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a b s t r a c t

The recent observation that certain cationic peptides possess potent antibiofilm activity demonstrated
that small peptides could be used to treat biofilm-associated infections. Other so-called innate defense
regulator peptides possess potent immunomodulatory properties such as leukocyte recruitment and
suppression of harmful inflammation. A peptide that directly targets biofilm cells while favorably mod-
ulating the immune response would be particularly advantageous for treating serious skin infections
caused by Staphylococcus aureus. In the present work, using SPOT-synthesized peptide arrays on cellu-
lose membranes, we outline a strategy for systematically assessing the antibiofilm activity of hundreds
of IDR-1002 (VQRWLIVWRIRK-NH2) and IDR-HH2 (VQLRIRVAVIRA-NH2) peptide variants against MRSA
biofilms. In addition, the ability of these peptides to stimulate production of a monocyte chemoattrac-
tant protein (MCP-1) and suppress LPS-induced interleukin (IL)-1� production in human peripheral blood
mononuclear cells (PBMCs) was evaluated. These results informed the synthesis of second-generation

peptides resulting in a new peptide, IDR-2009 (KWRLLIRWRIQK-NH2), with enhanced MCP-1 stimula-
tory activity, favorable IL-1� suppression characteristics and strong antibiofilm activity against MRSA
and Pseudomonas aeruginosa biofilms. This work provides a proof-of-concept that multiple peptide activ-
ities can be optimized simultaneously to generate novel sequences that possess a variety of biological
properties.
ntroduction

Staphylococcus aureus is a Gram positive bacterium that is
requently isolated from the skin and respiratory tract. While col-
nization is observed in 20% of the population, a small proportion
an develop symptomatic skin infections [1]. These infections typi-
ally present as small red bumps, a rash or painful pus-filled boils or

bscesses. While most of these infections are localized to the skin
nd soft tissues, others can spread rapidly throughout the body,
ausing a variety of life-threatening diseases such as sepsis, toxic

Abbreviations: AMP, antimicrobial peptide; BM2, basal medium 2; CD, circu-
ar dichroism; DPC, dodecylphosphocholine; ELISA, enzyme linked immunosorbent
ssay; HDP, host defense peptide; IDR, innate defense regulator; IL-1�, interleukin-
beta; LDH, lactate dehydrogenase; LPS, lipopolysaccharide; MCP-1, monocyte

hemotactic protein 1; MRSA, methicillin resistant Staphylococcus aureus; PBMC,
eripheral blood mononuclear cell; SDS, sodium dodecyl sulphate.
∗ Corresponding author at: Centre for Microbial Diseases and Immunity Research,
259 Lower Mall Research Station, UBC, Vancouver, BC, Canada V6T 1Z4.
el.: +1 604 822 2682.

E-mail address: bob@hancocklab.com (R.E.W. Hancock).

ttp://dx.doi.org/10.1016/j.peptides.2015.03.015
196-9781/© 2015 Elsevier Inc. All rights reserved.
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shock syndrome and necrotizing pneumonia [2]. The emergence
of methicillin resistant S. aureus (MRSA) strains in hospital sett-
ings and within the community [3] has made treating S. aureus
infections exceedingly difficult in recent years, leading to signifi-
cant increases in costs related to hospitalization and treatment [4].
The current treatment regimen for MRSA infections in hospital-
ized patients consists of intravenous administration of vancomycin.
Unfortunately, vancomycin resistance has already emerged [5,6],
which highlights the continuing need to develop novel antimicro-
bial compounds to combat MRSA-associated infections.

Antimicrobial peptides (AMPs) have long been studied as a
potential reservoir for novel antimicrobial compounds. AMPs are
evolutionarily conserved molecules of the innate immune sys-
tem that are found in all life forms [7,8]. AMPs are short peptide
sequences, typically 12–50 residues in length [9], characterized by
a high proportion of hydrophobic and positively charged residues
that gives them an overall cationic charge [10]. Naturally occurring

AMPs have been found to play a role in preventing S. aureus infec-
tions in vivo. For instance, keratinocyte derived RNAse 7 plays an
important role in cutaneous defense and prevents S. aureus infec-
tion within the skin [1]. In addition, pathogenic S. aureus has been

dx.doi.org/10.1016/j.peptides.2015.03.015
http://www.sciencedirect.com/science/journal/01969781
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hown to induce production of human beta defensin (hBD)-1 and
BD-3 from keratinocytes [11] and hBD-3 possesses bactericidal
ctivity toward MRSA [12]. Along these lines, patients with atopic
ermatitis, an inflammatory skin disease, are more likely to be colo-
ized and infected with S. aureus, and this has been partly attributed
o reduced expression of hBDs as well as the cathelicidin, LL-37
13]. Moreover, low RNAse 7 expression in healthy humans has
een associated with S. aureus colonization [1] and people defi-
ient in hBD-3 expression are more susceptible to persistent nasal
olonization with S. aureus [14].

Several synthetic peptides have been evaluated for their direct
ntibacterial activity against planktonic MRSA. Most of this work
as focused on identifying natural peptides and optimizing syn-
hetic variants for their direct antimicrobial activity or generating
ovel sequences based on common physico-chemical properties of
MPs [15]. Recent examples include LL-37 peptide variants that
ould be used to treat Staphylococcal infections in burn wounds
16] or a truncated peptide variant of a natural sea urchin pep-
ide, centrocin 1, that exhibits in vivo activity against S. aureus and

RSA [17]. While some peptides show promise as novel antibiotics,
enerally speaking, they have been optimized for their ability to
ill planktonic (free swimming) bacteria. However, bacterial infec-
ions, particularly those associated with skin infections, are often
he result of bacterial communities known as biofilms.

