell
populations to specific locales arises from the legion of chemokines utilized by the host
system. In the human system alone, more than 40 chemokines have been identified (88).
These distinct, yet often functionally-overlapping, molecules can be sorted into numerous
subsets which possess distinct chemoattractive profiles for specific leukocyte populations
(88). During antimicrobial invasion, the localized production of many inducible chemokines
is essential for the rapid infiltration of monocytes, neutrophils, and lymphocytes to the
infectious site. The presence of a range of chemokines not only provides a functional
redundancy necessary for a robust immune response, but also is necessary for the optimal

61

migration of many specific cell populations (158, 159). Studies have also reported the crossregulation and synergy between different chemokines in cellular immune function (159-161).
Furthermore, delicate fine tuning of leukocyte traffic can occur based on changes in
sensitivity to certain chemokines. As an example, altered chemokine sensitivity of dendritic
cells is necessary for their outflow from inflamed tissues into lymph nodes where they can
prime T-lymphocytes (162). Primed and differentiated T-lymphocytes exit the lymph nodes
through similar mechanisms (163, 164). Altered chemokine sensitivity is also observed
during the monocyte-to-macrophage differentiation process (165). In addition to their ability
to attract cells, chemokines possess many secondary regulatory effects. These include the
ability of chemokines to modulate cellular attachment to substrates and regulate cellular
proliferation; through regulation of these events, chemokines play important roles in
homeostatic and regenerative processes, such as tissue remodeling, angiogenesis, and wound
healing (114, 115, 166, 167). Thus it is clear that changes in cellular response to chemokines
can have profound consequent effects on host antimicrobial immunity.
In this chapter, the modulation by IDR-1002 of chemokine-mediated monocyte
responses was investigated. An examination of how IDR-1002 influences chemokine
responses might yield a novel mechanism through which IDR-peptides enhance monocyte
recruitment. Furthermore, due to the pleiotropic effects of chemokines on immunity, this
investigation will further our understanding of how IDR-1002 regulates different aspects of
immunity. In this study, it was demonstrated that stimulation with IDR-1002 enhanced
human monocyte chemotaxis towards MIP-1α and RANTES but not MCP-1 and MCP-3. It
must be noted that, in contrast to observations Chapter 3, this result was observed in a
fibronectin-free model, thus displaying an adhesion-independent enhancement of monocyte
chemotaxis by IDR-1002. This selective enhancement of chemotaxis by IDR-1002 correlated
with the increased surface expression of CCR5, but not CCR2, on monocytes. Furthermore,
the enhancing properties of IDR-1002 on chemotaxis towards MIP-1α and RANTES were
fully dependent on CCR5 function. This investigation also demonstrated the potential of
IDR-1002 to reinforce downstream activation of p38 MAPK by MIP-1α and RANTES. In
summary, this chapter revealed a distinct mechanism through which IDR-1002 promoted
monocyte recruitment by selectively augmenting monocyte responsiveness to chemokines.
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Moreover, the ability of IDR-1002 to enhance chemokine functions suggested a novel axis of
IDR-peptide regulation of the antimicrobial immune response.
4.2.

METHODS AND MATERIALS

4.2.1. Reagents
Peptide IDR-1002 (VQRWLIVWRIRK-NH2) was synthesized by solid phase F-moc
chemistry by CPC Scientific (Sunnyvale, CA). Pertussis toxin was obtained from
Calbiochem (San Diego, CA) and stored at -20 ˚C. Chemokines MCP-1, MCP-3, MIP-1α,
and RANTES were obtained from R&D Systems (Minneapolis, MN).

4.2.2. Cell isolation and culture
Human PBMCs were isolated as previously reported (44). Briefly, venous blood was
collected from healthy volunteers using heparin-containing Vacutainer tubes (BD Bioscience,
San Jose, CA) in accordance with UBC ethical approval and guidelines. Human blood was
diluted in an equal amount of PBS (Invitrogen, Carlsbad, CA) then layered over Ficoll-Paque
Plus (Amersham, Piscataway, NJ) 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, BC,
Canada) as per the manufacturer’s instructions. Monocytes were then resuspended in RPMI
1640 with 10% (v/v) heat-inactivated FBS, 2 mM L-glutamine, and 1 mM sodium pyruvate
(all from Invitrogen), placed in a polypropylene tube (BD Falcon, San Jose, CA), and
cultured in a humidified incubator at 37 °C with 5% CO2.

4.2.3. Monocyte chemotaxis 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 for 1h with 20 μg/ml of an anti-human CCR5-blocking mouse IgG2b Ab (45531,
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R&D Systems), an isotype-matched Ab control (MG2b-57, Biolegend, San Diego, CA), or
100 ng/ml of pertussis toxin. Monocytes (5x104 per well) were stimulated with 20 μg/ml of
IDR-1002 and added to the upper wells of the chamber. 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. The upper and lower
wells were separated by a polycarbonate membrane with 5-μm-diameter pores. After 1 hour
of incubation non-migrated monocytes were removed by PBS washing and scraping with a
rubber blade, and adhered cells on the underside of the membrane were stained with the DiffQuik Staining Kit.
Migration for each treatment was measured by averaging the number of migrated
cells per 400x magnification HPF over five 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 the untreated control
treatments.

4.2.4. Flow cytometry to determine CCR surface expression levels
All flow cytometry results were collected using a FACSCalibur cytometer in
conjunction with CellQuest Pro software (BD Biosciences). Freshly enriched human PBMCs
were adjusted to RPMI 1640 with 1% FBS. Then 2x106 PBMCs per well were seeded on
tissue culture plates and placed in a humidified incubator at 37 °C and 5% CO2 for 1 h. Cells
were then stimulated with 20 μg/ml of IDR-1002 and incubated at 37 °C for the indicated
time-points. Following treatment, monocytes were then fixed with PBS and 4% (w/v)
formaldehyde (Fisher Scientific, Pittsburgh, PA) at room temperature for 20 min in
preparation for staining.
To investigate CCR surface expression, PBMCs were washed using PBS with 0.5%
(w/v) BSA and stained at room temperature for 1 hour with an anti-human-CCR5 rat IgG2AAlexaFluor®647 (HEK/1/85a) Ab, an anti-human-CCR2 mouse IgG2b-AlexaFluor®647 Ab
(TG5/CCR2), or an isotype mouse IgG1-AlexaFluor®647 Ab (MOPC-21) (all from
Biolegend). In conjunction, PBMCs were also stained with an anti-human-CD14-Alexa Fluor
488 M5E2 mouse mAb. PBMCs were then resuspended in PBS with 0.5% BSA and 0.5%
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formaldehyde for analysis. The monocyte population was investigated by gating on the CD14
expressing cell population and CCR expression levels for each sample were determined by
measuring the geometric mean fluorescence intensity (MFI) levels of 1,000 monocytes, with
the geometric MFI levels of isotype-stained samples subtracted at each respective time point.
The displayed fold-change-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 timepoint conditions.

4.2.5. Measurement of protein phosphorylation by flow cytometry
PBMCs (2x106 per well)

were seeded on tissue culture plates and placed in a

humidified incubator at 37 °C and 5% CO2 for 1 h. PBMCs, with or without a 15 minute pretreatment with 20 μg/ml of IDR-1002, were then stimulated with 12.5 ng/ml of MIP-1α or
RANTES, and incubated at 37 °C for 5 minutes. Following treatment, PBMCs were fixed
with PBS and 4% (w/v) formaldehyde (Fisher Scientific, Pittsburgh, PA) at room
temperature for 20 min in preparation for staining. PBMCs were then washed with 0.5%
BSA in PBS and permeabilized in 90% (v/v) methanol at 4 °C for 30 min. The cells were
then washed and stained at room temperature for 1 hour with anti-phospho-p38 MAPK
(Thr180/Tyr182) 3D7 rabbit mAb (Cell Signalling Technology, Danvers, MA). Following
washing, the cells were stained with a goat anti-rabbit IgG-Alexa Fluor 647 (H+L,
Invitrogen) and with an anti-human-CD14-Alexa Fluor 488 M5E2 mouse mAb 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. Monocytes were assayed by gating on CD14 expressing
cells within the PBMC population. Levels of phospho-p38 MAPK stimulated monocytes
were determined by measuring the geometric MFI levels of 1000 cells, subtracted by the
geometric MFI levels of untreated monocytes.
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4.3.

RESULTS

4.3.1. Selective enhancement of human monocyte migration towards chemokines by IDR1002
Indications of β-integrin-independent enhancement of monocyte chemotaxis towards
certain chemokines by IDR-1002 in Chapter 3 led to the hypothesis that IDR-1002 can
regulate the monocyte response to specific chemokines. The ability of IDR-1002 to promote
monocyte responses to endogenous chemokines may present an alternative mechanism by
which peptide enhances monocyte recruitment in vivo. To investigate the effects of IDR1002 on monocyte responses to chemokines, peptide-stimulated human monocytes were
assessed for their ability to migrate towards various monocyte-specific chemokines after 1
hour. As expected, chemokines MCP-1, MCP-3, MIP-1α, and RANTES induced up to a 3fold increase in monocyte chemotaxis across a porous membrane relative to spontaneous
monocyte chemotaxis towards media-containing wells (Figure 4.1). Stimulation of
monocytes with IDR-1002 did not significantly alter monocyte migratory behaviour towards
chemokines MCP-1 and MCP-3. In contrast IDR-1002 stimulation of monocytes resulted in a
significant enhancement of migration towards MIP-1α and RANTES, exhibiting a 5-fold
increase in monocyte migration over media-only controls, up to a 2-fold increase over
chemokine-induced monocyte migration. The results show that IDR-1002 is able to enhance
monocyte chemotaxis to certain endogenous chemokines. Furthermore, these observations
suggest that IDR-1002 can selectively alter monocyte sensitivity to endogenous mediators
produced by the host during infection.

66

Figure 4.1 IDR-1002 enhancement of monocyte chemotaxis towards chemokines. Effects
of IDR-1002 stimulation (20 μg/ml) on monocyte chemotaxis towards chemokines (3.125,
6.25, 12.5, 25 ng/ml) through a non-coated membrane were observed after 1 hour. Data are
presented as the mean fold-increases in monocyte migration over baseline migration towards
media alone (± SE) of at least 4 independent experiments, each from independent donors.
Statistical comparisons between IDR-1002-stimulated monocytes and untreated monocytes
were done by Student’s two-tailed t test. *p < 0.05; **p < 0.01; ***p < 0.001.

4.3.2. Regulation of CCR5 surface expression on human monocytes
Cellular responses to chemokines are mediated by a diverse range of chemokine
receptors expressed on cell surfaces. The variegated expression of chemokine receptors
between different cell populations dictates their ability to respond to specific chemokines
within the host chemokine milieu. Within the same cell population, the regulation of receptor
expression, coupled with the promiscuous binding of chemokine receptors to an assortment
of chemokines (Table 4.1) can result in the desensitization or enhancement of cellular
responses to specific sets of chemokines. It is through these mechanisms that the immune
response can direct cellular trafficking to different locales at different stages of the immune
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response. It seemed feasible that IDR-1002 might selectively enhance monocyte chemotaxis
towards MIP-1α and RANTES by modulating chemokine receptor expression. To investigate
this, PBMCs were stimulated with IDR-1002 at various time intervals and the CD14+
monocyte population was assessed for the surface expression of CCR2, an MCP-1 and MCP3 receptor, and CCR5, a MIP-1α and RANTES receptor. IDR-1002 induced a rapid
upregulation of CCR5 surface expression by human monocytes (Figure 4.2). Significant
CCR5 upregulation by IDR-1002 was observed as early as 15 minutes and remained elevated
at 60 minutes post stimulation. In contrast, monocyte surface expression of CCR2 was
slightly decreased by IDR-1002 stimulation, an effect that was not statistically significant.
This observation demonstrates that IDR-1002 promoted CCR5 expression on monocyte
surfaces and this potentially explained the selective enhancement of monocyte chemotaxis
towards MIP-1α and RANTES.
Table 4.1 Monocyte chemokine receptors and their ligands.
Chemokine Ligands (88, 168)
Receptor
CCR1

MCP-3 (CCL7), MIP-1α (CCL3), MIP-1β (CCL4), RANTES (CCL5)

CCR2

MCP-1 (CCL2), MCP-2 (CCL8), MCP-3 (CCL7), MCP-4 (CCL13)

CCR5

MIP-1α (CCL3), MIP-1β (CCL4), RANTES (CCL5)

CCR8

CCL1

CXCR1

IL-8 (CXCL8)

CXCR2

IL-8 (CXCL8), GRO-α (CXCL1), GRO-β (CXCL2), GRO-γ
(CXCL3)

CXCR4

SDF-1 (CXCL12)

CX3CR1

Fractalkine (CX3CL1)

68

Figure 4.2 IDR-1002 regulation of monocyte CCR surface expression. PBMCs were
stimulated with IDR-1002 (20 μg/ml). Time course determination of monocyte CCR levels
was done by flow cytometric detection of anti-CCR antibodies, gating on the CD14+
monocyte population. Data are presented as the mean fold-increases of CCR expression over
unstimulated cells (± SE) of 3 independent experiments, each from an independent donor.
Statistical comparisons to unstimulated cells were done by Student’s two-tailed t test. *p <
0.05, **p < 0.01.

