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Peptide IDR-1018: modulating the immune
system and targeting bacterial biofilms to treat
antibiotic-resistant bacterial infections‡

Sarah C. Mansour,§ César de la Fuente-Núñez§ and Robert E. W. Hancock*§
Host defense (antimicrobial) peptides, produced by all complex organisms, typically contain an abundance of positively charged
and hydrophobic amino acid residues. A small synthetic peptide termed innate defense regulator (IDR-)1018 was derived by
substantial modification of the bovine neutrophil host defense peptide bactenecin. Here, we review its intriguing properties that
include anti-infective, anti-inflammatory, wound healing, and anti-biofilm activities. It was initially developed as an immune
modulator with an ability to selectively enhance chemokine production and polarize cellular differentiation while
suppressing/balancing the pro-inflammatory response. In this regard, it has demonstrated in vivo activity in murine models including
enhancement ofwoundhealing andanability to protect against Staphylococcus aureus,multidrug resistantMycobacterium tuberculosis,
herpes virus, and inflammatory disorders, including cerebral malaria and neuronal damage in a pre-term birth model. More recently,
IDR-1018 was shown, in a broad-spectrum fashion, to selectively target bacterial biofilms, which are adaptively resistant
to many antibiotics and represent the most common growth state of bacteria in human infections. Furthermore, IDR-1018
demonstrated synergy with conventional antibiotics to both prevent biofilm formation and treat pre-existing biofilms. These
data are consistent with a strong potential as an adjunctive therapy against antibiotic-resistant infections. Copyright © 2014
European Peptide Society and John Wiley & Sons, Ltd.
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Introduction

Host defense peptides (HDP) are evolutionarily conservedmolecules
that serve in host defenses defense against insults including micro-
bial infections and inflammation. Present in all living organisms,
these peptides generally vary in size from 12 to 50 (or more) amino
acids and are cationic due to the presence of excess lysine and argi-
nine residues [1]. Moreover, HDPs contain about 50% hydrophobic
amino acids, which allow them to interact with and penetrate cell
membranes [1,2]. Some HDPs are able to freely translocate into both
host and bacterial cells, which enable their diverse antimicrobial,
immunomodulatory, and anti-biofilm activities [3–6], with the latter
two being especially dependent on cell penetration.
Initially, HDPswere studied for their antimicrobial properties against

an array of pathogens including bacteria (in their planktonic/
free-swimming state), viruses, fungi, and protozoa [1]. However,
these antimicrobial activities of HDPs are severely dampened by
divalent cations and polyanions found in the mucosa, cellular
interstitial spaces and body fluids, including blood [7]. For example,
LL-37, a human cathelicidin produced in mucosal secretions, loses
its antimicrobial activity at physiological salt conditions (~100–
200nM) [8]. These findings suggest that antimicrobial activity
may not be the sole biological function of HDPs, and recently, there
has been an increasing appreciation for their immunomodulatory
activities. For example, despite its modest antimicrobial activity at
physiological conditions, LL-37 exhibits a multitude of immuno-
modulatory roles including cellular recruitment [9], modulation of
inflammatory responses [10], and promotion of cellular maturation
[11], as well as enhanced wound repair and increased angiogenesis
[11]. These various findings have suggested that the most relevant
J. Pept. Sci. 2015; 21: 323–329
biological function of HDPs in the context of microbial infections
might be their immunomodulatory activity [7].

Another newly identified role of HDPs is anti-biofilm activity [6].
Biofilms are structured aggregations of microorganisms associated
with surfaces that have been widely studied over the past few
decades in part because they are estimated to cause 65% or more
of all infections, being particularly prevalent in device-related
infections, infections on body surfaces (skin and soft tissue, lung,
bladder, endocarditis, etc.) and chronic infections [12–14]. Because
of their high adaptive resistance (which reverts upon removal of
the inducing condition – in this case the biofilm growth state), al-
tered phenotype, and physiology, biofilms are extremely recalcitrant
to conventional antimicrobial therapy, which substantially hinders
their treatment in the clinic [12–16]. More recently, cationic peptides
have demonstrated anti-biofilm activity against multiple bacterial
species [5,7]. This was an important finding particularly because of
the lack of currently available drugs that are effective against
biofilms. Interestingly, these studies showed that in some cases,
Copyright © 2014 European Peptide Society and John Wiley & Sons, Ltd.
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the anti-biofilm properties of peptides are independent of their di-
rect antimicrobial activity, as peptides with excellent anti-biofilm
that lack antimicrobial activity have been isolated and vice versa.