Biofilms are a persistent multicellular community of bacteria
ncased in an extracellular matrix that can adhere to and grow
n almost any surface [18]. Biofilms confer increased resistance
o many antimicrobials [18], making them exceedingly difficult to
reat with conventional antibiotics. There is increasing evidence
hat biofilms are often associated with dermal wounds [19], and
hat their presence prolongs infection and prevents normal wound
ealing [20]. Indeed, it is estimated that biofilms are responsible

or up to 65% of all infections in humans [21,22]. Therefore, specif-
cally targeting bacterial cells within a biofilm may be an effective
trategy to combat serious biofilm-associated infections. Interest-
ngly, certain antimicrobial peptides have been recently found to
ossess activity against biofilms that is independent of their activ-

ty against planktonic bacteria. For instance, human LL-37, a poorly
ctive antimicrobial, prevents biofilm formation in Pseudomonas
eruginosa [23]. Additionally, smaller synthetic peptides have also
een identified with potent antibiofilm activity such as 1037, which
locks biofilm formation at sub-MIC concentrations of peptide [24]
s well as 1018 (also termed IDR-1018 for its immunomodulatory
roperties – see below), which exhibits potent antibiofilm activ-

ty against a range of bacterial species, including S. aureus [25].
ritically, both of these peptides are active against Burkholderia
iofilms that are completely resistant to peptides when growing
lanktonically.

Many cationic peptides lose their antimicrobial activity under
hysiological conditions due to antagonism by divalent cations and
olyanions, organs and other body fluids [26], which limits their
linical potential. In contrast, under these same conditions, such
eptides often exhibit potent and multifaceted immunomodula-
ory functions and it is becoming increasingly appreciated that this
ype of activity might be the primary mechanism by which these
eptides protect against infection and inflammation in vivo [7,27].
or this reason, the term host defense peptide (HDP) is often used
s a group term to describe peptides accommodating their various
unctions in host defences (cf. the term AMP that implies just direct
lanktonic antimicrobial activity). Synthetic analogs are termed

nnate defense regulator (IDR) peptides.
Several synthetic IDRs with strong immunomodulatory activi-
ies have been identified by our group and others. Most notably, in
ddition to the potent antibiofilm activity described above, IDR-
018 possesses strong immunomodulatory properties [28] and
romotes wound healing [29]. While immunomodulatory peptides
71 (2015) 276–285 277

share many characteristics with conventional AMPs, very little is
known about the specific sequence requirements that mediate the
immunomodulatory abilities of HDPs. In fact, as also found for other
peptides [23,24], the peptide characteristics that govern antibiofilm
and immunomodulatory activity are fundamentally different from
the antimicrobial characteristics since IDR-1018 exhibits relatively
weak antibacterial activity versus planktonic cells [25]. Curiously,
in our experience, there appears to be significant sequence overlap
between antibiofilm and immunomodulatory peptides, suggesting
a similar sequence requirement for both, possibly since they must
both be internalized into cells. Therefore, the objective of the cur-
rent work was to develop a method to simultaneously optimize the
antibiofilm and immunomodulatory activities of cationic peptides.

The classical approach to optimize AMPs for their antibac-
terial activity involves synthesizing small peptide libraries that
substitute certain amino acids in the parent peptide to improve
physico-chemical characteristics that contribute to improved
antibacterial activity. This rational design strategy depends on
extensive empirical information collected over many years. In
contrast, the immunomodulatory and antibiofilm activities of
HDPs have only recently become appreciated and only a mod-
est number of peptide sequences have been studied for their
immunomodulatory and/or antibiofilm properties. Consequently,
very little is known about the overall sequence requirements
that define these biological activities. Therefore, the typical opti-
mization strategy used to rationally design AMPs by mutating
individual residues to improve specific chemical properties cannot
be employed. In addition, synthesizing large numbers of peptides
at sufficient quantities to adequately understand these sequence
requirements is prohibitively expensive. As a result, no large-scale
studies addressing this question have been published to date.
Therefore, using as starting sequences two synthetic IDRs pre-
viously identified by our group, namely IDR-1002 and IDR-HH2,
we have utilized SPOT-synthesized peptide arrays to systemati-
cally assess and concurrently improve the immunomodulatory and
antibiofilm activities of these synthetic peptides. Both IDR-1002
(VQRWLIVWRIRK-NH2) and IDR-HH2 (VQLRIRVAVIRA-NH2) have
immunomodulatory properties [30–35] while their antibiofilm
activity against S. aureus has yet to be elucidated.

Using SPOT-synthesized peptides on cellulose membranes, sin-
gle amino acid substitution libraries of IDR-1002 and IDR-HH2 were
generated substituting the nine constituent amino acids of both
peptides (R, K, Q, G, A, W, V, L, I) at every position along the length
of each peptide. All these derivatives were then assayed for their
antibiofilm activity against a clinical isolate of MRSA using a static
microtitre 96-well plate assay. At the same time, the ability of each
peptide to stimulate monocyte chemotactic protein 1 (MCP-1) pro-
duction and suppress lipopolysaccharide (LPS)-induced interleukin
(IL)-1� production from human peripheral blood mononuclear
cells (PBMCs) was assessed. All of this data was used to gener-
ate substitution matrices for both IDR-1002 and IDR-HH2 which
informed the synthesis of next generation peptides. Mutations
that were found to improve MCP-1 production and suppress LPS-
induced IL-1� production from PBMCs as well as increasing MRSA
antibiofilm activity were combined and incorporated into the new
peptides. The biological activity profiles of the next generation pep-
tides were evaluated, one of which demonstrated an improved
therapeutic potential.