4.3.3. The role of CCR5 in IDR-1002 enhancement of monocyte migration
To investigate the link between IDR-1002 enhancement of monocyte chemotaxis
towards MIP-1α and RANTES and the promotion of monocyte CCR5 surface expression, the
chemotaxis studies were repeated in a CCR5-inhibited system. Monocytes were pre-treated
with CCR5-inhibiting antibody or an isotype-matched control antibody for 1 hour, prior to
stimulation with IDR-1002. Levels of spontaneous monocyte migration towards media-only
wells were not altered between the two antibody treatments, nor did IDR-1002 influence
spontaneous monocyte migration in either system, correlating with the lack of chemokinetic
activity seen in Chapter 3 (Figure 4.3). Chemotaxis towards MIP-1α and RANTES by
isotype-Ab-treated monocytes was observed, as expected. Similar to the effects seen in the
initial chemotaxis studies, migration towards MIP-1α was significantly enhanced with IDR1002 stimulation, as was migration towards RANTES, an effect nearing significance.
However, inhibition of CCR5 eliminated any promotion of chemotaxis mediated by IDR-
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1002. Interestingly, CCR5-inhibition resulted in only a slight, non-significant, decrease in
monocyte chemotaxis towards both MIP-1α and RANTES in the absence of peptide. It is
possible that, in this system, monocyte chemotaxis towards these chemokines is primarily
mediated, or compensated for, by other chemokine receptors and, as such, is less sensitive to
CCR5 inhibition. Compensation of chemotaxis is possible due to the functional redundancy
of the chemokine-chemokine receptor system. This redundancy stems from the ability of
chemokines to engage multiple chemokine receptors, and vice versa. Thus during CCR5inhibition, monocyte chemotaxis towards MIP-1α and RANTES is likely compensated by the
engagement of chemokines to alternate receptors, such as CCR1 (165, 169, 170).
To determine whether IDR-1002 was promoting monocyte chemotaxis through
modulating chemokine receptor function, inhibition experiments were repeated after
monocyte pre-treatment for 1 hour with pertussis toxin. G-protein coupled receptor-mediated
signalling is a major signal transduction axis triggered by the vast majority of chemokines
(141). Briefly, chemokine binding to their specific receptor results in the activation of
receptor-bound heterotrimeric G-protein. This bound G-protein is often the pertussis toxinsensitive Gαi-protein. Upon activation, the dissociation of Gα from the Gβγ subunit results in
the activation of PLC, the generation of inositol triphosphate and diacylglycerol, calcium
flux, and the subsequent activation of protein kinase C. The generation and activation of
these secondary signalling mediators leads to subsequent activation of numerous signalling
pathways, including the PI3K and MAPK pathways. These signalling events serve to
coordinate actin re-organization, integrin-mediated adhesion, and overall cell motility.
Baseline migration of monocytes was inhibited by more than 50% with pertussis toxin
treatment (Figure 4.3). As expected, migration of pertussis toxin-treated monocytes towards
chemokines did not differ from migration towards media-only wells, signifying an
elimination of chemotaxis. IDR-1002 treatment also had no effect on monocytes pre-treated
with pertussis toxin with respect to chemotactic ability and migration. These results indicate
that IDR-1002 enhancement of migration potentially stems from a strengthening of
chemokine receptor-mediated signalling rather than through another means.
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Figure 4.3 The role of CCR5 and Gi-proteins in IDR-1002 enhancement of monocyte
chemotaxis. Monocytes were pre-treated for 1 hour with a CCR5-inhibiting antibody (20
μg/ml), an isotype-matched control antibody (20 μg/ml), or pertussis toxin (100 ng/ml) prior
to stimulation with IDR-1002 (20 μg/ml). The ability of monocytes to migrate (A)
spontaneously or (B) migrate towards host chemokines (12.5 ng/ml) was assessed after 1
hour. Data are presented as the mean fold-increases of migration over baseline migration of
isotype-treated monocytes (± SE) of at least 3 independent experiments, each from
independent donors. Statistical comparisons were done by Student’s two-tailed t test. *p <
0.05.

4.3.4. IDR-1002 reinforcement of chemokine-induced p38 MAPK activation
As IDR-1002 was found to augment monocyte chemotaxis towards MIP-1α and
RANTES in a CCR5-dependent manner, the effects of IDR-1002 on CCR5 chemokinemediated signalling was then investigated. Chemokines, through their interaction with
chemokine receptors, are potent activators of multiple signal transduction pathways,
including the Gi-protein signalling axis as well as the PI3K and MAPK pathways (141, 171).
It is through these receptor-mediated signalling pathways that chemokines exert their effects
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on motility and adhesion. The ability of IDR-1002 to influence monocyte expression of
CCR5 may result in an enhancement of chemokine-mediated signalling and downstream
function. To investigate this, PBMCs were pre-treated with IDR-1002 for 15 minutes prior to
5 minutes of stimulation with MIP-1α and RANTES. The levels of intracellular
phosphorylated p38 MAPK (T180/Y182) in the CD14+ monocyte population were assessed.
MIP-1α and RANTES induced a rapid phosphorylation of p38 MAPK (Figure 4.4). IDR1002 pre-treated monocytes also exhibited modestly elevated phospho-p38 MAPK levels,
consistent with observations that IDR-1002 is an activator of monocyte MAPK pathways.
Chemokine stimulation of IDR-1002 pre-treated monocytes resulted in a greater than 2-fold
enhancement of p38 MAPK phosphorylation compared to peptide or chemokines alone.
These results demonstrate the enhancement of MIP-1α- and RANTES-induced signal
transduction activity in human monocytes.
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Figure 4.4 IDR-1002 regulation of chemokine-induced p38 MAPK activation. PBMCs
were pre-treated with IDR-1002 (20 μg/ml) prior to stimulation with MIP-1α and RANTES
(both 12.5 ng/ml). After 5 minutes, monocyte p38 MAPK activation was assessed by flow
cytometric detection of intracellular phosphorylated p38 MAPK, gating on the CD14+
monocyte population. Data are presented as the mean MFI values over unstimulated
monocytes of 4 independent experiments, each from independent donors. Statistical
comparisons were done by Student’s two-tailed t test. *p < 0.05; **p < 0.01.

4.4.

DISCUSSION
It was demonstrated in this study that IDR-1002 enhanced human monocyte

chemotaxis towards chemokines MIP-1α and RANTES. The synergistic effect on monocyte
migration between IDR-1002 and certain endogenous chemokines has significant
implications in the role of IDR-peptides during an anti-infective immune response. As
mentioned in previous chapters, the onset of microbial infection results in the production of
endogenous immune modulating agents, including a diverse range of inflammatory
cytokines. MIP-1α and RANTES, and others belonging to the subset of inducible
chemokines, are rapidly produced by immune cells in response to endogenous inflammatory
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mediators (158, 172, 173). Similarly, TLR-targetted microbial signatures can also directly
stimulate cellular production and secretion of a range of chemokines (158, 174). These
effects culminate in the generation of multiple chemokine gradients that are collectively
responsible for the targeting and trafficking of monocytes and other immune cells to the local
site of infection. Ultimately, cellular sensitivity to these assorted gradients dictates the degree
to which immune cells are recruited. It is feasible that the priming of monocytes by IDR1002, for enhanced migration within a MIP-1α and RANTES gradient, contributes to the
promotion of monocyte recruitment seen in vivo. Thus, this investigation revealed a novel
mode of action through which IDR-1002 modulated monocyte behaviour and potentially
enhanced host anti-infective responses.
The selective enhancement of monocyte migration to MIP-1α and RANTES, but not
MCP-1 or MCP-3, was initially puzzling and demanded further investigation. In terms of
function, members of the sub-family of chemoattractive cytokines are highly similar.
Chemokines, through engagement with their G-protein-coupled receptors, cause the
activation of pertussis-toxin-sensitive G-protein coupled receptor signalling and the
generation of secondary signalling molecules, such as inositol triphosphate and
diacylglycerol (141). These effects further lead to the activation of downstream signalling
pathways, such as the MAPK and PI3K pathways. This results in the regulation of cellular
shape through cytoskeletal arrangements and coordination of movement. Despite the high
similarity between the general functions of chemokines and consequences of their action,
different chemokines play distinct roles in immunity, directing specific cell populations to
various locales at different temporal stages of an anti-infective response (166, 175). The
method by which the immune system orchestrates these highly similar cytokines into
complex multi-stage directors of cellular trafficking relies, in large part, on differential
expression of chemokine receptors on cell surfaces. Increased surface expression of specific
receptors can enhance cellular responses to their specific chemokine ligands, whereas
internalization or downregulation of chemokine receptors is a common method of
desensitizing cells to specific chemokines (162, 165). Thus I proposed that the selective
enhancement of migration towards specific chemokines by IDR-1002 resulted from a
modulation of chemokine receptor expression. In this study, IDR-1002-stimulated monocytes
were shown to demonstrate upregulated surface expression of CCR5, while CCR2 expression
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remained unchanged. An upregulation of CCR5 expression, and subsequent enhancement of
downstream receptor-induced signal transduction, would account for the selective
enhancement by IDR-1002 of monocyte migration towards CCR5-chemokines. Consistent
with this interpretation, IDR-1002 augmentation of chemotaxis towards MIP-1α and
RANTES was eliminated in the presence of a CCR5-inhibiting antibody, further supporting
the hypothesis that IDR regulation of chemokine receptors leads to this observed
enhancement. This study could not exclude the potential regulation of other MIP-1α and
RANTES receptors expressed by monocytes, such as CCR1. However, it is interesting to
note that although monocyte chemotaxis is mediated by multiple chemokine receptors, as
evidenced by the very slight reduction of chemotaxis to the chemokines themselves when
CCR5 was blocked, promotion of chemotaxis towards these chemokines by IDR-1002 was
fully dependent on CCR5.
Although this study demonstrates the regulation of CCR5 surface presentation by
IDR-1002, potentially leading to a promotion of chemotaxis towards CCR5-chemokines, the
mechanism of regulation is currently unknown. Regulation of chemokine receptor mRNA
expression can lead to the alteration of the levels of receptor proteins synthesized, an effect
utilized by many endogenous cytokines to coordinate cell sensitivity to chemokines. While
the modulation of chemokine receptor gene transcription and protein synthesis by IDR-1002
is certainly possible, the rapid effect on receptor expression and enhancement of chemotaxis
are consistent with a postulated post-translational mode of regulation. The level of
chemokine receptors on cell surfaces is largely dependent on the balance between
internalization and receptor recycling (176). Chemokine receptors undergo basal levels of
internalization mediated by multiple endocytic pathways, an effect which is greatly increased
by ligand binding and is the major mode of chemokine desensitization (176, 177).
Internalized chemokine receptors are then either sent into degradative pathways or trafficked
back to the plasma membrane in a re-sensitized state. It is possible that IDR-1002 promotes
rapid receptor expression by acting on this process, whether by limiting chemokine receptor
uptake or promoting recycling receptors to the membrane. Actin polymerization, an essential
process for CCR5 movement and recycling, is also essential for IDR-mediated chemokine
induction (80, 176, 178). There is a possibility that IDR-1002 modulates monocyte actin
polymerization and actin-mediated cytoskeletal rearrangement, as reinforced by the fact that
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the proposed IDR receptor p63/SQSTM-1 has a role in actin mobilization in cells. This
would then likely result in downstream effects on chemokine receptor steady-state levels.
The mode by which IDR-1002 influences CCR5 expression, without affecting CCR2
expression, also remains unknown. This selective regulation may originate from slight
differences in the trafficking behaviour between the two receptors. CCR5 seems to be
predominantly recycled, accumulating in early endosomes that are recycled in a perinuclear
location following internalization (179). CCR5 ligand binding does not affect the basal rate
of receptor degradation, and indeed agonist-bound CCR5 can be repeatedly internalized and
quickly recycled to the plasma membrane instead of being directed towards degradative
lysosomal compartments (180, 181). In contrast, CCR2 can be found within lysosomal
compartments as early as 30 minutes following ligand binding and restoration of CCR2
surface levels occurs at a relatively slower pace (182, 183). Perhaps the slight differences in
trafficking mechanisms and degradative behaviour between chemokine receptors, coupled
with possible effects on receptor compartment mobilization by IDR-1002, resulted in the
observed upregulation of CCR5 but not CCR2.
This study focused on the ability of IDR-1002 to regulate chemokine receptor surface
expression as a mechanism for enhancing monocyte chemotaxis. However, regulation of
chemokine/chemokine receptor function can occur on many levels. Direct receptor
modifications, such as through phosphorylation by G protein-coupled receptor kinases, can
impact on receptor sensitivity and activity (184, 185). In addition, modulation of receptormediated downstream signal transduction might result in changes to chemokine-mediated
behaviour, such as chemotaxis. The signal transduction cascades regulating these processes
overlap with those impacted by IDR-1002, including calcium flux-mediated signal
transduction and those regulated by the PI3K-Akt, MAPK, and G protein pathways (80, 141,
171). It seems highly likely that the modulation of these networks by IDR-1002, in addition
to modulation of receptor expression, impacts on chemokine-mediated functions. The
observation that IDR-1002 enhancement of monocyte chemotaxis is abolished in the
presence of pertussis toxin supports the suggestion that IDR-1002 may be reinforcing
chemokine receptor-mediated signalling or acting through other GPCR-mediated
mechanisms. Similarly, the finding that IDR-1002 enhanced chemokine-induced p38 MAPK
activation suggests a potential additive effect between IDR-1002- and chemokine-mediated
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signal transduction events. Whether this enhancement stems from the upregulation of
monocyte CCR5 expression by IDR-1002 or from the enhancement of downstream signalling
events, or a combination of both, remains to be seen. Further investigation regarding the
possible cross-talk between IDR-mediated signalling and chemokine-induced pathways is
needed to determine the extent of regulation that IDR-1002 exerts on chemokine function. A
synergistic enhancement of chemokine signal transduction might however account for the
observed increase in monocyte chemotaxis.
In summary this chapter revealed a novel mechanism by which IDR-1002 enhanced
monocyte recruitment; namely the enhancement of CCR5-mediated chemotaxis towards host
chemokines MIP-1α and RANTES by IDR-1002. It is proposed that this peptide-mediated
effect stems from the selective promotion of CCR5 expression on monocyte surfaces and a
potential reinforcement of chemokine-mediated signal transduction pathways. This study not
only revealed a third regulatory axis of IDR-1002 on monocyte mobilization, in addition to
an enhancement of β1-integrin-mediated monocyte adhesion and induction of chemokine
production, but presents novel avenues through which IDR-peptides may regulate immunity.
Synergy between IDR-1002 and chemokines, both of which are complex immunomodulators,
may have noteworthy ramifications on the anti-infective immune response. Chemokines, in
addition to mediating recruitment, are highly involved, directly and indirectly, in many
aspects of immunity, including cellular growth, wound healing, and differentiation (114,
167), processes that are also influenced by HDPs. It would be of great interest to determine
the effects of IDR-peptides on cell growth and differentiation, and whether this stems from
their ability to enhance chemokine-mediated responses. Overall, this study further
characterizes the augmenting effects of IDR-1002 on monocyte recruitment and hints at the
ability of IDR-peptides to modulate an array of immune processes through the cooperation
with host chemokines.
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5

