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Mechanisms of the Innate Defense Regulator Peptide-1002
Anti-Inflammatory Activity in a Sterile Inflammation
Mouse Model

Bing Catherine Wu, Amy Huei-Yi Lee, and Robert E. W. Hancock

Innate defense regulator (IDR) peptide-1002 is a synthetic host defense peptide derivative with strong anti-inflammatory properties.
Extending previous data, IDR-1002 suppressed in vitro inflammatory responses in RAW 264.7 murine monocyte/macrophage cells
challenged with the TLR4 agonist LPS and TLR2 agonists lipoteichoic acid and zymosan. To investigate the anti-inflammatory
mechanisms of IDR-1002 in vivo, the PMA-induced mouse ear inflammation model was used. Topical IDR-1002 treatment success-
fully dampened PMA-induced ear edema, proinflammatory cytokine production, reactive oxygen and nitrogen species release, and
neutrophil recruitment in the ears of CD1 mice. Advanced RNA transcriptomic analysis on the mouse ear transcriptome revealed
that IDR-1002 reduced sterile inflammation by suppressing the expression of transmembrane G protein—coupled receptors (class A/1
rhodopsin-like), including receptors for chemokines, PGs, histamine, platelet activating factor, and anaphylatoxin. IDR-1002 also
dampened the IFN-y response and repressed the IFN regulatory factor 8-regulated network that controls central inflammatory
pathways. This study demonstrates that IDR-1002 exhibits strong in vitro and in vivo anti-inflammatory activities, informs the

underlying anti-inflammatory mechanisms, and reveals its potential as a novel therapeutic for inflammatory diseases. The Journal

of Immunology, 2017, 199: 000-000.

nflammation is a vital part of the body’s first line of defense.

A controlled inflammatory response can protect against

foreign invaders, eliminate damaged cells, and initiate tissue
repair (1). Inflammatory responses triggered by stimuli from
nonmicrobial origins, such as irritants, are termed sterile inflam-
mation (2). Sterile inflammation is characterized by neutrophil and
macrophage infiltration and the production of reactive oxygen spe-
cies (ROS) and proinflammatory cytokines, such as TNF and IL-1
(2-5). Dysregulated and prolonged sterile inflammation underlies
the pathogenesis of many human diseases, including Alzheimer’s
disease, asthma, atherosclerosis, chronic obstructive pulmonary
disease, and rheumatoid arthritis (6—10). Despite the availability
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of different treatment options, there is no cure for many of these
inflammatory disorders. Moreover, the use of immune suppression as
a common therapeutic strategy can lead to higher risk for infectious
diseases (11-13). Therefore, immune modulators that dampen ex-
cessive inflammation without compromising appropriate immune
responses to infections can serve as superior therapeutic solutions.
Innate defense regulator (IDR) peptides are synthetic immu-
nomodulatory agents derived from evolutionarily conserved host
defense peptides (HDPs) (14—17). Under physiological conditions,
HDPs and IDRs exhibit a variety of immunomodulatory functions
including recruitment of immune cells, modulation of chemokine
and cytokine levels, promotion of wound healing, stimulation of
angiogenesis, and polarization of macrophage differentiation (14—
17). IDR-1002 was initially selected from a library of bactenecin
derivatives based on its enhanced ability to induce chemokines
from human PBMCs, which correlated with protection against
Staphylococcus aureus and Escherichia coli infections in vivo
(18). IDR-1002 was also able to effectively dampen proin-
flammatory cytokine induction in response to inflammatory ago-
nists in vitro (19-21). Previous research has demonstrated that
IDR-1002 can significantly suppress LPS-mediated neutrophil
degranulation and the release of ROS (22). IDR-1002 can also
control immune-mediated inflammation in synovial fibroblasts, a
key cell type in rheumatoid arthritis, by dampening the IL-1§
response while promoting IL-1Ra and IL-10 production (19). The
suppressive effect of IDR-1002 on IL-1B-induced inflammation is
achieved by downregulating the activation of p50 NF-kB, JNK,
and p38 MAPK (19). The dual effect of IDR-1002 has also been
observed in LPS-stimulated macrophages, in which the peptide
dampens the inflammatory response by inhibiting NF-kB nuclear
translocation while activating p38/ERK1/2-MSK1—dependent CREB
phosphorylation (20). Thus, IDR-1002 represents a potential anti-
inflammatory and anti-infective therapeutic candidate because of
its ability to dampen excessive inflammation without compromis-
ing the ability of the immune system to fight infections. Despite the
promising anti-inflammatory activities of IDR-1002 observed during