Materials and methods
Peptide synthesis and peptide stock solution preparation

SPOT-synthesis of peptide arrays on cellulose membranes was
performed by Kinexus Inc. (Vancouver, BC, Canada) as described
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reviously [36–38]. Each peptide spot was assumed to have a
ensity of 100 nmol and a peptide purity of 60–70%, based on
revious measurements of the amounts of peptides created per
pot. Peptides were solubilized in 200 �l of sterile water (Baxter
nternational. Deerfield, IL) and incubated at 23 ◦C for ∼2 h with
entle shaking. The resulting (∼200 �M) stock peptide solutions
ere used directly or serially diluted into endotoxin free water for

he antibiofilm and immunomodulatory screens, described below.
ynthetic peptides of the second generation peptides as well as IDR-
002 and IDR-HH2, were obtained at 95% purity from Genscript
Piscataway, NJ). Stock solutions of these peptides were prepared
o 1 mg/ml in sterile water.

ntibiofilm activity screen

The antibiofilm activity of the IDR-1002 and IDR-HH2 single
mino acid variants was assessed using a static microtitre plate
ssay, as described previously [23,24,39]. Briefly, an overnight cul-
ure of MRSA SAP0017 (Clinical isolate kindly provided by Dr. Tony
how at Vancouver General Hospital) was diluted 1/100 in tryptic
oy broth supplemented with 1% glucose and 97.5 �l was added
o each well of a 96-well Costar polypropylene plate (Corning Inc.,
orning, NY) containing 2.5 �l of peptide diluted in water or water
lone. Each peptide was evaluated for antibiofilm activity at con-
entrations of ∼5, 2.5, 1.25 and 0.6125 �M. After overnight growth,
he planktonic cells were washed away with deionized water and
he remaining adhered biomass was stained with 0.1% crystal vio-
et, washed with water and solubilized in 70% ethanol. Total biofilm

ass was quantified by measuring the optical density (OD) at
95 nm using a microtiter plate reader (Bio-Tek Instruments Inc.,
inooski, VT). The percent biofilm inhibition was calculated in

elation to the amount of MRSA biofilm grown in the absence of
eptide (defined as 100%) and the media sterility control (defined
s 0% growth). Results from three separate biological replicates
ere averaged and outliers were identified and removed from the

nalysis using a modified Thompson Tau test.

iofilm growth in flow cells

Using a peristaltic pump, 3-channel flow cell chambers (IBI
cientific. Peosta, IA) were initially filled with minimal BM2 glu-
ose medium [62 mM potassium phosphate buffer, pH 7, 7 mM
NH4)2SO4, 2 mM MgSO4, 10 �M FeSO4 and 0.4% (wt/vol) glucose]
nd subsequently injected with 1/20 dilutions of overnight bacte-
ial cultures. The cells were allowed to adhere to the plastic surface
f the flow cell chamber for 2 h under static conditions. The biofilms
ere then matured by pumping BM2 media through the system at a

onstant flow rate of 2.4 ml/h for 72 h. Peptide was added to the sys-
em two days after the initial bacterial injection and then pumped
hrough the flow cells for the final 24 h. Three days after inoculation,
he flow cell channels were injected with fluorescent stains SYTO-
and propidium iodide to image total and dead cells respectively
sing an Olympus FluoView FV1000 confocal laser scanning micro-
cope (Olympus Corp., Tokyo, Japan). Three-dimensional images
ere constructed and analyzed using Imaris software (Bitplane AG,
elfast, UK).

urification and treatment of PBMCs

PBMCs were isolated from healthy human donors as described
reviously [40]. Cells were seeded to a final density of
× 106 cells/ml in 96-well flat bottom tissue culture treated plates
Corning Incorporated, Corning, NY) and were stimulated with
ehicle control or with 10 ng/ml P. aeruginosa PAO1 LPS. SPOT-
ynthesized peptides and the second-generation peptides were
dded to the PBMCs at concentrations of ∼2, 10 and 20 �M or 5, 25
71 (2015) 276–285

and 50 �g/ml respectively. In all experiments, the total volume per
well was 100 �l. Treated PBMCs were incubated overnight at 37 ◦C
in a 5% CO2 humidified atmosphere and the supernatants were col-
lected in fresh 96-well plates following centrifugation at 1150 rpm
for 5 min. Sample supernatants were either used immediately in the
lactate dehydrogenase (LDH) assay or frozen at −20 ◦C for cytokine
quantification by enzyme linked immunosorbent assays (ELISA).

LDH release assay

Peptide toxicity to PBMCs was assessed using the LDH-release
assay (Roche Diagnostics, Basel, Switzerland) following manufac-
turers’ instructions. Vehicle treated samples and 2% (v/v) Triton
X-100 treated samples served as the negative and positive controls,
respectively. Cytotoxicity results represent the mean LDH release
(n = 5).

ELISA

ELISAs were used to quantify the levels of MCP-1 and IL-1� pro-
duction by PBMCs. All sandwich ELISA kits were purchased from
eBioscience, Inc. (San Diego, CA). ELISAs were carried out on three
separate biological replicates in the immunomodulatory screen and
at least 4 separate biological repeats when evaluating the activity
of the second generation peptides.

Circular dichroism spectroscopy

Circular dichroism spectra were acquired on a Jasco J810 Spec-
tropolarimeter (Jasco Inc., Easton, MD). All spectra were acquired in
25 mM sodium phosphate buffer (pH 7.4) using a peptide concen-
tration of 25 �M. In addition, peptide samples were prepared in the
presence of 10 mM DPC or 25 mM SDS detergent micelles. Far-UV
CD spectra were acquired between 260 and 190 nm using a 0.5 nm
step size and a scanning speed of 100 nm/min. The bandwidth was
set to 1 nm and the response was set to 2 s. Final spectra are the
accumulated average of three separate scans. The raw CD data was
converted to mean residue ellipticities as described by Wallace and
Janes [41].