IDR-1002 REGULATES THE INFLAMMATORY RESPONSE IN

LPS-STIMULATED HUMAN PBMCs VIA MODULATION OF LPSINDUCED SIGNALLING
5.1.

INTRODUCTION
In the search for immunomodulatory antimicrobial therapeutics, IDR-peptides have

been discovered and characterized as complex regulatory agents with diverse effects on the
immune response, akin to their natural HDP counterparts. IDR-peptides have been shown as
potent, selective inducers of chemokine production in murine and human experimental
models. Additionally, in previous chapters IDR-1002 was demonstrated to have an ability to
influence monocyte behaviour, specifically through the modulation of integrin-mediated
adhesive responses as well as the selective regulation of monocyte chemokine receptors, both
influencing monocyte motile behaviour. Parallel studies regarding IDR-peptide function have
also suggested the ability of peptides to modulate macrophage differentiation and to promote
re-epithelialization, similar to human cathelicidin LL-37 (unpublished data from Hancock lab
members N. Afacan, O. Pena, J. Pistolic, and L. Wong). Thus through these investigations, it
is clear that IDR-peptides, analagous to endogenous HDPs, are complex regulators of the
innate immune process, including inflammation. However, the regulation of bacterialinduced inflammation by IDR-peptides has been only modestly explored.
During an infection, pro-inflammatory mediators induced by microbial signatures
work hand-in-hand with other immune mediators to synergistically increase cellular
recruitment, activation, differentiation, antimicrobial mechanisms, and wound healing, etc. A
characteristic feature of some HDPs is their ability to enhance these functions while
selectively limiting the potentially harmful aspects of the induced inflammatory response.
This effect was seen with the natural HDP, LL-37, and the synthetic peptide IDR-1, which
enhance chemokine production and macrophage recruitment, functions necessary to augment
murine anti-infective responses, while suppressing the levels of pro-inflammatory cytokines
like TNFα and IL-6 (40, 44, 50, 79). Similarly, the enhancement of the murine anti-infective
response by IDR-1002 was not associated with an increase in these inflammatory mediators,
a result mirrored by my studies in a human in vitro PBMC model (80). These observations
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strongly suggest that the suppression of bacterial-induced pro-inflammatory responses is
among the repertoire of IDR-peptide immunomodulatory functions and is of great interest in
the development of these anti-infective immune modulators. Thus, this Chapter aimed to
characterize how IDR-1002 selectively modulated the inflammatory response induced by
LPS, one of the principal mediators of bacterial-induced inflammation.
LPS, a generally conserved structure found on the outer membrane of Gram-negative
bacteria, acts as one of the most potent inducers of inflammation during infection. Following
its recognition by TLR4, a member of the TLR-family of innate pathogen-recognition
receptors, LPS triggers the activation of inflammatory signal transduction networks (186).
These include the activation of central inflammatory cascades, such as the NFκB and MAPK
pathways, resulting in the rapid generation of a wide range of pro-inflammatory mediators,
including the cytokines, TNFα, IL-6 and IL-1 (5, 186). The production of these cytokines
serves numerous functions. Pro-inflammatory cytokines are necessary for the activation of
host cells, including the activation of endothelial cells to promote the recruitment of effector
cells and the activation of the acute-phase response which results in microbial opsonization
and activation of the complement system (5, 118). In addition, this inflammatory milieu
generated, directly or indirectly, by LPS serves to activate antimicrobial cellular responses,
consisting of an enhancement of phagocytosis and the generation of damaging reactive
oxygen and nitrogen species (187, 188). Overall, these essential processes, triggered in part
by bacterial LPS, cooperate to form a rapid and effective antibacterial response. However, in
some situations the immune response cannot effectively clear bacterial pathogens. A major
risk of using immunomodulatory agents to augment an insufficient anti-infective response
lies in the potential disruption of inflammatory balance. Specifically, the exogenous
strengthening of innate anti-infective responses, and an associated intensification of the preexisting inflammatory response, may lead to damaging side effects. Indeed, the development
of systemic immune boosting agents, such as natural and synthetic TLR agonists, have been
limited by the threat of these risk factors, and even current immune therapies, such as IFN
therapy, have elicited symptoms of harmful inflammatory responses and must be carefully
controlled (189-192). In this context, the HDP-like ability of IDR-peptides to enhance innate
immune functions while potentially modulating bacterial-induced inflammation is of
significant interest. Thus an investigation of how IDR-1002 modulates LPS-induced
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inflammation is an essential stepping stone in the therapeutic development of safe and
effective anti-infective immune mediators.
In this Chapter, IDR-1002 was shown to be a potent suppressor of LPS-induced
inflammatory responses in human PBMCs. The PBMC population was chosen for its
relevance in bacterial-induced sepsis and its role in mediating IDR-1002-induced responses.
IDR-1002 at low concentrations was able to knock down the production of a range of
cytokines by LPS-stimulated PBMCs. This suppression of responses correlated with the IDR1002 regulation of LPS-induced signal transduction activity in human monocytes, a cell
population significant in the coordination of the inflammatory response; Specifically, IDR1002 caused the suppression of LPS-induced p65 NFκB and p38 MAPK activation, pathways
essential for the production of inflammatory cytokines. Furthermore, it was found that the
regulation of LPS-induced inflammatory responses in PBMCs by IDR-1002 involved the
PI3K-Akt network, a pathway known to play a role in the suppression of LPS-induced TLR
signalling. Specifically, the ability of IDR-1002 to suppress LPS-induced PBMC cytokine
production was partially dependent on the Akt pathway. As well, these effects correlated
with an additive reinforcement of LPS-induced PI3K-Akt signalling by IDR-1002.
Additionally, the presence of PI3K- and Akt-specific inhibitors partially abrogated the ability
of IDR-1002 to suppress LPS-induced activation of p38 MAPK and its downstream target
ATF-2. Overall, this study demonstrated the ability of IDR-1002 to suppress LPS-induced
responses in human PBMCs and indicated this correlated with the modulation by this peptide
of LPS-induced monocyte signalling activity. The PI3K-Akt pathway, shown to be involved
in other IDR-mediated functions, was also identified as one of several possible mechanisms
by which IDR-1002 elicits its anti-endotoxic effects, potentially through its regulatory cross
talk with other TLR4-activated pathways. An understanding that IDR-1002 could regulate
endotoxin-induced inflammatory responses, in conjunction with previous findings
demonstrating peptide-mediated enhancement of other innate immune processes, is valuable
in the development of anti-infective agents which act by selectively enhancing the beneficial
aspects of the immune response.
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5.2.

METHODS AND MATERIALS

5.2.1. Reagents
Peptide IDR-1002 (VQRWLIVWRIRK-NH2) was synthesized by solid phase F-moc
chemistry by CPC Scientific (Sunnyvale, CA). LPS from Pseudomonas aeruginosa strain
H103 was purified using the Darveau-Hancock method as previously described (89) and
stored at 4˚C. PI3K inhibitor LY294002 and Akt inhibitor SH-5 (both from Calbiochem, San
Diego, CA) were resuspended in DMSO (Sigma-Aldrich) and stored at -20˚C.
Concentrations of DMSO used never exceeded 0.1% (v/v) in cell cultures.

5.2.2. PBMC isolation
Human PBMCs were isolated as previously reported (44). Briefly, venous blood was
collected from healthy volunteers using heparin-containing Vacutainer tubes (BD Bioscience,
San Jose, CA) in accordance with UBC ethical approval and guidelines. Human blood was
diluted in an equal amount of PBS (Invitrogen, Carlsbad, CA) then layered over Ficoll-Paque
Plus (Amersham, Piscataway, NJ) prior to separation by density-gradient centrifugation. The
mononuclear cell layer was extracted and washed twice with PBS and then resuspended in
RPMI 1640 with 10% (v/v) heat-inactivated FBS, 2 mM L-glutamine, and 1 mM sodium
pyruvate (all from Invitrogen), placed in a polypropylene tube (BD Falcon, San Jose, CA),
and cultured in a humidified incubator at 37°C with 5% CO2.