/TOZ ‘2 BquenoN uo 1s9nb Ag /B1o’ jounwiwi[:mmm/:dny wo.y pepeojumod


http://orcid.org/0000-0002-4623-1934
http://orcid.org/0000-0002-4623-1934
http://orcid.org/0000-0002-4623-1934
http://orcid.org/0000-0002-4623-1934
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE100918
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE100918
mailto:bob@hancocklab.com
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1700985/-/DCSupplemental
http://www.jimmunol.org/

bacterial infection, its role in controlling sterile inflammation has
not been well characterized in vivo.

In this study, we showed that IDR-1002 suppressed the LPS-,
lipoteichoic acid (LTA)-, and zymosan-induced inflammatory re-
sponses in vitro using RAW 264.7 cells. The effect of IDR-1002
peptide against sterile inflammation in vivo was investigated us-
ing the PMA-induced mouse ear inflammation model (23, 24). We
demonstrated that IDR-1002 suppressed a variety of inflammatory
responses, including PMA-induced ear edema, the production of pro-
inflammatory cytokines, ROS, and reactive nitrogen species (RNS),
and the recruitment of neutrophils into the inflamed tissue. We further
explored the underlying mechanisms using systems biology ap-
proaches and showed that the in vivo suppressive effect of IDR-1002
on PMA-induced inflammation was contributed to by its ability to
downregulate G-protein coupled receptors (GPCRs) in the class A/1
rhodopsin-like receptor family. These included receptors recogniz-
ing central proinflammatory mediators, such as chemokines, PGs,
histamine, platelet-activating factor, and anaphylatoxin. We also found
that IDR-1002 suppressed the IFN-y pathway and an IFN regulatory
factor (Irf)8-regulated network in PMA-induced inflammation.

Materials and Methods

Peptide and reagents

Peptide IDR-1002 (VQRWLIVWRIRK-NH,) was synthesized by solid
phase F-moc chemistry by Kinexus (Vancouver, BC). LTA (from S. aureus),
zymosan (from Saccharomyces cerevisiae), PMA (=99% TLC), indometha-
cin (=99% TLC), protease inhibitor mixture, and phosphatase inhibitor
mixture 2 were purchased from Sigma-Aldrich (St. Louis, MO). Penicillin-
streptomycin (10,000 U/ml), r-glutamine (200 mM), DMEM, PBS and
RNAlater RNA stabilization solution were obtained from Thermo Fisher
Scientific (Waltham, MA). Pseudomonas aeruginosa PAO1 LPS was purified
in-house, according to the protocol described in Darveau and Hancock (25).

RAW 264.7 cell culture and treatment

RAW 264.7 cells (passage numbers 3—15) were maintained in DMEM
supplemented with 10% heat-killed FBS (Invitrogen), 2 mM L-glutamine,
100 U/ml penicillin, and 100 pg/ml streptomycin at 37°C and 5% CO,.
One milliliter containing 2 X 10° RAW 264.7 cells was seeded into each
well of a 24-well plate (3524; Costar) and rested for 12 h before treatment.
RAW 264.7 cells were treated with 5-100 ng/ml P. aeruginosa PAO1 LPS,
5-50 pg/ml S. aureus LTA, and 50-500 pg/ml S. cerevisiae zymosan, with
or without 25 pg/ml IDR-1002, in fresh media. Culture supernatants were
harvested 24 h posttreatment for the Griess assay and stored at —20°C for
ELISA analysis.