Results

Antibiofilm and immunomodulatory activity of IDR-1002 and
IDR-HH2 derivatives

The results from the antibiofilm and immunomodulatory
screens revealed that there was a wide distribution of activities
among IDR-1002 and IDR-HH2 derivatives (Supplementary Figures
1 and 2). The antibiofilm activities were assessed at four different
peptide concentrations, and ranking the peptides from most active
to least active revealed that the IDR-1002 and IDR-HH2 derivatives
had roughly similar activity distributions (Supplementary Figure
1). The percent biofilm inhibition observed at a peptide concentra-
tion of ∼2.5 �M yielded the largest separation between the most
and least active peptides, therefore the data from this concentra-
tion was used to generate antibiofilm substitution matrices for
IDR-1002 and IDR-HH2 (Fig. 1A).

Looking at each peptide individually, it appeared that decreasing
the number of hydrophobic amino acids between residues 4 and 10
of IDR-1002 negatively impacted on the antibiofilm activity of the
peptide. This was particularly true for substitutions at W4, I6, W8

and I10 since cationic, polar or small amino acids were poorly tol-
erated at each of these positions. The exception to this was residue
L5, which appeared to tolerate most amino acid substitutions while
still exerting comparatively strong biofilm inhibition. Additionally,
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V Q L R I R V A V I R A
R 47 46 107 30 108 30 97 29 35 27 30 20

K 45 31 86 35 73 36 93 27 48 32 57 33

Polar Q 43 30 72 55 75 65 79 35 57 39 37 28

G 35 34 79 60 66 67 67 46 41 42 28 31

A 44 31 48 58 55 59 43 30 49 47 36 30

W 33 30 38 42 37 44 30 25 25 52 55 42

V 30 23 43 40 50 61 30 34 30 32 49 35

L 28 31 30 46 42 82 32 50 35 37 53 49

I 27 46 38 53 30 55 31 26 27 30 45 35

Large, 
Hydro-
phobic

An�- 
biofilm

Sub. 
Amino    

Acid

HH2 Sequence

Ca�onic

Small,     
Hydro-
phobic

V Q R W L I V W R I R K
R 33 40 27 64 38 87 42 77 27 85 27 38

K 25 31 39 113 21 98 72 131 50 129 26 27

Polar Q 23 27 30 64 52 78 55 80 59 61 33 35

G 32 26 44 58 41 74 46 58 56 65 40 50

A 45 32 35 48 30 72 42 48 42 55 48 63

W 24 39 32 27 24 47 38 27 27 29 63 29

V 27 28 51 31 25 29 27 44 53 37 32 33

L 31 28 41 67 27 48 43 43 43 35 39 36

I 36 30 38 38 16 27 27 31 47 27 33 34

Large, 
Hydro-
phobic

An�- 
biofilm

Sub. 
Amino    

Acid

1002 Sequence

Ca�onic

Small,     
Hydro-
phobic

V Q L R I R V A V I R A
R 0.93 0.70 0.82 0.90 1.10 0.90 1.04 0.43 0.97 0.88 0.90 0.69

K 0.61 0.41 0.81 0.37 0.76 0.47 0.86 0.37 0.72 0.94 0.70 0.49

Polar Q 0.68 0.90 0.73 0.45 0.80 0.63 0.86 0.72 0.71 0.76 0.73 0.63

G 1.00 0.95 1.23 1.14 1.27 0.90 1.08 1.15 1.20 1.11 1.05 1.03

A 1.09 0.63 0.96 1.02 1.02 0.62 0.88 0.90 1.00 1.08 1.00 0.90

W 0.44 0.65 0.38 0.30 0.56 0.40 0.61 0.27 0.51 0.80 0.81 0.27

V 0.90 0.55 0.71 0.43 0.82 0.33 0.90 0.32 0.90 0.71 0.81 0.48

L 0.57 0.52 0.90 0.40 0.59 0.43 0.64 0.34 0.60 0.64 0.59 0.20

I 0.49 0.49 0.59 0.39 0.90 0.46 0.38 0.40 0.46 0.90 0.61 0.36

Large, 
Hydro-
phobic

IL-1ββ
Sub. 

Amino    
Acid

HH2 Sequence

Ca�onic

Small,     
Hydro-
phobic

V Q R W L I V W R I R K
R 0.9 2.1 0.8 0.3 0.8 0.3 1.3 0.4 0.8 0.5 0.8 0.5

K 2.8 0.7 0.5 0.4 1.0 0.2 0.3 0.8 0.4 0.3 0.8 0.8

Polar Q 0.8 0.8 0.4 3.4 7.4 3.9 2.4 0.4 2.2 0.4 3.9 0.7

G 2.3 0.6 1.7 6.9 0.4 0.2 0.2 0.5 1.6 0.6 0.5 0.2

A 2.1 1.6 0.6 0.3 0.3 0.4 0.3 0.4 2.0 0.9 0.6 0.4

W 0.7 1.7 0.7 0.8 0.3 0.3 0.4 0.8 0.4 1.3 0.3 0.5

V 0.8 2.2 0.4 1.7 4.7 0.7 0.8 1.3 0.4 0.4 0.5 0.3

L 1.4 1.8 0.4 1.0 0.8 0.6 0.5 1.5 0.3 0.5 1.1 0.6

I 5.6 0.9 1.6 0.6 2.9 0.8 0.5 1.1 0.5 0.8 0.5 0.3

Large, 
Hydro-
phobic

MCP-1
Sub. 