5.2.3. Measurement of pro-inflammatory cytokine production by ELISA
Anti-endotoxic effects of IDR-1002 were investigated by seeding 1x106 PBMCs on
tissue culture plates and placing them in a humidified incubator at 37 ˚C and 5% CO2 for 1 h.
Cells were then stimulated with 10 ng/ml of LPS, IDR-1002 at 10 μg/ml, or a combination of
both, and incubated for 24 hours. Samples were then centrifuged at 1000 x g for 10 minutes
to obtain cell-free supernatants, which were then stored at -20 ˚C. Cytokine levels were
measured by ELISA using anti-human-MCP-1 Ab clones 5D3-F7 and 2H5, anti-human-IL-6
Ab clones MQ2-13A5 and MQ2-39C3, anti-human-TNFα Ab clones MAb1 and MAb11 (all
from eBioscience, San Diego, CA), anti-human-GRO-α Ab clones 20326 and BAF275 (R&D
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Systems, Minneapolis, MN), and anti-human-MIP-1α Ab clones A122B14D7 and
A122B10E11 (Invitrogen), followed by avidin HRP (eBioscience) as per manufacturer’s
protocols. The ELISAs were then developed using the TMB Liquid Substrate System
(Sigma-Aldrich) and colour development measured using a Power Wave X340 plate-reader
(Bio-Tek Instruments, Winooski, VT). Quantification of cytokines was done by comparisons
with results for serial dilutions of recombinant cytokine standards (R&D Systems, and
eBioscience).
In Akt inhibitor studies, 1x106 PBMCs were seeded on tissue culture plates and
placed in a humidified incubator at 37 ˚C and 5% CO2 for 1 h. PBMCs were then treated with
the indicated concentrations of Akt inhibitor SH-5, or a 0.1% (v/v) DMSO vehicle control
treatment, for 1 hour prior to a 24 hours stimulation with 10 ng/ml LPS and 10 μg/ml IDR1002. Levels of pro-inflammatory cytokines in the culture supernatants were then assayed by
ELISA as described above. Cytokine levels are presented as the % of LPS-induced cytokine
production, calculated by the following equation, [(CytokineLPS+IDR-1002)/(CytokineLPS) *
100], for each inhibitor condition.

5.2.4. Flow cytometry to measure intracellular protein phosphorylation
All flow cytometry results were collected using a FACSCalibur cytometer in
conjunction with CellQuest Pro software (BD Biosciences). PBMCs (2x106 per well) were
seeded into tissue culture plates and placed in a humidified incubator at 37 °C and 5% CO2
for 1 h. Cells were then stimulated with 10 ng/ml of LPS, 10 μg/ml of IDR-1002, or a
combination of both, and incubated at 37 °C for the indicated time points. Following
treatment, PBMCs were fixed with PBS and 4% (w/v) formaldehyde (Fisher Scientific,
Pittsburgh, PA) at room temperature for 20 min in preparation for staining. PBMCs were
then washed with 0.5% (w/v) BSA in PBS and permeabilized in 90% (v/v) methanol at 4 °C
for 30 min. The cells were then washed and stained at room temperature for 1 hour with antiphospho-NFκB p65 (Ser536) 93H1 rabbit mAb, anti-phospho-p38 (Thr180/Tyr182) 3D7
rabbit mAb, anti-phospho-Akt (Ser473) 193H12 rabbit mAb, or an anti-phospho-GSK3β 5B3
rabbit mAb (all from Cell Signalling Technology, Danvers, MA). Following washing, the
cells were stained with a goat anti-rabbit IgG-Alexa Fluor 647 Ab (H+L, Invitrogen) for 30
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min at room temperature. Cells were then washed again and stained with an anti-human
CD14-Alexa Fluor 488 M5E2 mouse mAb (Biolegend) 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. Monocytes were assayed by gating on CD14 expressing cells within the PBMC
population. Levels of phosphorylated p38 MAPK, phospho-p65 NFκB, phospho-Akt, and
phospho-GSK3β in monocytes were determined by measuring the geometric MFI levels of
1000 cells, subtracted by the geometric MFI levels of untreated monocytes.
In PI3K-Akt inhibitor studies, 2x106 PBMCs were seeded per well on tissue culture
plates and placed in a humidified incubator at 37 °C and 5% CO2 for 1 h. Cells were then pretreated with 10 μM of PI3K inhibitor LY294002 or 5 μM Akt inhibitor SH-5 for 1 hour prior
to stimulation with 10 ng/ml of LPS, 10 μg/ml of LPS, or a combination of both, for the
indicated time points. Following treatment, PBMCs were fixed with PBS and 4% (w/v)
formaldehyde (Fisher Scientific) at room temperature for 20 min in preparation for staining.
PBMCs were then washed with 0.5% BSA in PBS and permeabilized in 90% (v/v) methanol
at 4 °C for 30 min. The cells were then washed and stained at room temperature for 1 hour
with anti-phospho-ATF-2 (Thr71) 11G2 rabbit mAb or anti-phospho-p38 (Thr180/Tyr182)
3D7 rabbit mAb (both from Cell Signalling Technology). Following washing, the cells were
stained with a goat anti-rabbit IgG-Alexa Fluor 647 Ab (H+L, Invitrogen) and an anti-human
CD14-Alexa Fluor 488 M5E2 mouse mAb (Biolegend) 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. Monocytes were assayed by gating on CD14 expressing cells within the PBMC
population. Levels of phosphorylated phospho-p38 and phospho-ATF-2 in monocytes were
determined by measuring the geometric MFI levels of 500 cells, subtracted by the geometric
MFI levels of untreated monocytes. The % change of MFI between LPS-1002-induced
phosphorylation and LPS-induced phosphorylation (Δ%) was calculated by the following
equation, [(1-MFILPS+IDR-1002)/(MFILPS) * 100], for each time-point and inhibitor condition.
5.3.

RESULTS

5.3.1. IDR-1002 regulation of LPS-induced cytokine production in human PBMCs
Cytokine mediators, produced in response to an infectious insult, play an essential
role in the propagation and coordination of the inflammatory response. As such, to elucidate
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peptide regulation of the LPS-mediated inflammatory response, this study focused on the
effects of IDR-1002 on LPS-induced cytokine production. PBMCs, freshly isolated from
human blood, were stimulated with 10 ng/ml of P. aeruginosa LPS, 10 μg/ml IDR-1002, or a
combination of the two. After a 24 hour stimulation period, culture supernatants were
harvested and measured for the levels of inflammatory cytokines by ELISA. As expected,
endotoxin-stimulated PBMCs exhibited a potent production of pro-inflammatory mediators
IL-6 and TNFα whereas IDR-1002 stimulation alone had no effect on inflammatory cytokine
production (Figure 5.1). However, the co-stimulation of PBMCs with LPS and IDR-1002
resulted in a significant suppression of IL-6 and TNFα of 60% and 95% respectively
suggesting a peptide-mediated suppression of LPS-induced responses.

Figure 5.1 IDR-1002 regulation of LPS-induced cytokine production by human
PBMCs. PBMCs were stimulated with IDR-1002 (10 μg/ml), LPS (10 ng/ml) or a
combination of both. After 24 hours, levels of cytokines IL-6 and TNFα in culture
supernatants were measured by ELISA. Data are presented as the mean cytokine production
(± SE) of 5 independent experiments, each from individual donors. Statistical comparison
against LPS-stimulated PBMCs were done by Student’s two-tailed t test. *p < 0.05; **p <
0.01.
It was then investigated whether this suppressive effect was seen in the production of
other LPS-induced cytokines. Thus the experiment was repeated with the assessment of LPSinduced chemokine production. Stimulation with a low dose of IDR-1002 alone did not result
in any change in PBMC chemokine production (Figure 5.2). As expected, LPS-stimulation
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resulted in the robust production of chemokines. The co-stimulation of PBMCs with LPS and
IDR-1002, resulted in a significant suppression of MCP-1, and GRO-α, while suppression of
MIP-1α was near significant. Interestingly, the degree of suppression by IDR-1002 varied
between cytokines, with a near-complete suppression seen with TNFα whereas suppression
of MCP-1 production was only approximately 50%. It must be noted that chemokine
production by LPS and peptide-stimulated PBMCs was at a higher level than that of PBMCs
stimulated with peptide alone (Figure 5.2, Figure 2.1), suggesting a balancing of LPSinduced chemokine responses by IDR-1002. Overall, these results demonstrate a widespread
modulation of LPS-induced cytokine production by IDR-1002 in human PBMCs. These
results, in turn, indicate a function of IDR-1002 in moderating LPS-mediated inflammation.

Figure 5.2 IDR-1002 regulation of LPS-induced chemokine production by human
PBMCs. PBMCs were stimulated with IDR-1002 (10 μg/ml), LPS (10 ng/ml) or a
combination of both. After 24 hours, levels of chemokines MIP-1α, GRO-α, and MCP-1 in
culture supernatants were measured by ELISA. Data are presented as the mean cytokine
production (± SE) of 3 independent experiments, each from individual donors. Statistical
comparison against LPS-stimulated PBMCs were done by Student’s two-tailed t test. *p <
0.05.
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5.3.2. IDR-1002 modulation of LPS-induced NFκB and p38 MAPK signalling in human
monocytes
The ability of LPS to rapidly induce a wide range of inflammatory mediators relies on
its potent activation of TLR4-mediated signalling pathways. Engagement of LPS, and its
associated binding complex, with TLR4 results in the activation of several discrete immune
pathways. The NFκB and p38 MAPK pathways play major roles in this signalling cascade.
Included in their diverse roles in regulating cellular behaviour and immune functions, these
two pathways trigger the activation of a variety of different transcription factors that are
collectively necessary for the robust transcription of many cytokines (193-195). In addition,
the p38 MAPK pathway regulates mRNA stability for a variety of cytokines (196, 197).
These processes serve an essential role in regulating the production of cytokines during an
inflammatory response. Accordingly, the ability of IDR-1002 to modulate LPS-induced
activation of these signalling pathways was investigated. PBMCs were stimulated with LPS,
IDR-1002, or a combination of both, over a time course and monocyte signal transduction
activity assessed in the population by gating of responses with anti-CD14 antibodies.
Intracellular phosphorylated p38 MAPK (T180/Y182) and phosphorylated p65 NFκB
(Ser536) were monitored as indicators of p38 MAPK and p65 NFκB activation respectively.
As expected, LPS induced the rapid phosphorylation of p65 NFκB and p38 MAPK, peaking
at 15 and 30 minutes respectively (Figure 5.3). Phosphorylation of these two signalling
mediators was sustained for up to 60 minutes post-stimulation. IDR-1002, which alone had
no significant effects on p38 MAPK or p65 NFκB phosphorylation, significantly suppressed
LPS-induced phosphorylation of these two mediators. While studies in Chapter 2 showed an
activation of p38 MAPK (Figure 2.5) that effect was seen with a much higher IDR-1002
concentration (100 μg/ml), demonstrating both the chemokine-inducing and pathwayactivating functions of IDR-peptides are dose-dependent. These results demonstrate that, in
addition to suppressing LPS-induced cytokine production in human PBMCs, a low level of
IDR-1002 is able to limit LPS-induced signal transduction in human monocytes.
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Figure 5.3 IDR-1002 regulation of LPS-induced NFκB and p38 MAPK activation. Time
course effects on p65 NFκB (Ser 536) and p38 MAPK (T180/Y182) phosphorylation.
PBMCs were stimulated with IDR-1002 (10 μg/ml), LPS (10 ng/ml), or a combination of
both. Levels of phosphorylated proteins in monocytes were measured by the flow cytometric
detection of anti-phospho-p38 and –p65 antibodies, gating on the CD14+ monocyte
population. Data are presented as the mean MFI over unstimulated controls (± SE) of at least
4 independent experiments, each from independent donors. Statistical comparisons between
LPS-stimulations and LPS-IDR-1002-stimulations were done by Student’s two-tailed t test.
*p < 0.05; **p < 0.01.