Lactate dehydrogenase assay

The cytotoxicity of the LPS, LTA, and zymosan treatments, with or without
25 wg/ml IDR-1002, against RAW 264.7 cells was measured using a
Cytotoxicity Detection Kit (Roche Diagnostics, Basel, Switzerland),
according to the manufacturer’s instructions. RAW 264.7 cell supernatants
were collected and assessed 24 h posttreatment. Supernatants of untreated
RAW 264.7 cells or RAW 264.7 cells lysed with 2% Triton X-100 were
used as negative (0% toxicity) or positive (100% toxicity) control, re-
spectively. The experiment was repeated five times.

Mice

All mouse experiments were performed according to the guidelines of the
Canadian Council on Animal Care. The experimental protocol on animal
studies was examined and approved by the University of British Columbia
Animal Care Committee. CD-1 female mice (5 wk old) were purchased
from Charles River Laboratories (Wilmington, MA). The mice were
maintained at a controlled room temperature (22 = 2°C) and humidity
(40—60%) under a 14-h light and 10-h dark cycle for =1 wk before the
experiments. Experimental and control mice were cohoused. Standard
housing and animal care were provided by the Modified Barrier Facility at
the University of British Columbia.

PMA-induced mouse ear inflammation model

To induce inflammation, 20 wl of 125 pwg/ml PMA (i.e., 2.5 pg total)
dissolved in acetone was applied topically onto both ears of CD-1 female

ANTI-INFLAMMATORY MECHANISMS OF IDR-1002

mice (67 wk old). IDR-1002 (20 wl of 30 or 15 mg/ml in 50% ethanol) or
indomethacin (20 wl of 30 or 15 mg/ml in acetone) was also administered
topically within 3 min after PMA treatment onto one ear of each mouse.
The contralateral ear was given the same volume of the vehicle/solvent
(20 pl of 50% ethanol for mice given IDR-1002 and 20 pl of acetone for
mice given indomethacin). Mice were euthanized 6 or 24 h post-PMA
treatment for sample collection. The ear thickness was measured using a
digital caliper. Blood samples were collected by cardiac puncture. Ear biop-
sies (5 mm in diameter) were cut out using disposable biopsy punches
(VWR), weighed, and homogenized in 600 wl of extraction buffer (100 mM
Tris [pH 7.4], 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1% Triton X-100
and 0.5% sodium deoxycholate in autoclaved deionized water; protocol from
Abcam, Toronto, Canada) supplemented with protease inhibitor mixture and
phosphatase inhibitor mixture 2 (Sigma-Aldrich). Blood and homogenized
tissue samples were centrifuged to collect serum and supernatants, respec-
tively, for ELISA analysis. For sequencing of RNA after conversion to cDNA
(RNA-Seq), ear biopsies (5 mm in diameter) were harvested, immediately
submerged in RNAlater RNA stabilization solution (Thermo Fisher), and
stored at —80°C until RNA isolation.

In vivo imaging

In vivo imaging was performed 6 h posttreatment. To visualize ROS/RNS
production, we adapted and modified the protocol from van der Plas et al.
(26). In brief, mice were injected s.c. with the luminescence probe L-012
(25 mg/kg; Wako Chemicals) dissolved in 50% PBS and imaged using an
IVIS Spectrum (Caliper Life Sciences) 20-30 min postinjection under 2%
isoflurane anesthesia. Images were acquired using Living Image version
3.1 (Caliper Life Sciences) with 45-s exposure time. To detect neutrophil
recruitment, mice were injected i.v. with the Neutrophil Specific, NIR
Fluorescent Imaging Agent (0.1 wmol/kg; Kerafast) and imaged using an
IVIS Spectrum (Caliper Life Sciences) 3 h postinjection under 2% iso-
flurane anesthesia. Images were acquired using Living Image version 3.1
(Caliper Life Sciences) under autoexposure, with the fluorescent filter
setting at 745 nm for excitation and 800 nm for emission.

Histology

For histological assessment, ear biopsies (5 mm in diameter) were collected
6 h posttreatment and fixed in 10% neutral-buffered formalin solution. H&E
staining was conducted by Wax-it Histology Services (Vancouver, BC,
Canada). The numbers of immune cells per high-power field (400X
magnification) in the stained specimens were quantified by an independent
pathologist.