Amino    
Acid

1002 Sequence

Ca�onic

Small,     
Hydro-
phobic

C V Q L R I R V A V I R A
R 1.6 0.5 3.7 0.5 0.6 0.5 0.3 0.9 0.5 5.2 0.5 3.1

K 0.6 0.6 0.8 0.8 0.8 8.2 8.5 1.1 0.3 0.5 1.9 2.0

Polar Q 3.9 0.5 0.5 0.3 0.4 11.0 0.4 0.7 2.1 2.0 1.2 1.2

G 0.3 0.6 0.3 8.6 10.3 0.7 0.2 10.3 0.4 4.3 0.3 4.1

A 1.0 2.2 0.2 1.4 0.3 10.3 0.2 0.5 0.3 0.3 0.6 0.5

W 2.2 0.8 1.4 1.5 0.9 0.4 0.7 4.8 2.1 2.0 1.0 2.9

V 0.5 1.6 12.3 3.0 0.7 4.5 0.5 3.0 0.5 2.2 0.6 2.1

L 3.3 3.9 0.5 1.4 0.2 0.6 11.3 6.5 2.5 3.0 2.5 6.5

I 3.1 10.8 9.0 0.8 0.5 0.6 0.8 1.2 3.6 0.5 3.5 1.4

Large, 
Hydro-
phobic

MCP-1
Sub. 

Amino    
Acid

HH2 Sequence

Ca�onic

Small,     
Hydro-
phobic

V Q R W L I V W R I R K
R 0.47 0.71 0.68 1.12 1.18 1.20 1.21 1.01 0.68 0.87 0.68 0.86

K 0.40 0.67 0.67 1.18 1.46 1.13 1.25 1.04 0.92 0.93 0.79 0.68

Polar Q 0.65 0.68 0.44 1.16 1.25 1.25 1.24 1.25 1.14 0.98 0.90 0.95

G 0.65 0.72 0.63 0.90 1.23 1.06 0.92 0.87 0.99 0.78 0.88 1.04

A 0.79 0.84 0.62 0.89 0.97 0.99 0.96 1.05 0.95 0.91 1.02 0.98

W 0.87 0.71 0.69 0.68 0.97 0.83 0.83 0.68 0.62 0.68 0.28 1.01

V 0.68 0.82 0.85 1.08 1.01 1.04 0.68 0.71 0.88 0.60 0.24 1.00

L 1.06 1.01 0.41 0.89 0.68 0.90 0.90 0.69 0.89 0.82 0.21 0.79

I 0.96 0.80 1.00 1.09 0.79 0.68 0.58 0.92 1.07 0.68 0.32 1.08

Large, 
Hydro-
phobic

IL-1β
Sub. 

Amino    
Acid

1002 Sequence

Ca�onic

Small,     
Hydro-
phobic

B

A

Fig. 1. Biological activity summary of single amino acid substituted peptides. Amino acid substitution matrices for IDR-1002 (left) and IDR-HH2 (right) derivatives for
antibiofilm activity against MRSA biofilms (A), suppression of pro-inflammatory cytokine IL-1� produced by PBMCs stimulated with P. aeruginosa PAO1 LPS (B) and of MCP-1
release from PBMCs (C). Antibiofilm activity is the percent of MRSA biofilm grown in the presence of peptide compared to the absence of peptide. IL-1� suppression is
presented as the amount of cytokine produced in the presence of peptide compared to the amount of IL-1� produced by LPS stimulated PBMCs alone (defined as 1). MCP-1
is the average chemokine produced in ng/ml from all the biological replicates. Each set of peptides has been compared only to those peptides derived from the same parent
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9 appeared to be essential for the antibiofilm activity of IDR-
002 since all other residues (except W) caused a large decrease

n antibiofilm activity. It was evident that residues near the N-
nd C-terminus had a lesser impact on the biological activity since
ubstitutions at these positions were mostly highly active (high-
ighted in red). This indicated that the residues near the ends of
he peptides could be readily swapped for other side chain moi-
ties with relatively little impact on the antibiofilm activity of
DR-1002.

In the case of IDR-HH2, the substitution matrix for the
ntibiofilm activity revealed that the LRIRV stretch from position
to position 7 was particularly important for antibiofilm activity.
utating any of the hydrophobic residues in this region to cationic

r polar residues dramatically decreased the antibiofilm activity,

hile positively charged residues (either R or K) appeared to be

ssential at positions 4 and 6. In agreement with the IDR-1002
esults, the residues at the ends of IDR-HH2 could largely be altered
ithout negatively affecting the antibiofilm activity.
n were colored from most active (top 25th percentile in red) to moderately active
nces to color in this figure legend, the reader is referred to the web version of this

In a similar fashion, the immunomodulatory activity of all of the
IDR-1002 and IDR-HH2 on human PBMCs was assessed at three
different concentrations. These were again ranked according to
their ability to suppress IL-1� production in the presence of LPS or
stimulate MCP-1 production (Supplementary Figure 2). Compared
to the IDR-HH2 derived peptides, it was clear that the IDR-1002
derivatives were better suppressors of LPS-induced IL-1� produc-
tion. Thus, the substitution matrices for IL-1� suppression (Fig. 1B)
were generated using data obtained at ∼2 �M for the IDR-1002
derivatives and ∼20 �M for IDR-HH2 derivatives.

In general, it appeared that for substituted peptides to reduce
LPS induced IL-1� production, additional hydrophobic residues
were preferred over cationic residues. Interestingly, there was a
remarkable similarity between the residues that suppressed LPS-

induced IL-1� production and those that contributed to antibiofilm
activity. For example, mutating any of the residues between W4 and
W9 in IDR-1002 to cationic or polar residues negatively impacted
the suppression of IL-1�. This overlapped with the hydrophobic
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Table 1
Peptide names and sequences. Residues changed in the derivative peptides rela-
tive to the parent peptide are indicated in bold and by underlining. The antibiofilm
activity of the peptides against MRSA are shown as MBIC50, which corresponds to the
minimum peptide concentration required to inhibit 50% of MRSA biofilm growth.