5.3.3. The role of Akt in IDR-1002-mediated cytokine suppression in human PBMCs
The above experiments showed that IDR-1002 suppressed both LPS-induced
cytokine production and LPS-induced monocyte signal transduction activity, suggesting a
regulation of LPS-induced inflammatory responses. However, the mechanism through which
IDR-1002 regulateds LPS-mediated activity needed to be elucidated. Here I focused on the
role of the PI3K-Akt pathway in the anti-endotoxic activity of IDR-1002. While the role of
the PI3K-Akt pathway activation in TLR-mediated inflammation remains a controversial
topic, numerous studies have described an important negative regulatory role of this pathway
in LPS-induced inflammatory responses (198-200). Akt regulation of TLR signalling acts
through multiple modes, including the suppression of LPS-induced MAPK and NFκB
signalling, as well the limitation of transcription factor activity necessary for inflammatory
cytokine

production

(Figure

5.4)

(198-201).

As

a

mediator

of

several

IDR

immunomodulatory functions, the PI3K-Akt pathway was a natural target of investigation
into the anti-inflammatory properties of IDR-1002. To test the involvement of Akt in this
context, human PBMCs were pre-treated with varying doses of the Akt-specific inhibitor SH-
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5, or a 0.1% DMSO-vehicle control, for 1 hour. PBMCs were then stimulated for 24 hours
with LPS with or without the addition of IDR-1002. Culture supernatants were then
harvested and assessed for levels of inflammatory cytokines by ELISA. Similar to previous
experiments, in DMSO control conditions IDR-1002 suppressed LPS-induced PBMC
production of IL-6, TNFα, MIP-1α, MCP-1, and GRO-α (Figure 5.5A). However, in the
presence of increasing concentrations of an Akt-inhibitor, the ability of IDR-1002 to suppress
LPS-induced cytokine production was increasingly diminished. This effect varied between
cytokines tested. In the presence of 5 μM of SH-5, a significant abrogation of IDR-1002
suppression was seen for the production of IL-6, MIP-1α, and MCP-1. Although a
compromising of IDR-mediated suppression was also seen with TNFα and GRO-α, this
effect was not statistically significant. Furthermore, with the exception of MCP-1, inhibition
of Akt did not completely eliminate the ability of IDR-1002 to suppress LPS-induced
cytokine production. LPS-stimulated PBMCs in the presence of the Akt inhibitor showed
only a slightly higher, but not statistically significant, production of the cytokines MIP-1α,
IL-6, and TNFα compared to those pre-treated with DMSO, whereas no significant changes
were observed with MCP-1 and GROα (Figure 5.5B). Overall these results demonstrated that
IDR-1002 suppression of LPS-induced cytokine production was only partially dependent on
the PI3K-Akt pathway.
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Figure 5.4 Regulation of LPS-TLR4 signalling and transcription by the PI3K-Akt
pathway. PI3K-mediated activation of Akt results in the suppression of LPS-induced MAPK
signalling activity. Akt, through inactivation of GSK3β, leads to the limitation of CBP
association with p65 NFκB, resulting in impaired p65 NFκB transcriptional activity. Through
these activities, the PI3K-Akt pathway limits LPS-induced production of pro-inflammatory
mediators. This figure was partially adapted from Guha and Mackman (2002) with
permission (199).
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Figure 5.5 The role of Akt in IDR-1002-mediated anti-endotoxicity. PBMCs were pretreated with the indicated concentrations of Akt-inhibitor SH-5 or 0.1% DMSO. (A) PBMCs
were then stimulated with LPS (10 ng/ml) with or without IDR-1002 (10 μg/ml) for 24 hours
prior to measurement of cytokine levels by ELISA. Data are presented as the mean % of
cytokines relative to LPS-stimulation in each inhibitor condition (± SE) of at least 3
independent experiments, each from independent donors. (B) To assess the effects of Aktinhibitor on LPS-mediated effects alone, PBMCs were stimulated with LPS (10 ng/ml) for 24
hours prior to measurement of cytokine levels by ELISA. Data are presented as the mean %
of cytokines relative to LPS-stimulation of DMSO controls (± SE) of at least 3 independent
experiments, each from independent donors. Statistical comparisons were done by Student’s
two-tailed t test. *p < 0.05; **p < 0.01.
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5.3.4. Regulation of LPS-induced PI3K-Akt signalling activity by IDR-1002 in human
monocytes
Due to the role of the Akt pathway in IDR-1002-mediated anti-endotoxicity, focus
was turned to the effects of this peptide on LPS-induced PI3K signalling. IDR-1002 was
shown above to activate and utilize the PI3K-Akt pathway to exert certain of its
immunomodulatory functions. Thus the interplay of regulation by IDR-1002 and LPS on the
PI3K-Akt pathway likely plays a role in peptide modulation of LPS-induced inflammation.
PBMCs were stimulated with LPS, IDR-1002, or the combination, over a varying time
periods. Activation of the PI3K-Akt pathway in human monocytes was measured by
assessing the levels of intracellular phosphorylated Akt (Ser473) in the CD14+ monocyte
population. LPS-treatment alone resulted in the increasing activation of Akt over the course
of an hour compared to unstimulated controls (Figure 5.6A). IDR-1002 stimulation,
correlating with findings in Chapter 3, significantly induced the transient phosphorylation of
Akt in human monocytes, peaking at 15 and 30 minutes before diminishing by 60 minutes.
The combination treatment of both IDR-1002 and LPS showed an additive effect on Akt
phosphorylation in human monocytes. To further investigate the effects of IDR-1002 on
LPS-mediated PI3K-Akt signalling, phosphorylation of GSK3β, a downstream target of Akt,
was then evaluated. Both LPS and IDR-1002 stimulation separately resulted in the increased
Ser9 phosphorylation of GSK3β compared to unstimulated controls (Figure 5.6B). As with
Akt phosphorylation, the combination of LPS and IDR-1002 led to an additive
phosphorylation of GSK3β. Overall, these results stand in strong contrast to the suppression
of LPS-induced p38 MAPK and p65 NFκB signalling by IDR-1002 and demonstrate that
LPS-induced PI3K-Akt pathway activation is elevated in the presence of IDR-1002.
Interestingly, these results indicate a selective regulation of LPS-induced signal transduction
by IDR-1002; this is exhibited by a suppression of LPS-activated inflammatory pathways by
IDR-1002, whereas the regulatory PI3K-Akt pathway is reinforced.
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Figure 5.6 IDR-1002 regulation of LPS-induced PI3K-Akt signalling in monocytes.
Time course effects on Akt (Ser 473) and GSK3β (Ser 9) phosphorylation. PBMCs were
stimulated with IDR-1002 (10 μg/ml), LPS (10 ng/ml), or the combination of both.
Measurement of monocyte protein phosphorylation was done by flow cytometric detection of
anti-phospho-Akt and –GSK3β antibodies, gating on the CD14+ monocyte population. Data
are presented as the mean MFI over unstimulated controls (± SE) of at least 5 independent
experiments, each from independent donors. Statistical comparisons were done by Student’s
two-tailed t test. *p < 0.05; **p < 0.01.

5.3.5. The role of the PI3K-Akt pathway in IDR-1002 modulation of p38 MAPK signalling
in human monocytes
As mentioned previously, the PI3K-Akt pathway can negatively regulate LPS-TLR4mediated inflammation in part through its suppression of LPS-induced MAPK signalling. As
the PI3K-Akt pathway was shown to be partially involved in IDR-mediated suppression of
LPS-induced pro-inflammatory cytokine production, as well as being activated by both LPS
and IDR-1002, the involvement of the PI3K-Akt pathway in IDR-1002 suppression of LPSinduced p38 MAPK signalling was then investigated. PBMCs were pre-treated for 1 hour
with 10 μM of the PI3K-inhibitor LY294002 or 5 μM of the Akt-inhibitor SH-5 prior to
stimulation with LPS, IDR-1002, or the combination of both. At the indicated time points,
the intracellular levels of phosphorylated p38 MAPK of the monocyte population was
assessed. Similar to initial signalling experiments, at 30 and 60 minutes, LPS alone strongly
induced p38 MAPK phosphorylation in monocytes (Figure 5.7A). p38 MAPK
phosphorylation in monocytes pre-treated with LY294002 or SH-5 did not significantly
differ from that in DMSO vehicle controls. In both DMSO and inhibitor conditions,
stimulation with a low concentration of IDR-1002 failed to elicit noticeable monocyte p38
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MAPK. In DMSO control conditions, however, the addition of IDR-1002 to LPS-stimulated
cells suppressed LPS-induced p38 MAPK phosphorylation at both tested time points. In the
presence of a PI3K-inhibitor the suppressive effect of IDR-1002 was partially, but
significantly, abrogated. Similarly, in the presence of an Akt-inhibitor, the ability of IDR1002 to suppress LPS-induced p38 MAPK phosphorylation in monocytes was eliminated.
These results demonstrate that the ability of IDR-1002 to regulate LPS-induced MAPK
signalling is partially dependent on IDR-1002-activation of the PI3K-Akt pathway.
The consequent effects of IDR-1002 on LPS-induced p38 MAPK signalling were
then investigated. Activating transcription factor (ATF)-2 is one of the downstream targets of
p38 MAPK member of the cAMP response element binding (CREB)/ATF family of
transcription factors (202, 203). ATF-2 binding sites are found in the promoter regions of
numerous cytokines (202, 204, 205). Indeed studies have shown that ATF-2 plays a role in
LPS-induced gene transcription and is involved in the production of a wide range of
inflammatory cytokines, including TNFα, IL-6, and IL-1 (202, 203, 206). Thus it is feasible
that the IDR-1002 activation of the PI3K-Akt pathway, and subsequent regulation of LPSinduced p38 MAPK activation, leads to the suppression of downstream ATF-2 activity,
potentially contributing to the suppression of LPS-induced cytokine production. To
investigate this, ATF-2 activation in monocytes, treated similarly as above, were determined
through the measurement of phosphorylated ATF-2 (Thr71). LPS-stimulated monocytes
exhibited an increase of ATF-2 phosphorylation at 30 and 60 minutes (Figure 5.7B).
Although LPS-induced ATF-2 phosphorylation was slightly decreased with the addition of
the PI3K-specific inhibitor, and slightly increased with an Akt-specific inhibitor, these
effects were not significant. IDR-1002, which alone had no significant effects on ATF-2
phosphorylation in any of the conditions, was able to moderately suppress LPS-induced
ATF-2 phosphorylation in monocytes. This effect was eliminated in the presence of a PI3Kspecific inhibitor. In the presence of an Akt-specific inhibitor, the anti-endotoxic activity of
IDR-1002 was significantly abrogated only at 30 minutes but was unchanged at 60 minutes.
Overall, these results demonstrate that the ability of IDR-1002 to suppress the LPS-induced
p38 MAPK signal cascade partially stems from its activation of the PI3K-Akt pathway.
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Figure 5.7 The role of the PI3K-Akt pathway in the suppression of LPS-induced p38
MAPK signalling by IDR-1002. PBMCs were pre-treated for 1 hour with PI3K-inhibitor
LY294002 (10 μM) or Akt-inhibitor SH-5 (5 μM) prior to stimulation with IDR-1002 (10
μg/ml), LPS (10 ng/ml), or both. Measurement of (A) phosphorylated p38 MAPK
(T180/Y182) or (B) phosphorylated ATF-2 (Thr 71) was done by flow cytometric detection
of anti-phospho-antibodies, gating on the CD14+ monocyte population. Data are presented as
the mean MFI over untreated samples (± SE) of at least 3 independent experiments, each
from an independent donor. Statistical comparisons between % reduction of LPS-induced
phosphorylation was done by Student’s two-tailed t test. *p < 0.05; **p < 0.01.

5.4.