The vast array of functions of natural HDPs has triggered
considerable efforts to exploit the activity of these peptides
by generating a new group of synthetic analogs coined innate
defense regulatory peptides (IDRs) [2,4]. Using the sequences
of natural HDPs as templates, synthetic peptides were gener-
ated with enhanced biological activity and minimal cytotoxic-
ity against mammalian cells [17]. These initiatives led to the
design by our lab of synthetic cationic peptide IDR-1018, a
peptide that was initially selected because of its potent ability
(relative, e.g., to natural peptide LL-37) to induce chemokines
and attenuate pro-inflammatory responses ex vivo [17]. In this
review, we overview these recent developments and describe
the therapeutic progress of IDR-1018, particularly describing
its activity in murine models. We will also overview the most
recently discovered function of IDR-1018, anti-biofilm activity.
In this context, we will describe its broad-spectrum inhibition
and eradication of biofilms and synergy with conventional an-
tibiotics, and outline its novel mechanism of action. Overall,
we suggest that the combined approach of targeting bacterial
biofilms and favorably modulating the immune system might
serve as a novel therapeutic strategy to treat drug-resistant
bacterial infections.
wileyonlinelibrary.com/journal/jpepsci Copyright © 2014 European Pe
The Origins of Peptide IDR-1018: Discovery
and Initial Characterization

The amino acid sequence of peptide IDR-1018 (VRLIVAVRIWRR-
NH2) is based loosely on that of bovine HDP bactenecin derivative
Bac2a (RLARIVVIRVAR-NH2). Using this sequence as a template, a
large library (>100) of 12-amino acid long peptides was generated
through point substitutions, scrambling, and deletions [17]. The
goal of this screen was to derive peptides with superior immuno-
modulatory activity compared to Bac2a. Thus, the immunomodula-
tory potential of each peptide was assessed by measuring the
extent of induction of monocyte chemotactic protein 1 (MCP-1) in
human peripheral blood mononuclear cells ex vivo. Among all the
peptides tested, IDR-1018 had the most potent effect on induction
of MCP-1 (and MCP-3), chemokines that are important for protec-
tion against infections [17]. More specifically, IDR-1018 stimulation
resulted in a >50-fold increase in the tested chemokines as com-
pared to parent peptide Bac2a [17] and the human peptide LL-37.
Moreover, IDR-1018 exhibited a more than tenfold increased
induction of chemokines compared to IDR-1, a synthetic peptide
that had previously demonstrated therapeutic efficacy in an inva-
sive Staphylococcus aureusmurinemodel [18]. The significant eleva-
tion of chemokine production was not attributed to stress-induced
toxicity as IDR-1018 did not cause membrane permeability as
measured by the release of lactate dehydrogenase from human
peripheral blood mononuclear cells [17].
Another major hallmark of IDRs is their ability to balance

pro-inflammatory responses by attenuating pro-inflammatory
cytokine [e.g., tumor necrosis factor alpha (TNF-α)] production
in response to lipopolysaccharide (LPS). At 50 μg/ml peptide,
IDR-1018 reduced the production of TNF-α by 89%. This was
likely due to perturbation of the TLR to NF-κB pathway rather
than direct neutralization of LPS, because in a dansyl polymyxin
displacement assay, 1018 did not show any LPS binding [18]. The
mechanisms used by IDR peptides generally involve modulation
ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2015; 21: 323–329



Table 1. IDR-1018 demonstrated weak antimicrobial activity, compara-
ble to parent sequence Bac2a based on assessments of minimal inhibi-
tory concentrations (MIC). Peptide 1019 is a peptide with no effective
antimicrobial and immunomodulatory activity, obtained from the same
comprehensive Bac2a-derived peptide screen that led to isolation of
1018

Name Sequence MIC (μg/ml) MIC (μg/ml) Reference

Pseudomonas
aeruginosa

Staphylococcus
aureus

Bac2a RLARIVVIRVAR-NH2 50 17 [17]

1018 VRLIVAVRIWRR-NH2 19 5 [17]

1019 IVVWRRQLVKNK-NH2 >300 >300 [17]

HHC10 KRWWKWIRW-NH2 0.8 1.5 [24]

IDR, innate defense regulator.