Peptide Sequence MBIC50 (�g/ml)

IDR-1002 VQRWLIVWRIRK 10
IDR-2009 KWRLLIRWRIQK 5
IDR-2010 KQRWLIRWRIRK 20
IDR-HH2 VQLRIRVAVIRA 40
IDR-2011 VQLRIRVKVIRK 80
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IDR-2012 WQLRIRVKVIRK 40
IDR-2013 WQRVRRVKVIRK >80

tretch found to be important for the antibiofilm activity of IDR-
002. For the IDR-HH2 derived peptides, it was apparent that the
esidues encompassing LRIRV were again important to the ability
o suppress IL-1� production and that increasing the hydrophobic
haracter in this region yielded peptides with enhanced activ-
ty. Interestingly, in IDR-HH2 derivatives, neither of the small
ydrophobic amino acids (Gly and Ala) improved the ability to
uppress IL-1�.

Lastly, the MCP-1 produced by PBMCs at the highest peptide
oncentration was used to generate substitution matrices for IDR-
002 and IDR-HH2 (Fig. 1C) since this concentration resulted in
he greatest spread of activities. It is important to note that there
as a significant amount of PBMC-donor variability in the amount

f chemokine generated in response to each peptide derivative,
esulting in very large standard errors (Supplementary Figure 2,
ottom panel). This variation might have contributed to the rel-
tively disordered substitution matrices obtained for the MCP-1
ctivities of IDR-1002 and IDR-HH2 (Fig. 1C). While it was clear
hat certain residues were favored over others, it was difficult to
dentify key residues that significantly contributed to chemokine
nduction. The differences seen in the MCP-1 substitution matrices
ompared to the matrices for antibiofilm and IL-1� suppression
uggested that the sequence characteristics of a peptide capable
f inducing chemokine production were distinct from those con-
ributing to the pro-inflammatory suppression properties and the
ntibiofilm potency.

ntibiofilm activity of second generation peptides

The substitution matrices obtained from the high-throughput
creens were used to inform the synthesis of next generation pep-
ides with enhanced biological activity compared to the parent
eptides. In this case, we chose to focus on combining mutations
o IDR-1002 and IDR-HH2 that would enhance MCP-1 production
hile also improving (if possible) or not dramatically reducing

he antibiofilm activity or proinflammatory cytokine suppression
ctivities of the peptides. MCP-1 optimization was chosen as the
riving force behind the selection of mutations for the second-
eneration peptides because both of the parent peptides exhibited
eak MCP-1 induction ability. In total, two IDR-1002 derivatives

nd three IDR-HH2 derivatives were chemically synthesized and
btained at high purity (Table 1).

Both second generation IDR-1002 derived peptides had simi-
ar antibiofilm activity compared with their parent peptide using
he static microtitre assay used to screen the SPOT-synthesized
eptides. IDR-2009 exhibited a two-fold improvement in MBIC50
ompared to IDR-1002 while IDR-2010 was only two-fold less
ctive compared to IDR-1002 (Table 1). IDR-HH2 alone proved to

e a much weaker antibiofilm peptide compared to IDR-1002 with
n observed MBIC50 of 40 �g/ml. Two of the IDR-HH2 derived pep-
ides, IDR-2011 and IDR-2012, exhibited similar antibiofilm activity
o their parent sequence; however, IDR-2013, which had the
71 (2015) 276–285

greatest number of altered residues compared to the parent
sequence, proved to be inactive against MRSA biofilms at peptide
concentrations below 80 �g/ml (Table 1).

The antibiofilm activity of IDR-2009 and IDR-2013 as well as
the parent peptides, was further examined against biofilms grown
under flow cell conditions, which is a more accurate and sensitive
assay of biofilm inhibition. Both IDR-1002 and IDR-2009 demon-
strated a potent ability to eradicate preformed MRSA biofilms
compared to untreated controls. At peptide concentrations of
1.25 �g/ml, only a few cells persisted in the flow cells while almost
all of the biofilm was destroyed above 2.5 �g/ml (Fig. 2). IDR-HH2
was less active than the IDR-1002 derived peptides, but pep-
tide treatment in flow cells still resulted in biofilm eradication at
5 �g/ml while most of the remaining cells at 2.5 �g/ml were co-
stained with the SYTO-9 and propidium iodide dyes, suggesting
that the cells were mostly dead (Fig. 2). In agreement with the static
microtitre biofilm assay results, IDR-2013 did not have a significant
effect on MRSA biofilms grown under flow cell conditions (Fig. 2).

Since biofilms associated with skin infections are likely to
consist of multiple bacterial species, these four peptides were
also tested for their ability to eradicate preformed biofilms
formed by P. aeruginosa PAO1. P. aeruginosa is a Gram nega-
tive opportunistic pathogen that readily forms biofilms [42] and
this species of bacteria has been isolated from chronic dermal
wounds [43,44]. Interestingly, IDR-1002 and IDR-2009 demon-
strated potent antibiofilm activity and virtually abolished all of
the PAO1 biofilm at 2.5 �g/ml (Fig. 3). Conversely, IDR-HH2 and
IDR-2013 had little effect on PAO1 biofilms at 2.5 �g/ml. This was
expected for IDR-2013, as this peptide lacked antibiofilm activity
against MRSA biofilms; however, the lack of activity for IDR-HH2
suggests that differences in biofilm structure and organization
between bacterial species also influences the antibiofilm effective-
ness of peptides.

Immunomodulatory and cytotoxic activity of second generation
peptides

The immunomodulatory activity and cytotoxicity of the sec-
ond generation peptides was evaluated on human PBMCs. Both of
the IDR-1002 derived peptides caused MCP-1 release from PBMCs
in a dose dependent manner (Fig. 4A, top panel). More impor-
tantly, compared to parent peptide IDR-1002, both IDR-2009 and
IDR-2010 induced more MCP-1, demonstrating that efforts made
to enhance the MCP-1 production were successful. Conversely,
the IDR-HH2 derived peptides did not exhibit an increased abil-
ity to stimulate MCP-1 production. Instead, IDR-2012 proved only
slightly more stimulatory than IDR-HH2 at 50 �g/ml, while the
biological activity of IDR-2011 was almost equivalent to the par-
ent peptide (Fig. 4B, top panel). Interestingly, the ability to induce
MCP-1 production was virtually abolished in IDR-2013.