DISCUSSION
In this chapter, it was demonstrated that IDR-1002 could suppress LPS-induced

cytokine and chemokine production by human PBMCs. The cytokine cascade induced by
host exposure to LPS and other TLR agonists plays a major role in the initiation of the
inflammatory response. However, the dysregulation of inflammatory cytokine levels can
result in diseases of uncontrolled inflammation. TNFα has been implicated in a wide range of
inflammatory disorders, including psoriasis, rheumatoid arthritis, inflammatory bowel
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disease, and atherosclerosis (207-211). Similarly, dysregulation of IL-6 has been shown to
play a role in arthritis and atherosclerosis, as well as chronic inflammatory and autoimmune
diseases (210, 212). Excessive levels of chemokines, resulting in exaggerated leukocyte
infiltration and activation, also play a role in arthritis and cardiovascular diseases with
underlying inflammatory causes (213-215). Indeed in cases of bacteremia and sepsis, it is the
overwhelming cytokine storm induced by LPS and other bacterial components that result in
shock, leading to physiological damage and possibly death (216). It is this risk of cytokine
dysregulation which poses a major obstacle in the development and administration of
systemic immune enhancing mediators. In this context, the ability of IDR-1002 to suppress
LPS-induced cytokine production, while maintaining moderate levels of chemokines, is an
important finding in the development of therapeutic immunomodulatory agents which can
boost immunity in a safe manner. It is also interesting to note that suppression of LPSinduced cytokine production is varied, as evinced by the range of suppression between
cytokines observed in peptide-LPS co-stimulations. These results suggest a selective
balancing of the LPS-induced inflammatory response by IDR-1002, allowing moderate
production of specific mediators while limiting the excessive production of potentially
harmful cytokines. It must be noted that the suppression of pro-inflammatory cytokines is
seen with low levels of IDR-1002 (10 μg/ml), whereas chemokine-induction and in vivo
protection are seen at higher concentrations (100 μg/ml in in vitro models). It would be of
interest to investigate the effects of higher IDR-1002 concentrations on LPS-induced
responses. It is feasible that in this scenario, chemokine-induction would be maintained, or
perhaps enhanced, whereas pro-inflammatory cytokine production would be regulated. This
moderating effect is observed in in vivo infection models in which IDR-peptides promote
chemokine production and leukocyte recruitment while maintaining or suppressing
inflammatory cytokines induced by bacteria (79, 80). A precedent for this selective immune
modulation is found with endogenous HDPs. Human LL-37 exhibits the ability to protect rats
against Gram-negative bacteria-induced sepsis by limiting cytokine-mediated inflammation,
yet promoting bacterial clearance (54, 217). Cathelicidins of various species, which possess
potent anti-inflammatory properties, also demonstrate the promotion of antimicrobial
clearance in various infection models (218, 219). Thus this study expands the
immunoregulatory repertoire of IDR-peptides in demonstrating a role in moderating LPS-
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induced inflammatory responses, similar to HDPs. It is noteworthy however that the
administration of cathelicidins in these animal models is limited by peptide toxicity (217,
218), whereas

administration of IDR-peptides at much higher concentrations is well

tolerated (79, 80).
In searching for the anti-inflammatory mechanisms of IDR-peptides, this study
further demonstrated that IDR-1002 is a suppressor of LPS-induced signal transduction in
human monocytes. The potency of LPS in inducing strong inflammatory responses depends
on its ability to activate a wide range of signal transduction cascades. Activation of the
MAPK family of signalling mediators and the NFκB network plays a central role in
mediating LPS-induced responses. The resulting activation of multiple downstream
transcription factors, including NFκB and AP-1 transcription subunits, leads to the
widespread gene expression of inflammatory and immune mediators (220-222). In this study,
I showed that IDR-1002 impacts on this process by limiting the ability of LPS to induce
NFκB p65 phosphorylation in monocytes, thus limiting the full transcriptional activity of
p65-containing

heterodimer

complexes

(223,

224).

Additionally,

LPS-induced

phosphorylation of p38 MAPK in monocytes, necessary for the activation of this enzyme, is
also suppressed by IDR-1002. These observations suggest that the suppression of LPSinduced signalling is an anti-endotoxic mechanism of IDR-1002, and potentially other IDRpeptides. It must be noted that IDR-1002 at higher doses has been shown to activate the
MAPK pathways in human monocytes, leading to the induction of chemokine production
without the consequent production of pro-inflammatory mediators (80). LPS-mediated
inflammatory responses depend on the cooperation between multiple signal transduction
cascades; this synergistic cooperation is required for the full expression and production of
inflammatory mediators (225). It seems likely that the modulation of certain LPS-induced
signalling pathways, paired with the activation of others, by IDR-peptides, is what leads to
the suppression of inflammatory responses while maintaining or promoting specific aspects
of immunity. Again, this effect can be generally observed with endogenous LL-37, a known
activator of the MAPK pathways yet a potent suppressor of LPS-induced signalling (43, 44).
It must also be noted that LL-37 exhibits the ability to selectively modulate LPS-induced
gene transcription, rather than simply suppressing LPS-mediated responses (44). It is likely
therefore that the complex modulation of LPS-induced gene transcription by LL-37, and
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perhaps IDR-peptides, may originate from the fine tuning of cellular signal transduction
pathways. Taken together, these observations demonstrate that IDR-1002 is not simply a
suppressor of LPS function, but a complex regulator of the LPS-induced inflammatory
programme.
Consistent with previous findings that IDR-1002 is a regulator of monocyte signalling
activity, peptide modulation of LPS responses was found to be partially dependent on
signalling pathway cross-talk. Specifically, this study has demonstrated that the elevation of
the PI3K-Akt pathway by IDR-1002 during LPS-induced inflammation contributes to the
anti-endotoxic effects of the peptide. The PI3K-Akt signalling axis is known to regulate
TLR-mediated inflammatory responses in several ways. Studies have demonstrated a
negative regulatory role of PI3K and Akt on p38-mediated signalling, and subsequently on
p38-mediated responses induced by LPS (199, 226, 227). It is interesting that in this study,
inhibition of Akt exhibited only a mild enhancement of LPS-induced cytokine production
and had almost no effect on LPS-induced p38 MAPK signalling. These observations are in
contrast to the reported findings of Guha and Mackman (199) which demonstrated a
significant promotion of LPS-induced MAPK activation and TNFα production by PI3Kinhibited PBMCs. This discrepancy may have arisen from the differences in LPSstimulations between studies; specifically the use of 10 μg/ml LPS in the reported study
compared to the 10 ng/ml used here, a 1000-fold difference. Perhaps the regulatory effects of
the PI3K-Akt pathway on LPS-induced signal transduction is dose-dependent, engaging only
after a signal threshold is reached with higher doses. However, here it was found, through the
use of PI3K- and Akt-specific inhibitors, that IDR-1002 suppression of LPS-induced
monocyte p38 MAPK activation indeed stemmed partly from this peptide's activation of the
PI3K-Akt pathway. This correlated with observations that IDR-1002 suppression of ATF-2
activation, a downstream target of p38 MAPK, was also partially dependent on the PI3K-Akt
pathway. Taken together, these results indicate that IDR-1002 activation, and its
reinforcement of PI3K-Akt signalling, negatively regulates LPS-induced activation of the
p38 MAPK pathway. Akt can also limit LPS-mediated responses through phosphorylation
and inactivation of its target GSK3β (Figure 5.4). Optimal NFκB-induced gene transcription
depends on the association of the p65 complex with nuclear co-activator CREB-binding
protein (CBP) (228). Due to the limiting amounts of nuclear CBP, GSK3β can enhance p65
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NFκB-mediated gene transcription by inhibiting CREB association with CBP (229, 230).
Inactivation of GSK3β, through serine phosphorylation by Akt or chemical inhibitors,
promotes CREB-CBP binding and CREB transcriptional activity, while reducing p65-CBP
interactions and NFκB-mediated transcription (229). This is manifested by the decreased
production of LPS-induced, NFκB-controlled cytokines and an increase in CREB-controlled
cytokines, such as anti-inflammatory cytokine IL-10 (229). It seems likely that IDR-1002
reinforcement of LPS-induced GSK3β phosphorylation shifts CBP-binding activity, resulting
in the observed reduction of pro-inflammatory cytokines by this peptide. Moreover,
inhibition of GSK3β has been shown to increase nuclear translocation of the transcription
factors C/EBPβ and CREB, which are important in IL-10 production (231). Overall, these
results show that IDR-1002 modulation of the PI3K-Akt pathway plays a role in its
regulatory effects on LPS-induced inflammation.
In summary, this chapter demonstrates the ability of IDR-1002 to suppress LPSinduced pro-inflammatory cytokine production and signal transduction activity, revealing a
novel role for IDR-peptides in modulating immune responses. Moreover, IDR-1002
activation of the PI3K-Akt pathway during an LPS-induced inflammatory response
correlated with an Akt-dependent suppression of inflammatory cytokine production and p38
MAPK signalling. Research into the regulatory roles of IDR-peptides and HDPs in LPSinduced inflammation is still in its infancy. Recently the perception of anti-endotoxic HDPs,
previously considered by some authors to be simple endotoxin-binding agents, has evolved
into an understanding of HDPs as intricate regulators of TLR-mediated inflammation (44, 50,
232). The partial role of the PI3K-Akt pathway in IDR-mediated anti-endotoxic activity
demonstrated in this study expands on the potential mechanisms for this regulation and
suggests a similar complexity whereby HDPs and IDR peptides influence inflammation
through multiple mechanisms some of which are undoubtedly yet to be identified. This
complexity is further compounded by observations that HDPs and IDR-peptides
differentially regulate inflammatory responses induced by different TLR agonists. For
example, while inflammatory responses induced by LPS and lipoteichoic acid are suppressed
by LL-37, the production of certain pro-inflammatory cytokines induced by CpG DNA is
enhanced by this peptide (44, 53). Indeed a similar synergy between IDR-peptides and CpG
DNA is being exploited for vaccination strategies, using IDR-peptides and CpG
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oligodeoxynucleotides as immune-boosting adjuvants in single dose vaccine formulations
(84, 100, 108, 109). This study, by identifying potential mechanisms through which IDR1002 moderate LPS-induced responses, is a step forward in revealing the extent of regulation
that IDR-peptides exert on inflammation. The understanding of how IDR-peptides alter
inflammation induced by bacteria and other pathogens (e.g. Achtman, A.H., S. Pilat, C.W.
Law, D.J. Lynn, L. Janot, M. Mayer, S. Ma, J. Kindrachuk, B.B. Finlay, F.S.L. Brinkman,
G.K. Smyth, R.E.W. Hancock and L. Schofield. 2012. Effective adjunctive therapy by an
innate defense regulatory peptide in a pre-clinical model of severe malaria. Science Transl.
Med. in press.), is essential for the development of anti-infective and adjuvant agents that
selectively augment innate immune responses yet limit harmful inflammatory responses.
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6

DISCUSSION – MODULATION OF HOST IMMUNITY BY IDR-

1002
The threat of bacterial pathogens that are becoming increasingly resistant to our
arsenal of conventional antimicrobial weapons, has spurred demands for the advancement of
novel treatment options. In recent years the use of immunomodulators to enhance host
immune responses has been proposed as a strategy to ward off bacterial infection (2). The
development of IDR-peptides (4), mimetics of endogenous HDPs, represents a major
beachhead in the artificial improvement of immune system regulators to combat infectious
diseases. IDR-peptides have demonstrated the ability to enhance antimicrobial responses in a
variety of applications, ranging from the prophylactic and therapeutic protection of the
murine host against bacterial pathogens to the enhancement of vaccine-mediated responses in
numerous animal models (79, 80, 84, 100, 108). Unlike classical immunomodulatory agents,
IDR-peptides augment relevant antimicrobial aspects of host immunity while limiting
harmful inflammatory responses. These initial successes have yielded the promise of potent,
immunomodulatory agents that can counter infection by antibiotic-resistant pathogens.
However, a lack of understanding of how IDR-peptides exert their seemingly complex
regulatory effects, especially how they translate their regulatory effects to a human system,
would represent a major obstacle in their advancement as clinical therapeutic agents. Thus
the aim of this thesis was to elucidate the extent of regulation by IDR-peptides in a human in
vitro cellular system and determine the mechanisms by which they would influence human
immunity. The ultimate goal of this project was to provide an increased understanding of
how these peptides influence the human immune response to enable the design and
development of improved anti-infective immunotherapeutics.