IMMUNOMODULATORY AND ANTI-BIOFILM PEPTIDE
of a variety of pathways inside cells, analogous to LL-37 [19] as
investigated for various IDR peptides [18,20].
Recently, it was shown that IDR-1018 was able to skew cellular re-

sponses by influencing macrophage differentiation. Macrophages
play a critical role in host defenses by serving as a first line of
defense during microbial invasion. Through bacterial recognition
via toll-like receptors, they execute several phagocytic and antibac-
terial functions, as well as produce high levels of pro-inflammatory
mediators and chemokines required for immune cell recruitment
[21]. Recently, Peña et al. demonstrated that IDR-1018 drives
macrophage differentiation toward an intermediate M1–M2 state
[22]. M1 macrophages are ‘classically activated’ macrophages,
which effectively kill a variety of pathogens as well as produce
a number of inflammatory mediators. On the other hand, M2
‘alternatively activated’macrophages have an anti-inflammatory
function and as such produce a number of anti-inflammatory
mediators to regulate excessive harmful inflammation as well
as mediating wound repair [23]. The unique IDR-1018-mediated
signature was characterized by an upregulation of many M2
markers, including anti-inflammatory cytokines (i.e., IL-10),
wound healing-associated genes, and enhanced phagocytic
activity toward apoptotic cells [22]. Critically however, IDR-
1018-treated macrophages maintained plasticity and could
return back to a pro-inflammatory M1 state after treatment with
interferon-γ, a property that is crucial for being able to respond
dynamically to infection while maintaining regulatory functions
to return the immune system to homeostasis [22].
Investigations with IDR-1 [18] that had absolutely no direct anti-

microbial activity proved that immunomodulatory and antibiotic
activities were independently determined. Similarly, IDR-1018
exhibited rather weak direct antimicrobial activity against both
gram-negative and gram-positive bacteria, comparable to parent
peptide Bac2a [17], but much lower than the nine amino acid
optimized peptide HHC10 [24] (Table 1). Because of its ability to po-
tently stimulate chemokines induction and suppress the induction
of pro-inflammatory cytokines, peptide IDR-1018 was selected for
detailed in vivo studies.
Figure 1. Wound healing activity of IDR-1018. (A) In a porcine wound
healing model, Staphylococcus aureus infected wounds were treated every
48 h with IDR-1018 (20 or 200μg/ml), LL-37, and vehicle control phosphate
buffered saline (PBS) administered every. (B) Re-epithelialization was
quantified after treatment with IDR-1018 (20 or 200 μg/ml), LL-37, and PBS
control. Taken from [25].
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Immunomodulatory Activity

The first major in vivo finding was that IDR-1018 possessed the
ability to enhance wound healing. In mice with full-thickness
wounds, IDR-1018 treatment resulted in faster wound closure
in a concentration-dependent manner compared to a vehicle
control and was also superior to two previously characterized
peptides, LL-37 and HB-107 [25]. In an S. aureus porcine wound
model, IDR-1018 also enhanced re-epithelialization, in part by
promoting keratinocyte proliferation as seen in Figure 1; how-
ever it did not have any effect on bacterial colonization in the
wound tissue thus ruling out the possibility that the results ob-
served were due to removal of bacteria that would delay wound
healing [25]. Interestingly, IDR-1018 showed no improvement on
wound closure in diabetic mice, suggesting that IDR-1018
worked by modulating immune responses that are highly im-
paired in diabetic animals.
IDR-1018 was also shown to be effective, in animal models, as

an adjunctive therapy for the treatment of cerebral malaria,
which is a human-relevant condition in which the induction of
death is thought to be due to massive inflammation in the brain.
In an experimental cerebral malaria model with 100% lethality
between days 6 and 7, IDR-1018 (and to a lesser extent IDR-1)
J. Pept. Sci. 2015; 21: 323–329 Copyright © 2014 European Peptide Society a
is protected when administered over the course of infection
[26]. However, when administration was delayed (starting at
day 4) to mimic clinical treatment, only co-administration with
anti-malarial treatments increased the survival of Plasmodium
nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci



MANSOUR, DE LA FUENTE-NÚÑEZ AND HANCOCK

32
6

berghei infected mice compared to anti-malarial treatment on its
own (68% compared to 41% survival; p= 0.034), and IDR-1 was
completely ineffective. Interestingly, protection was not associ-
ated with lowered parasitemia. A comprehensive microarray
analysis was performed on the harvested spleens and brains of
infected compared with non-infected mice administered with
IDR-1018 prophylactically or given saline as a control. Infected
mice that were treated with IDR-1018 produced a distinct tran-
scriptional profile, which indicated that increased survival was
due to the downregulation of inflammatory cytokine expression
[26]. This dampened inflammatory response resulted in reduced
brain pathology and slower progression of disease. Moreover,
IDR-1018 treatment resulted in an upregulation of genes associ-
ated with erythropoiesis, which is also involved in inhibiting the
production of pro-inflammatory mediators such as TNF-α and ni-
tric oxide synthase [26]. The supplemental data to this paper also
demonstrated clear protection in an invasive S. aureus model.

The immunomodulatory activity of this peptide was also shown
to be protective in an experimental model of pulmonary tuberculo-
sis. In this model, intra-tracheal administration of peptide IDR-1018
at 2 day intervals after 2months of infection led to a reduction of
bacillary loads for both the H37rv and a multidrug resistant
Mycobacterium tuberculosis isolate, as well as reduced lung inflam-
mation associated with pneumonia [27]. This phenomenon was at-
tributed to an increased induction of chemokines that recruit cells
important for controlling bacilli growth, differentiation of macro-
phages into more effective bacterial-killing cells, and suppression
of harmful pro-inflammatory responses [27].
Figure 2. Effect of 1018 on biofilms. Two-day old Pseudomonas aeruginosa b
dispersed cells were collected from the effluent of the flow cell, and viable
correspond to confocal micrographs of remaining cells of 2-day old P. aerugino
stained with SYTO-9, which permeates both live and dead cells. To different
propidium iodide, which stains dead cells red. The overlap of stains appears as

wileyonlinelibrary.com/journal/jpepsci Copyright © 2014 European Pe
Consistent with these effects on brain inflammation in cerebral
malaria, IDR-1018 also demonstrated therapeutic efficacy in the
LPS-hypoxia-ischemia neonatal brain injury model, which is consid-
ered a model for difficulties accompanying pre-term birth. Ex vivo
studies showed that IDR-1018 significantly reduces LPS-induced in-
flammatory cytokine production (GM-CSF, IL-4, IL-10, TNF-α, IL-17,
and KC) in microglia, the resident macrophages of the brain [28].
In vivo, a single therapeutic dose of IDR-1018 conferred impressive
neuroprotection in neonatal mice suffering from LPS-induced brain
damage. When given after LPS and hypoxia-ischemia insult, IDR-
1018 reduced the amount of white and grey matter tissue loss as
well as protected other areas of the brain such as the cerebral
cortex, hippocampus, thalamus, and striatum [28]. Consistent with
ex vivo results, the peptide-mediated neuroprotection was associ-
ated with a suppression of inflammatory signaling injury as well
as cell death-associated pathways [28]. Intriguingly, pharmacoki-
netic studies accompanying this paper demonstrated that the
peptide freely distributed throughout the body of neonatal mice
including entry across the blood brain barrier, indicating that the
peptide worked locally.
Anti-Biofilm Activity

Bacterial biofilms are between tenfold and 1000-fold more resistant
to conventional antibiotics creating a significant clinical problem
because they are associated with around 65% of all infections
[29–31]. Recently, the human cathelicidin peptide LL-37, which
iofilms were treated with either 0.8 or 10 μg/ml of the peptide, and viable
counts were determined after 0, 3, and 23 h of treatment. Lower images
sa biofilms treated with 0.8 and 10 μg/ml of 1018. Flow cell chambers were
iate between dead and live cells, flow cell chambers were costained with
yellow. Reprinted from [5].

ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2015; 21: 323–329



IMMUNOMODULATORY AND ANTI-BIOFILM PEPTIDE
has no useful antimicrobial activity versus planktonic cells [8], was
shown to block biofilm growth and trigger disintegration of pre-
formed biofilms in Pseudomonas aeruginosa at one sixteenth its
MIC [6]. These findings prompted subsequent screening of synthetic
peptide libraries aimed to select for anti-biofilm activity [4]. Resulting
from these efforts was peptide 1037, which lacked direct antimicro-
bial activity (MIC 304μg/ml) but showed moderate anti-biofilm
activity against gram-negative bacteria and the gram-positive or-
ganism Listeria monocytogenes. Subsequently, it was demonstrated
that IDR-1018 (named 1018 in the original anti-biofilm papers)
exhibited potent broad-spectrum anti-biofilm activity versus P.
Figure 3. Anti-biofilm peptide 1018 is synergistic with antibiotics. Mature biofi
Klebsiella pneumoniae, Salmonella enterica, and methicillin resistant Staphylococc
interactions. Taken from [32] with permission. Copyright © 2014, American Soc

J. Pept. Sci. 2015; 21: 323–329 Copyright © 2014 European Peptide Society a
aeruginosa, Escherichia coli, Acinetobacter baumannii, Klebsiella
pneumoniae, methicillin resistant S. aureus, Salmonella typhimurium,
and Burkholderia cenocepacia at concentrations well below its
MIC [5]. The biofilm inhibitory activity was shown to be due
to the dispersal of cells from biofilms at very low peptide
concentrations peptide-induced biofilm cell death at higher
concentrations (Figure 2) [5]. The mechanism of peptide 1018
was shown to involve binding to and subsequent stimulation
of the degradation of second messenger stress-induced nucle-
otides (p)ppGpp, which are involved in biofilm formation and
maintenance [5].
lms from Pseudomonas aeruginosa, Escherichia coli, Acinetobacter baumannii,
us aureus treated with 1018 and various different antibiotics show synergistic
iety for Microbiology.

nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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Figure 4. Overview of innate defense regulator (IDR)-1018 activities. The central peptide structure is from [17].
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Interestingly, these studies served to separate the anti-biofilm and
antimicrobial activities of peptides. For example, peptide 1037 was
virtually inactive against planktonic bacteria but inhibited biofilm
growth at sub-MIC levels [4], 1018 had weak direct antimicrobial
activity (MIC 19μg/ml [17]) but potent anti-biofilm activity (leading
to dispersal at 0.8μg/ml [6]), while HHC-10 (Table 1) showed the
opposite pattern, lacking anti-biofilm activity [4]. Similarly, although
planktonic Burholderia was completely resistant to the action of
peptides, it was susceptible when grown as biofilms [4,5].

Peptide 1018 shows strong synergywith conventional antibiotics
in both preventing biofilm formation and eradicate pre-existing
biofilms [32]. Indeed, when the peptide was added in the presence
of antibiotics ceftazidime, ciprofloxacin, imipenem, or tobramycin,
the concentrations of antibiotic required to treat biofilms formed
by P. aeruginosa, Escherichia coli, Acinetobacter baumannii, Klebsiella
pneumoniae, Salmonella enterica, and methicillin resistant S. aureus
are reduced by up to 64-fold (Figure 3) [32].
Therapeutic Potential of Dual
Anti-Biofilm-Immunomodulatory Peptides

Although peptide-based immunotherapies are still in their infancy,
given the numerous biological activities of IDR-1018 summarized in
Figure 4, and the therapeutic efficacy validated in animal models,
IDR-1018 has the potential to serve as a new host-directed therapy
for a number of diseases.