ELISA

Mouse TNF-a, IL-6, and MCP1 ELISA kits were purchased from eBio-
science (San Diego, CA). A Mouse CXCL1 (KC) ELISA Kit was obtained
from R&D Systems (Minneapolis, MN). A Histamine ELISA Kit was from
Enzo Life Sciences (Brockville, ON, Canada). The concentrations of TNF-a
and IL-6 in RAW 264.7 cells were measured from five independent ex-
periments. IL-6, MCP1, and CXCL1 levels in mice ear tissue and serum
were quantified from 14-23 mice per peptide concentration. Histamine
concentrations in mouse ear tissue and serum were determined from three
to five mice per peptide concentration, according to the manufacturer’s
instructions.

Griess assay

Griess reagent (modified) was purchased from Sigma-Aldrich. Equal
volumes of 1X Griess reagent were mixed with Griess standards or RAW
264.7 cell supernatant harvested 24 h posttreatment. The absorbance at
540 nm was determined using a microplate reader (PowerWave 340) after
a 15-min incubation at room temperature. The experiment was repeated
five times.

RNA-Seq analysis

Tissue biopsies were taken from 15 mice 6 h posttreatment: 5 vehicle
control mice (20 wl acetone and 20 pl 50% ethanol), 4 PMA-treated mice
(20 pl of 125 pwg/ml PMA and 20 pl of 50% ethanol), and 6 mice treated
with PMA and IDR-1002 (20 pl of 125 pg/ml PMA and 20 wl of 30 mg/ml
IDR-1002). Total RNA from each sample was extracted using an RNeasy
Mini Kit (QIAGEN), following the manufacturer’s protocol. For quality
control, 1 pl of each sample was run on the Agilent 2100 Bioanalyzer
using a Eukaryotic Total RNA Nano Chip (Agilent Technologies).

To construct libraries, 2 pg of each RNA sample was used. Poly-A tailed
RNA enrichment was done using a Magnetic mRNA Isolation Kit (New
England Biolabs). cDNA library preparation was done using a KAPA
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FIGURE 1. IDR-1002 dampened LPS-, LTA-, and zymosan-induced

inflammatory responses in RAW 264.7 cells. RAW 264.7 cells were treated
with different concentrations of LPS, LTA, and zymosan in the absence or
presence of 25 pg/ml IDR-1002. Culture supernatants were harvested 24 h
posttreatment. The concentrations of TNF-a (A) and IL-6 (B) were de-
termined by ELISA, and the concentration of NO (C) was quantified by the
Griess assay. (D) Cytotoxicity was determined using the lactate dehydro-
genase assay. Supernatants from untreated RAW 264.7 cells or RAW 264.7
cells lysed with 2% Triton X-100 were used as negative (0% toxicity) or
positive (100% toxicity) control, respectively. Data shown were an average

Stranded Total RNA Kit (Kapa Biosystems). In brief, mRNAs were en-
zymatically fragmented, followed by first- and second-strand cDNA
synthesis. Overhangs were repaired and adenylated to produce blunt
ends, and unique indices were ligated. DNA libraries were amplified by
PCR, followed by cleaning and size selection using an AMPure XP Kit
(Agencourt). DNA samples were quantified using a Quant-iT dsDNA
Assay Kit (Invitrogen) and normalized to 4 nM. Samples were then
pooled and sequenced on a HiSEquation 2500 sequencer (Illumina),
using the high-output mode, at the University of British Columbia Se-
quencing Centre.