6.1.

IDR-1002 REGULATION OF MONOCYTE MIGRATION
In this thesis, significant progress was made in elucidating the mechanisms through

which IDR-peptides mediate their observed functions. During bacterial invasion IDRpeptides promote cellular recruitment to the site of infection (79, 80). The available data,
published in part by me and my colleagues (80), indicate that the ability to enhance leukocyte
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recruitment, particularly of monocytes, is a primary function of IDR-mediated antimicrobial
activity. The ability of IDR-1002 to protect against S. aureus infection correlated with a
peptide stimulation of chemokine production and enhancement of monocyte and neutrophil
recruitment to the site of infection. In direct comparison with IDR-1, IDR-1002 exhibited a
stronger chemokine inducing effect correlating with a greater than five-fold reduction in the
protective dose of IDR-1002, suggesting a principal role of chemokines, and thus cell
recruitment, in peptide-mediated protection.
Given this proposed cardinal effector function in IDR-mediated protection, I aimed
here to reveal the mechanisms by which IDR-peptides regulate human monocyte mobility. It
was discovered that IDR-1002 likely utilizes a multi-pronged approach in regulating
monocyte motile behaviour as outlined in Figure 6.1. In Chapter 2, IDR-1002 was
characterized as promoting the production of chemoattractive molecules through the
modulation of immune signalling pathways. The capacity of IDR-1002 to stimulate human
cellular production of monocyte and neutrophil chemokines likely plays a major role in the
recruitment of effector cells. These effects correlated with murine in vitro and in vivo models,
performed in collaboration, which showed that IDR-peptides, including IDR-1002,
stimulated chemokine production by murine cells and during protection against bacterial
infections (79, 80). Thus IDR-peptides can indirectly promote leukocyte recruitment to
infection locales by enhancing the generation of chemokine-mediated gradients. It was also
found that IDR-1002 could regulate monocyte mobility by more direct methods. Cellular
adhesion events play a central role in directing cellular traffic from the bloodstream into
peripheral areas (118). In Chapter 3, IDR-1002 was shown to enhance monocyte chemotaxis
towards host chemokines through an adhesive substrate, as would occur in vivo in tissue
environments, by directly promoting monocyte integrin-mediated adhesion. It was shown
that IDR-1002 promotion of β1-integrin function resulted in monocyte adhesion to
fibronectin, a major component of the ECM, and this subsequently promoted monocyte
migration through this substrate. This study also demonstrated a potential regulation of
monocyte β2-integrin function and monocyte adhesion to ICAM-1, an important endothelial
adhesion molecule for cellular transmigration (233-235). While this unique finding had not
been shown for other IDR peptides and HDPs previously, data was presented to indicate that
although IDR-1002 demonstrates better activity than other peptides, this seems to be a
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general mechanism shared amongst these anti-infective molecules. Furthermore, in Chapter
4, it was revealed that IDR-1002 could potentiate monocyte responses to endogenous
chemokines. Specifically, it was shown that IDR-1002 stimulation of monocytes resulted in
enhanced migration of monocytes towards a subset of chemokines and potentially enhanced
chemokine-induced signal transduction activity, acting through the chemokine receptor
CCR5. These phenomena implicated a priming of monocyte motility and sensitivity towards
inducible chemokines produced at the site of infection, further enhancing monocyte
recruitment, and potentially activation.

Figure 6.1 Distinct mechanisms by which IDR-1002 promoted monocyte migration.
IDR-1002 is proposed to utilize a multi-pronged approach in enhancing monocyte migration.
IDR-1002 was able to induce monocyte fibronectin migration via PI3K-Akt-mediated β1integrin activation. IDR-1002 was also able to induce chemokine production via activation of
multiple signalling pathways. Furthermore, IDR-1002 was able to enhance monocyte
responses to CCR5 chemokines via upregulation of CCR5 expression through a yetundetermined mechanism.
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Thus it was shown that IDR-1002 was able to exploit and augment natural host
mechanisms in multiple ways to regulate human monocyte motility. It is highly likely, that
the varied effects of IDR-1002 act in synergy to promote recruitment. As an example, the
priming of monocytes by IDR-1002 for enhanced sensitivity to MIP-1α and RANTES,
coupled with the increased levels of inducible chemokines at the site of infection, would
likely lead to a significant promotion of monocyte recruitment. In addition, IDR-mediated
reinforcement in monocyte-substrate interactions may serve to increase recruitment even
further, culminating in the strong enhancement of monocyte recruitment seen in in vivo
infection models. It would be of interest to see how these regulatory effects change in an
inflammatory setting similar to that seen in bacterial invasion. Whereas low doses of IDR1002 have been shown to moderate cytokine production induced by LPS in in vitro human
systems, the effects of high doses of IDR-1002 in this circumstance on chemokine levels is
currently unknown. Murine in vivo models suggest that peptide-induced chemokine
production is retained, if not enhanced, during an inflammatory response (79, 80). The
moderation of bacterial-induced inflammation by IDR-1002, in parallel with increased
monocyte responses to chemokines, would allow for an enhancement of monocyte migration
without an associated increase in inflammatory mediators. Characterizing these peptidemediated effects in various pathogen-induced inflammatory settings may be a useful next
step in verifying the mechanism of monocyte regulation by IDR-peptides.
In regulating monocyte motility through multiple mechanisms, IDR-1002 strongly
resembles endogenous host chemokines. Chemokines are potent inducers of cell recruitment
not only because of their direct chemoattracting capabilities, but due to their ability to
influence each stage of cellular recruitment. Through their activation of target cells,
chemokines are responsible for the enhanced interaction between cells and their environment,
thus playing important roles in firm adhesion of cells to the endothelial layer, extravasation
into the tissues, and cellular localization within the tissue environment (6, 118). These
molecules are also enhancers and inducers of secondary cytokine production, leading to the
potential strengthening of chemokine-mediated responses (236, 237). Additionally,
chemokines can regulate cellular sensitivity to other chemokines through cross regulation of
chemokine receptors or downstream signal transduction pathways (159, 161, 238). Other
endogenous cytokines act in similar fashion. IL-6, itself a potent inducer of cytokine and
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chemokine production, has recently been shown to promote monocyte chemotaxis and
transmigration through its modulation of monocyte integrin-mediated adhesion (239).
Therefore IDR-1002 is a complex modulator of the immune response. Indeed it is possible
that IDR-1002 utilizes additional mechanisms to influence monocyte recruitment. Potential
avenues of investigation would include IDR-peptide effects on the endothelial transmigration
process, the expression of leukocyte adhesion molecules, and selectin-mediated cell
capture/rolling, all processes extensively regulated by endogenous cytokines. Studies into
these activities may reveal novel axes of regulation of monocyte migration by IDR-peptides.

6.2.

IDR-1002 REGULATION OF INFLAMMATORY RESPONSES
One of the noteworthy effects of IDR-peptides is their ability to enhance innate

immune responses, namely the augmentation leukocyte recruitment, without promoting
potentially undesirable aspects of the inflammatory response in vivo. This thesis project has
made progress in characterizing this phenomenon from multiple angles. Firstly, it was
revealed that IDR-1002, intrinisically, enhanced only selective aspects of the immune
response. In Chapter 2 at concentrations sufficient to strongly induce chemokine production,
IDR-1002 was shown to have minimal effects on the production of inflammatory cytokines
TNFα and IL-6, consistent with murine ex vivo and in vivo observations. Furthermore, at
similar concentrations, IDR-1002 also demonstrated the ability to regulate monocyte
function, including the modulation of adhesive behaviour, sensitivity to endogenous
mediators, and chemotaxis. Overall, these observations reinforced findings that IDR-peptides
are selective complex regulators of immunity. Indeed it is due to these properties that IDRpeptides are considered as promising candidates for anti-infective, immunomodulatory
therapeutics. However, since the ultimate aim is to utilize IDR-peptides in response to, or
prophylactically prior to, pathogen invasion, it was important to characterize the effects of
peptides on pathogen-mediated inflammatory responses. In this regard, this thesis research
has made advances in characterizing IDR-regulation of inflammatory responses induced by
bacterial LPS, one of the prime inducers of inflammation during a bacterial infection. In
Chapter 5, the presence of a low dose of IDR-1002 was sufficient to suppress LPS-induced
cytokine production by human PBMCs as well as LPS-induced signal transduction activity
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by human monocytes. Thus it was revealed that, in addition to its enhancement of monocyte
functions, IDR-1002 possessed the ability to moderate LPS-induced pro-inflammatory
responses. This ability to antagonize bacterial inducers of inflammation was proposed to be
responsible for the moderation of inflammation seen in in vivo infection models.
Interestingly, the production chemokines, believed to play an essential role in leukocyte
recruitment and IDR-mediated protection, by LPS-stimulated PBMCs was moderately
suppressed by low levels of IDR-1002. This observation differs from the enhancement of
chemokine levels and leukocyte recruitment by IDR-1002 seen in murine models of acute,
Gram-negative bacterial infection. It is feasible that the interplay between IDR-1002 and the
wide variety of other numerous bacterial components, results in the augmentation of
chemokine production and the moderation of pro-inflammatory cytokine levels.
Indeed, while LPS-induced pro-inflammatory responses play a major role in inducing
inflammation in infections by Gram-negative bacteria, LPS constitutes only one of many
bacterial components with a substantial ability to induce host inflammatory responses. The
initiation of innate immunity depends on the host repertoire of germline-encoded receptors,
including the TLRs and NLRs, which recognize a wide array of pathogen-associated
signatures. In bacteria alone, these signatures can include bacteria-specific DNA, cell wall
and envelope components, and lipidic structures (195). The engagement of these bacterial
motifs with host receptors results in the activation of signal transduction activity and the
consequent robust activation of the inflammatory response. Thus, the inflammatory response
in response to bacterial infection can be imagined as multiple parallel reactions to numerous
pathogenic signature molecules. Inflammation collectively represents the remarkable ability
of the host to coordinate and orchestrate these processes to generate a coherent response.
This is well demonstrated by observations of synergy between multiple TLR ligands. TLR8
synergizes with TLR3 or TLR4 to enhance cytokine production by dendritic cells and
enhanced transcription factor activity in dendritic cells and macrophages (240). Stimulation
of TLR2 and TLR4 also results in the synergistic production of TNFα by murine
macrophages. In this complex scheme, the characterization of the endotoxin-regulating
effects of IDR-1002 addresses only one aspect of peptide-regulation of inflammation (241).
A next step in understanding IDR-mediated inflammatory regulation would be the
elucidation of how IDR-peptides interact with other bacterial components, as well as the
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variety of endogenous mediators produced during inflammation. Progress has been made in
this regard, revealing a complex effect of IDR-peptides on bacterial-induced inflammation.
Similar to the regulation of LPS-induced responses, parallel studies into IDR-peptide
function have shown a suppression of inflammatory cytokine production induced by flagellin
and peptidoglycan (unpublished data). In contrast, IDR-peptides have been well reported to
synergistically enhance the production of inflammatory cytokines by CpG DNA motifs (84).
As mentioned previously, it is the exploitation of this effect that enables IDR-peptides to be
utilized to enhance adaptive immune responses in vaccine formulations (84, 100, 108, 109).
Further studies may reveal additional layers of complexity. It may be that this duality of IDRpeptide regulation of inflammation also exists with endogenous molecules. IDR-peptides
may suppress the functions of inflammatory mediators, such as IL-6 or TNFα, or perhaps
synergize with others, much like the effects of LL-37 on IL-1-mediated responses (50).
Additional studies need to be done regarding the regulatory effects of IDR-peptides on other
inflammatory factors and, more importantly, how these multiple axes of regulation converge
to modulate inflammation as a whole. Thus, although in vivo models of bacterial infection
demonstrate a modulation of inflammation by IDR-peptides, much more needs to be done to
fully understand the complex underlying effects of IDR-peptides on inflammatory processes.
This understanding is critical to enable the optimal use of IDR-peptides in inflammatory
settings, either to prevent harmful undesired effects or to develop novel anti-infective
applications of IDR-mediated immunotherapy.