In general, all of the parent and second-generation peptides
suppressed LPS-induced IL-1� production in a dose dependent
manner with the exception of IDR-2013, which did not suppress
IL-1� production at any concentration tested (Fig. 4, middle panel).
When compared to their parent peptides, IDR-2009 appeared to
be slightly better than IDR-1002 at all three concentrations tested
while peptide IDR-2010 was slightly worse (Fig. 4). In general, the
IDR-HH2 derived peptides possessed weaker anti-inflammatory
properties compared to the IDR-1002 derived peptides, which is in
agreement with the results seen in the immunomodulatory screen.
Once again, IDR-2013 lacked any appreciable activity as it did not
suppress IL-1� production from LPS stimulated PBMCs.
Up to this point, the cytotoxic activity of the IDR-1002 and
IDR-HH2 derived peptides had not been considered. However, for
peptides to have therapeutic potential, they need to lack cytotoxic
activity toward normal human cells. The LDH-release assay was
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Fig. 2. Antibiofilm activity of peptides against MRSA biofilms. Confocal microscopy images of MRSA biofilms grown in flow cells and treated with IDR-1002 or IDR-HH2 as
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ell as their respective derivatives IDR-2009 and IDR-2013. Peptides were tested fo
he biofilms were stained with SYTO-9 dye that stains all cells green, as well as prop
o color in this figure legend, the reader is referred to the web version of this article

sed to assess the cytotoxicity of all the second-generation pep-
ides against PBMCs as well as the parent peptides. Overall, most
f the peptides were not toxic (Fig. 4, bottom panel). Two of the
eptides, namely IDR-2009 and IDR-2012, exhibited a small dose
ependent increase in cytotoxicity with up to 30% and 40% LDH
elease occurring respectively at 50 �g/ml (Fig. 4, bottom panel).

tructural characterization of second generation peptides
IDR-2009 and IDR-2013 as well as the parent peptides IDR-
002 and IDR-HH2, were structurally characterized using circular
ichroism spectroscopy. Except for the inactive peptide IDR-2013,

ig. 3. Antibiofilm activity, against P. aeruginosa PAO1, of selected second generation pe
nd were tested at a concentration of 2.5 �g/ml.
ability to eradicate pre-formed biofilms at concentrations of 1.25, 2.5 and 5 �g/ml.
iodide which selectively stains dead cells red. (For interpretation of the references

the peptides were unstructured in phosphate buffer and then
adopted different conformations in the presence of the SDS or DPC
detergents (Fig. 5). IDR-1002 and IDR-2009 both adopted more
helical conformations in the presence of micelles based on the
characteristic minima observed at 208 and 222 nm as well as the
maxima at 190 nm. The type of micelle did not affect the overall
conformation of these two peptides since the spectra were virtually
identical under both conditions. IDR-HH2 also changed conforma-

tion in the presence of micelles; however, the structure adopted by
the peptide depended on the type of micelle, being �-helical with
anionic SDS micelles and �-structured with neutral DPC micelles.
IDR-2013 remained unstructured under all three conditions

ptides and their parent peptides. All peptides were added to two-day old biofilms



282 E.F. Haney et al. / Peptides 71 (2015) 276–285

Fig. 4. Immunomodulatory and cytotoxic activities of IDR-1002 (A) and IDR-HH2 (B) derivatives. Peptide induced MCP-1 production in PBMCs was evaluated (top panels,
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biological replicates) as well as the suppression of LPS-induced IL-1� (middle pan
ontrol (defined as having a value of 1.0). The cytotoxicity of the peptides was a
eplicates). Each peptide was tested at 5, 25 and 50 �g/ml. The data shown represe

ndicating that IDR-2013 was unable to fold into and associate with
icelles.

iscussion

MRSA is a major cause of hospital and community-acquired
nfections, resulting in many device-related and wound infections;
ll of which can be attributed to formation of highly resistant
iofilms. Given the lack of effective therapies, MRSA biofilm infec-
ions are associated with a high rate of morbidity, and as such, are
n immense problem for public health. An ideal peptide therapeu-
ic to treat MRSA associated skin infections would possess potent
ntibiofilm activity to either disperse or directly attack the MRSA
ells within the biofilm while also suppressing the harmful effects
f inflammation that are associated with bacterial infections. In
ddition, the ability to induce chemokines that attract monocytes
o the site of infection would tend to further enhance the body’s
wn defenses to fight off the infection.

In the present work, we set out to optimize two peptides, IDR-

002 and IDR-HH2, for their antibiofilm and immunomodulatory
ctivities. To accomplish this, single amino acid substitution anal-
sis was performed on both sequences using SPOT-synthesized
eptide arrays on cellulose membranes, substituting one of nine
biological replicates) compared to LPS-stimulated PBMCs treated with the vehicle
aluated against PBMCs using the LDH-release assay (bottom panels, 5 biological
mean of the biological replicates ± SEM.

different amino acids at every position along the length of both
peptide sequences. A similar strategy was previously used to suc-
cessfully optimize AMP sequences for antibacterial activity against
E. coli and S. aureus [45]. Here, second-generation peptides that
combined the most favorable substitutions were generated taking
into account three distinct biological activities that are known to be
independent of antimicrobial activity vs. planktonic cells, namely
antibiofilm activity against MRSA biofilms, ability to suppress LPS-
induced IL-1� production from human PBMCs and induction of
MCP-1 from PBMCs. Ultimately, a novel peptide, IDR-2009, was
generated that possessed an overall improved biological activity
profile compared to its parent peptide.