Sequenced data quality control was performed using FastQC v0.11.5
and MultiQC v0.8.dev0 (27). Sample libraries were then aligned to
mouse genome Ensembl GRCm38 (28) using STAR v2.5 (29). The
median of uniquely mapped reads was ~6 million per sample. A read
count table was generated using HTSeq-count v0.6.1p1 (30), and genes
that had <10 counts were removed. Differential expression analysis
was performed using DESeq2 v1.14.0 (31). Pathway enrichment was
carried out using Sigora v2.0.1 (32), and network analysis was done by
NetworkAnalyst (33). The genes in various inflammatory pathways
were downloaded from InnateDB (34). For RNA-Seq analysis, the
cutoff used for differentially expressed genes was =2-fold, with a
p value adjusted for multiple testing = 0.05. Statistical analysis for
pathway enrichment was performed using a hypergeometric test and
corrected for multiple comparisons by the Bonferroni method, with a
cutoff of p = 0.001.

Statistical analyses

Statistical significance for in vitro and in vivo protein experiments
was determined using GraphPad Prism. Comparison between two groups
was performed using the Student unpaired ¢ test with the Welch
correction.

Results
IDR-1002 peptide dampened LPS-, LTA-, and zymosan-induced
inflammatory responses in RAW 264.7 cells

Initial studies on the anti-inflammatory effect of IDR-1002 were
carried out in vitro using RAW 264.7 murine monocyte/macrophage
cells challenged with the TLR4 agonist LPS and the TLR2 ag-
onists LTA and zymosan. These stimuli had defined compositions,
acted through known pathways, and had been used to trigger
inflammation in published mouse acute ear inflammation models
(23). LPS and LTA triggered TNF-a, IL-6, and NO production
in a dose-dependent manner, whereas zymosan only induced a
TNF-a response at 24 h poststimulation (Fig. 1A-C). The ad-
dition of 25 pg/ml IDR-1002 led to significant suppression of
LPS-induced, LTA-induced (at 50 and 10 pg/ml), and zymosan-
induced (at 500 and 100 pwg/ml) TNF-a production. IDR-1002
also significantly dampened IL-6 and NO production triggered
by LPS and LTA. In particular, 25 pwg/ml IDR-1002 completely
abolished the LPS-induced IL-6 response. The stimuli and pep-
tide treatments were not cytotoxic toward RAW 264.7 cells, as
determined using a lactate dehydrogenase assay (Fig. 1D). The
anti-inflammatory activity of IDR-1002 occurred at even lower
concentrations, and 5 pg/ml caused a 77% decrease in LPS-
stimulated TNF-a production by RAW264.7 cells, consistent
with previous data on human cells (21). These results confirmed
and extended previous data (19-21) indicating that IDR-1002
peptide effectively suppressed sterile inflammatory responses
in vitro. We also tested PMA; however, this agent was quite toxic
in vitro and did not trigger TNF-a, IL-6, or NO production
within the concentration range (=1 pg/ml) that was nontoxic to
RAW 264.7 cells.

of five independent replicates, and error bars were calculated as the SEM.
Statistical analysis comparing peptide-treated or untreated RAW 264.7 cells
challenged with the same concentration of each stimulus was performed
using a Student unpaired ¢ test with the Welch correction. *p = 0.05, **p =
0.01, ***p = 0.001, ****p = 0.0001.
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IDR-1002 suppressed the production of proinflammatory
cytokines and chemokines in vivo

To investigate the anti-inflammatory activity of IDR-1002 on sterile
inflammation in vivo, we used the well-established PMA-induced
mouse ear inflammation model. The topical administration of 20 .l
of 125 pg/ml PMA onto the ears of female CD-1 mice caused a
strong inflammatory reaction, as revealed by a nearly 3-fold in-
crease in ear thickness and biopsy weight compared with ears
treated with vehicle control or peptide control. PMA also triggered
strong production of the proinflammatory cytokine IL-6 (243 =
71 pg/ml [mean * SD]) and the chemokines MCP1 (1718 = 474
pg/ml) and CXCL1 (849 = 286 pg/ml) in the ear tissue. The ef-
fect of IDR-1002 treatment was evaluated by applying 0.6 or 0.3
mg of peptide topically onto one ear of each mouse immediately
after PMA challenge. Matching doses of the nonsteroidal anti-
inflammatory drug indomethacin were used as positive controls,

whereas the addition of vehicles (solvents) served as negative
controls and were also applied topically after PMA treatment. At
6 h posttreatment, IDR-1002 significantly (p < 0.0001) suppressed
the increase in ear thickness and ear weight induced by PMA to an
equivalent extent as the positive control indomethacin (Fig. 2A,
2B). Peptide treatment also consistently and significantly (p <
0.0001) dampened the production of IL-6, MCP1, and CXCL1 in
the ear tissue (Fig. 2C-E). PMA caused only modest changes in
serum cytokine levels, and neither indomethacin nor peptide IDR-
1002 significantly altered the cytokine levels in mouse serum at
6 h (Supplemental Fig. 1A, 1C, 1E).