6.3.
SIGNALLING PATHWAY REGULATION AND IDR-1002 MECHANISM OF
ACTION
A major objective of this thesis project was to chart the extent of IDR-peptide
regulation of the immune response. Over the course of this thesis, much has been done to
characterize the functions of IDR-peptides in modulating host anti-infective immunity. These
studies have revealed the numerous roles of IDR-peptides in the regulation of host cytokine
production and the promotion of a host of monocyte functions. They also revealed the ability
of IDR-peptides to suppress endotoxin-mediated inflammation. Identification of these
processes significantly furthers our understanding of how IDR-peptides selectively modulate
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host immune responses to enhance anti-infective immunity. Of equal importance, however, is
the determination of the mechanisms through which they do carry out these functions. In this
study, IDR-peptides were identified as complex regulators of monocyte signal transduction
pathways.
Substantial networks of signal transduction pathways are responsible for the
regulation of virtually all cellular functions. These intricate webs allow for the incorporation
of environmental signals and the subsequent development of appropriate cellular responses,
such as growth, maturation, activation, movement, death, and a host of other specialized
cellular functions. As mentioned above, subsets of this overall network are essential for the
initiation and coordination of the immune response. It was found in this thesis that multiple
regulatory functions of IDR-peptides originate from their manipulation of these immune
signalling networks. In Chapter 2, it was demonstrated that IDR-1002 is a regulator of
monocyte signal behaviour; specifically, it was shown that IDR-1002 triggered the activation
of MAP Kinase pathways. Even more striking was the development that IDR-1002 utilized a
diverse range of immune networks to induce chemokine production by PBMCs, including the
NFκB, PI3K, MAP Kinases, and G-protein signalling networks. The ability of IDR-1002 to
modulate signal transduction, and its effects on immune functions, were further characterized
in following chapters. In Chapter 3, a central role of the PI3K-Akt signalling axis, rather than
the MAP Kinase pathways, was identified in IDR-1002 regulation of monocyte β1-integrin
activation. Furthermore, in Chapter 5, it was shown that IDR-1002 not only suppressed the
inflammatory activity of bacterial endotoxin, but partially utilized signalling pathway crosstalk to do so; namely through IDR-mediated activation of the PI3K-Akt pathway-mediated to
partially suppress LPS-induced p38 MAPK signalling in monocytes. Overall, these findings
conclusively demonstrate an activation and utilization of diverse immune signalling
pathways by IDR-1002 to mediate a wide range of immune functions. In a broader sense,
these developments strongly suggest that the selective immunoregulation exhibited by IDRpeptides is due to their complex regulation of signal transduction networks.
While these discoveries certainly advance our understanding regarding IDR-peptide
mechanisms of action, they only scratch the surface of IDR-mediated regulation. With IDRpeptides revealed as extensive regulators of immune signalling cascades, a next step is the
discovery of their upstream receptor(s). Preliminary efforts in this regard have focused on
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receptors known to be utilized by endogenous HDPs due to certain structural similarities
shared by HDPs and IDR-peptides, such as their overall cationic charge and significant
presence of hydrophobic residues. In Chapter 2 an antagonist of FPRL-1, a G proteincoupled receptor which mediates LL-37 chemotactic activity (242), was found to inhibit
IDR-1002 induction of chemokines. This effect correlated with the observation that
elimination of Gi-protein signalling abrogated IDR-1002 chemokine induction and
enhancement of monocyte chemotaxis. While suggestive of FPRL-1 usage by IDR-peptides,
it is plausible that other G protein-coupled receptors may contribute to peptide signalling.
Human beta defensins, for example, have been reported to bind CCR6 to mediate chemotaxis
(242). However, just as IDR-peptides utilize multiple signalling pathways to regulate distinct
immune functions, IDR-peptides may trigger the activation of multiple receptors to mediate
their complex signalling cascades. In recent years, immunomodulatory HDPs have shown to
act in this manner. LL-37, mediates cellular chemotaxis and angiogenesis via FPRL-1,
induces cytokine release via interaction with purinergic receptor P2X7 and GAPDH (66, 93,
103, 242, 243) and utilizes P2X7 to promote fibroblast proliferation (244). Defensins, in
addition to triggering CCR6, have been reported to interact with TLRs resulting in activation
of antigen presenting cells (105, 245).
A further compounding factor is the reported ability of HDPs to indirectly activate
other receptors. LL-37, through its matrix metalloprotease-dependent release of ligands, can
transactivate EGFR resulting in the promotion of keratinocyte migration, activation of
epithelial cells, and corneal wound healing (63, 104, 246). Defensins can also promote
TNFα-mediated signalling by upregulation of TNFR2, conceptually similar to the
enhancement of CCR5 signalling by IDR-1002 through receptor upregulation (247).
It is highly likely IDR-peptides exhibit the same degree of complexity concerning
receptor interactions. Findings in Chapter 2 demonstrating the necessity of cellular uptake
processes for peptide function suggests intracellular targets for IDR-peptides. Indeed,
multiple intracellular interacting partners have been identified for IDR-1. IDR-1 is able
interact with the cytoplasmic scaffold protein sequestosome-1 to mediate downstream p38
MAPK activation (102). Similarly IDR-1 induction of cytokine gene expression is dependent
on its interaction with intracellular GAPDH (93). Studies using labeled IDR-1002 have
shown rapid cellular uptake of peptide, suggesting intracellular targets as a definite
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possibility for IDR-1002 (248). Further studies are required to elucidate the role of cellular
uptake in IDR-peptide-mediated immunomodulation. Investigating the involvement of
distinct endocytic pathways in peptide uptake, including clathrin-mediated endocytosis or
caveolin-mediated endocytosis, may grant insight into IDR-peptide subcellular localization
and, thus, potential interacting targets. Although these findings provide important insight into
peptide-induced signal transduction, our understanding of IDR-peptide and HDP receptors is
still immature. Much more remains to be elucidated regarding peptide-receptor interactions.
Furthermore, additional efforts are required to discover how these interactions regulate the
numerous immune functions affected by IDR-peptides and endogenous HDPs alike.
A major aim of this project was to characterize the extent of regulation exerted by
IDR-peptides on host immunity. However, given the evidence that IDR-peptides are
regulators of major immune signalling hubs, the implications regarding immune regulation
are staggering. Each signalling pathway axis modulates numerous aspects of the immune
response. In this study alone IDR-1002 was shown to utilize the PI3K pathway to regulate
cytokine production, integrin activation, and TLR pathway suppression. This pathway also
plays a major role in cytoskeletal and membrane rearrangement, phagosome formation, and
immune cell development and function (249-251). The p38 and ERK-1/2 MAPK, both
activated by IDR-peptides, also regulate cellular growth, motility, and differentiation (141,
252, 253), all of which are essential processes in wound healing, and cellular survival. It is a
near certainty that modulation of these crucial immune pathways by IDR-peptides has
extensive downstream regulatory effects on the innate and adaptive immune response. Efforts
are underway to characterize these as yet unreported functions of IDR-peptides, and include
investigations into peptide-mediated regulation of host antiviral responses, macrophage
differentiation and maturation, and wound healing processes. In summary, this project has
revealed the utilization of immune signal transduction pathways by IDR-peptides to elicit
numerous regulatory effects. This knowledge not only furthers our comprehension of peptide
mechanism of action, but highlights and expands the immunomodulatory potential of IDRpeptides.
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6.4.

IDR-1002 REGULATION AND CELLULAR SPECIFICITY
This thesis has focused on the human monocyte population as a key regulatory target

of IDR-1002. The attention to monocytes was based on the observation that this cell
population is essential for IDR-mediated antimicrobial protection (79, 80). In addition,
monocytes play a critical role not only in generating directly antimicrobial functions, but in
coordinating the overall inflammatory response. In this thesis project, IDR-1002 was shown
to affect the immune functions of monocytes and monocyte-containing populations. In
Chapter 2 the ability of IDR-1002 to induce chemokine production by PBMCs, correlating
with an activation of monocyte MAPK signalling, was observed. In Chapters 3 and 4, IDR1002 was shown to impact monocyte chemotaxis via the regulation of monocyte integrinmediated adhesion and monocyte sensitivity to endogenous cytokines. IDR-1002 also
suppressed LPS-mediated inflammatory responses in PBMCs, correlating with a suppression
of LPS-induced signal transduction in monocytes. Characterization of this multifunctional
regulation of monocyte responses by IDR-1002 in this thesis elucidates the key role of this
population in IDR-mediated antimicrobial protection. However monocytes are but one
player, albeit a highly important one, in the overall immune response.
Endogenous HDPs are able to mediate their diverse immunomodulatory effects due to
their ability to regulate the responses of numerous immune cells. LL-37, a regulator of
cytokine production by PBMCs, can promote angiogenesis through its effects on endothelial
cells (50, 66). The cathelicidin can also modulate the responses of keratinocytes and
epithelial cells to inflammatory stimuli and regulate dendritic cell differentiation (57, 254).
Similarly, human defensins are chemoattractive for T-lymphocytes and dendritic cells, can
induce cytokine production by numerous immune cells, and also trigger the degranulation of
mast cells (45, 46, 255, 256). This multifaceted regulation by HDPs stems, in part, from the
highly similar mechanisms of regulation between different cell populations, namely the
immune signal transduction pathways. As an example, LL-37 utilizes the PI3K and MAPK
pathways to regulate cytokine release in both mast cells and human PBMCs (43, 50, 257).
Through similar pathways, LL-37 promotes endothelial cell growth and wound healing of
corneal epithelial cells (66, 246). Utilization of similar signal transduction pathways by IDRpeptides strongly suggests a regulatory role in other cell populations. Evidence of this is
found in emerging studies. Recently, IDR-1002 was shown to selectively regulate
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inflammatory behaviour and modulate IL-1-mediated responses in synovial fibroblasts (248).
Preliminary investigations have shown that IDR-peptides can modulate neutrophil adhesive,
chemotactic, and antimicrobial functions (unpublished data). Additionally, there is evidence
IDR-peptides can modulate epithelial cell cytokine production in synergy with microbial
stimulants (unpublished data). Thus, while the monocyte population may be a keystone of
IDR-mediated bacterial clearance, IDR-peptide regulation of other cell populations are
certain to mediate a wide array of immune functions

6.5.

CONCLUDING REMARKS
The end goal of understanding IDR-peptide function is the development of novel

therapeutic agents that can fine tune the immune response to enhance host defenses against
pathogens. The development of immunomodulatory HDP-derivatives offers an improvement
over classical immunomodulators which, due to their relatively narrow regulatory range, can
only be used in limited scenarios. While numerous in vivo murine models have shown the
efficacy of IDR-peptides in enhancing bacterial clearance with reduced toxicities compared
to endogenous HDPs, the development of IDR-peptides is a recent initiative and thus clinical
development of IDR-peptides remains in its infancy. However, IMX942, an IDR-1 derivative
which exhibits broad range antimicrobial protection in animal models, has demonstrated a
strong safety profile in Phase I clinical trials and is set for Phase II trials
(http://www.inimexpharma.com). A potential obstacle in the clinical development of IDRpeptides is the relative lack of understanding of how IDR-peptides mediate their
antimicrobial functions. This thesis project addresses many aspects of this obstacle. This
investigation not only expanded the known array of immunomodulatory functions exhibited
by IDR-peptides, but also elucidated the mechanisms by which peptides manipulate immune
responses. Furthermore, the studies in this project demonstrated a similarity of IDR-mediated
responses between a human cell system and in vivo animal models. Overall, the results
reported here provide essential insights for the development of novel IDR-peptides with
improved immunomodulatory capabilities and the application of these peptides in numerous
clinical settings. Thus the findings presented in this thesis are an invaluable contribution to
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the development of IDR-peptides as promising, novel, broad-range anti-infective therapeutic
agents.
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