The potential clinical applicability of IDR-1018 depends on a
number of factors, namely, toxicity, biological stability, cost of
production, and therapeutic administration. Undoubtedly, peptide
IDR-1018 confers a low toxicity profile and is well tolerated in
several different animal models. Moreover, radiolabeling studies re-
vealed that although peaking in the blood within 2min of delivery,
IDR-1018 distributes rapidly in the blood, liver, brain, and spleen,
reaching steady state concentrations [28].

The combined immunomodulatory and anti-biofilm activities
make peptide IDR-1018 an ideal candidate for catheter-related
and cutaneous biofilm infections. For example, as biofilm infections
impede wound healing, the combined anti-biofilm and wound
healing properties of IDR-1018 may help to alleviate wound infec-
tions faster than conventional therapies [33]. Moreover, cutaneous
wounds have been associated with a prolonged inflammatory
state, which alters the progression of skin wound healing by
wileyonlinelibrary.com/journal/jpepsci Copyright © 2014 European Pe
stimulating the release of harmful cytokines that ultimately destroy
existing host tissue and provide a nidus for more biofilm growth
[34]. Nevertheless, the ability of IDR-1018 to skew host responses
to favor cellular recruitment while controlling excessive harmful in-
flammation makes this peptide an ideal candidate for treating
these complex infections. Moreover, the ability to control inflamma-
tion while not completely suppressing host-directed responses
would make IDR-1018 ideal for other conditions such as sepsis.
Early stage sepsis is characterized by a hyper-inflammatory state,
which results in impaired immune function and eventual immuno-
suppression [35]. Peptide IDR-1018 could help to balance these del-
icate host responses to reduce the prolonged production of pro-
inflammatorymediators but also enhance the activity of leukocytes,
which are important for baseline immune function.
Conclusions and Future Directions

There is currently a severe problem with treatment of bacterial
infections, given the explosion of multiple antibiotic resistance,
whereby our entire arsenal of antibiotics is gradually losing
effectiveness, combined with the paucity of truly novel com-
pounds under development or entering the clinic. Thus, the
even greater resistance of biofilms adds to the major concerns
being expressed by physicians and medical authorities.
Consequently, there is an urgent need for new strategies to treat
biofilm infections, and, along these lines, we have outlined here
the therapeutic potential of newly identified anti-biofilm
peptide IDR-1018. Indeed, this peptide eradicates biofilms
formed by four of the so-called ESKAPE pathogens (Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumanii, Pseudomonas aeruginosa, and Entero-
bacter species), identified by the Infectious Diseases Society of
America as the most recalcitrant and resistant organisms in our
society. In addition, despite the marginal antimicrobial activity,
IDR-1018 has displayed several anti-infective properties against
Staphylococcus, Plasmodium berghei, and M. tuberculosis. This
activity is highly associated with enhanced cellular recruitment
by selectively upregulating chemokines associated with mono-
cyte, macrophage, and neutrophil recruitment [17]. Moreover,
the ability of IDR-1018 to attenuate excessive pro-inflammatory
responses has led to increased survival against malaria and
reduced lung pathology in tuberculosis infected mice. Furthermore,
ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2015; 21: 323–329
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IDR-1018 possesses wound healing capabilities, which promote
keratinocyte proliferation and increased epidermal healing in S.
aureus-infected and non-infected animal models. Most importantly,
the peptide was non-toxic in these models. In conclusion, peptide
IDR-1018 may be used alone or as an adjuvant in combination with
conventional antibiotics to treat drug-resistant bacterial infections,
as well as other inflammatory conditions.
Future research will focus on rationally designing peptides with

improved activity compared to that of IDR-1018 and establishing
animal models of infection (e.g., mouse, Caenorhabditis elegans,
Galleria mellonella, etc.) for both gram-negative and gram-positive
bacteria. These models will provide an ideal experimental frame-
work to assess the in vivo immunomodulatory and anti-biofilm
activities of the new generation of peptides.
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