In contrast to IDR-2009, the second generation peptide IDR-
2013 lost most of its biological activity. Half of the residues in
IDR-HH2 were mutated to create IDR-2013, making it the most
altered second generation peptide examined in this study. The
structural characterization with CD spectroscopy indicated that
IDR-2013 did not interact with membrane-mimicking detergent
micelles. This suggests that it is incapable of interacting with bio-

logical membranes, which is likely a necessary component of its
antibiofilm and immunomodulatory mechanisms of action. The
results for IDR-2013, cf. other peptides, are consistent with the
concept that the biological activity of a peptide is determined by



E.F. Haney et al. / Peptides 71 (2015) 276–285 283

Fig. 5. Circular dichroism spectra of IDR-1002 (A), IDR-2009 (B), IDR-HH2 (C) and IDR-2013 (D). Spectra were acquired on 25 �M peptide samples in sodium phosphate
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uffer (black line) and in the presence of 10 mM DPC (gray line) or 25 mM SDS mic
ith units of deg cm2 dmol−1 res−1.

ts specific amino acid sequence and ability to interact with mem-
ranes. Small mutations in any given sequence are likely to fine
une the physicochemical properties of the peptide and have an
ncremental effect on the biological activity. Thus, while IDR-2013
ad a number of changes that were independently favorable, the
verall effect of these changes was to substantially decrease the
verall hydrophobicity, which prevented interaction with mem-
ranes and/or restructuring.

There are some inherent experimental limitations associated
ith this methodology. The first is that the starting peptide

equences should have at least some measurable activity at the
eptide concentration that can be evaluated. If a high peptide
oncentration is required to elicit a biological response, then
POT-synthesized peptides might not yield sufficient quantities
or assessing all of the desired biological replicates. This could be
ddressed in part by combining peptide yields from multiple iden-
ical peptide spots on SPOT-synthesized arrays. Secondly, the use
f human PBMCs introduces significant biological variability to the
mmunomodulatory activity data (See Supplementary Figure 2)

hich could lead to variations between repeat studies. This is an
nherent problem with using human samples due to the large varia-
ion that exists among the general population. Although immortal
ell lines could potentially be used in place of PBMCs, especially
n cases where the biological variation is extremely large (such as
he MCP-1 production measured in the present study) we have not
dentified a cell line that is as responsive as primary cells. Moreover,
t is unclear if the peptide response induced in cell lines follows the

ame patterns as the immunomodulatory response from human
BMCs or whether a single cell can mimic the effects of a mixture of
ells, which is of course what occurs in the body. Thirdly, the SPOT-
ynthesis technique yields peptides at a lower purity compared to
(dashed line). CD spectra are expressed in terms of mean residue ellipticity (MRE)

those obtained from conventional solid phase synthesis techniques.
Therefore, it is possible that some of these impurities (each present
at relatively modest concentrations) might contribute significantly
to the observed biological activities of the screened peptides. It
is for this reason that any peptide derived from the information
found in the substitution matrices needs to be synthesized at high
purity and its improved biological activity validated separately.
Finally, this method does not account for unexpected increases in
secondary peptide characteristics, such as the increase in cytotox-
icity observed for IDR-2009 and IDR-2012. In principle, it may be
possible to include more peptide activities such as toxicity in the
initial screens, provided sufficient peptide is available. These addi-
tional activities could then be incorporated into the design of next
generation peptides.

The advantages of using this approach to optimize bioactive
peptides are numerous. The most obvious is the decreased cost
of peptide synthesis compared to conventional larger scale syn-
thesis methods. Commercially obtaining 2 mg of synthetic peptide
at 80% purity from the same company that prepared the peptide
arrays would cost $120 per sequence. This means that it would
cost approximately $24,000 to obtain all of the sequences used in
the substitution analysis studies described here. In comparison, the
SPOT-synthesized arrays used in this study cost ∼$2,000. It is worth
mentioning that most of these mutated sequences would likely be
less active than the starting peptide, meaning that the majority of
the synthetic peptide would go to waste as they would have no ther-
apeutic relevance. In addition, both the original peptides as well as

optimized peptides that combined the most favorable mutations
would still need to be synthesized at high purity to confirm their
activity and to investigate them in more detail. Data obtained from
these studies can also be used to establish quantitative structure
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ctivity relationships (QSAR) for each activity that can be used to
omputationally model and predict the activity of virtual peptide
ibraries in silico [46]. These virtual peptide libraries can be struc-
urally modeled using physico-chemical “descriptors” and, based
n neural network models created using defined test sets, enable
he in silico screening of hundreds of thousands of peptides and
anking them according to their predicted biological activities. The
ost active sequences can then be SPOT-synthesized on cellu-

ose sheets and their activity can be measured as described here
o confirm the results from the computational predictions and
dentify completely novel peptides that are fine tuned for their
ntibiofilm and immunomodulatory activities. This process can
lso be repeated iteratively to further enhance our understand-
ng of the molecular descriptors that define the antibiofilm and
mmunomodulatory activities of synthetic IDR peptides. Finally,
he process of peptide optimization described here could poten-
ially be used to enhance a peptide sequence for any type of
ctivity, provided there is a functional assay that can be easily
eveloped for high throughput testing. Examples of other peptides
hat might benefit from such a strategy include anticancer peptides
47], antiviral peptides [48] and drug delivering cell penetrating
eptides [49].

The method described here dramatically streamlines the
rocess of identifying peptides with good antibiofilm and

mmunomodulatory activity. It provides a cost effective method
o simultaneously assess the biological activity of hundreds of
eptides and successfully generated a novel synthetic peptide,

DR-2009, with an enhanced biological activity profile. Preliminary
tudies suggest that IDR-2009 is well tolerated in mice (data not
hown) and further animal studies will need to be conducted to
alidate the safety and efficacy of these synthetic peptides as novel
rug therapies.
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