The anti-inflammatory effect of IDR-1002 on ear inflammation
was also measured at 24 h post—-PMA treatment (Fig. 3). IDR-1002
treatment led to suppression of ear tissue edema almost to the
level of the vehicle-treated control, suggesting resolution of in-
flammation within 24 h (Fig. 3A, 3B). In addition, peptide treat-
ment completely inhibited the production of IL-6, MCP1, and
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CXCLI1 in the ear tissue (15 mice per peptide concentration,
Fig. 3C-E). Similar to the 6-h treatment, IDR-1002 by itself did
not significantly alter cytokine and chemokine levels in the mouse
serum 24 h post-PMA treatment (Supplemental Fig. 1B, 1D, 1F).
These results indicated that a single topical treatment of IDR-1002
suppressed PMA-induced acute inflammation by downregulating
proinflammatory cytokine production at early stages of inflam-
mation and resolving local inflammation within 24 h.

IDR-1002 dampened the production of ROS/RNS and
attenuated neutrophil infiltration in vivo

The overproduction of ROS and RNS can induce oxidative and
nitrosative stress responses, which contribute to a variety of
pathological processes, including inflammatory diseases (35). We
investigated whether PMA triggered these responses and whether
IDR-1002 could dampen ROS/RNS production by s.c. injection of
a luminescent probe L-012, which allows visualization of ROS/
RNS (26, 36). PMA led to potent induction of local ROS/RNS
production (Fig. 4A), whereas administration of vehicle or IDR-

1002 on the contralateral ear led to no induction of these species.
IDR-1002 treatment at both doses (0.6 and 0.3 mg per ear)
dampened the production of ROS/RNS in the PMA-inflamed ear
tissue, as shown by substantially diminished luminescence signals
after in vivo imaging (Fig. 4A). Because neutrophils are one of the
dominant cell types mediating acute PMA-induced inflammation
and a major source of ROS (37, 38), we also monitored neutrophil
levels by in vivo imaging using the Neutrophil Specific, NIR
Fluorescent Imaging Agent, a cyanine7-conjugated polyethylene
glycol-modified hexapeptide that binds specifically to the for-
mylpeptide receptor of neutrophils (39). PMA caused a strong
local (ear tissue) neutrophil influx after 6 h, which was almost
completely attenuated by peptide treatment (Fig. 4B).

IDR-1002 reduced PMA-induced ear edema and modulated
immune cell composition in vivo

Because increases in ear thickness, weight, and redness were
triggered by topical PMA treatment, H&E staining was used to
further study ear edema and the effect of IDR-1002 on tissue
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FIGURE 4. IDR-1002 dampened the production of ROS/RNS and at-
tenuated neutrophil infiltration in the PMA-inflamed ear tissue. Ears of CD-1
mice were treated topically with IDR-1002 and/or 20 .l of 125 pg/ml PMA.
(A) In vivo imaging was performed 6 h posttreatment. To visualize ROS/
RNS production, mice were injected s.c with the luminescent probe L-012
(25 mg/kg; Wako Chemical) and imaged using an IVIS Spectrum 20-30 min
postinjection. (B) To detect neutrophil recruitment, mice were injected i.v.
with the Neutrophil-Specific, NIR Fluorescent Imaging Agent (0.4 mg/kg;
Kerafast) and imaged using an IVIS Spectrum 3 h postinjection.

structure and immune cell composition (Fig. 5). Compared with
administration of vehicle control or IDR-1002 alone, PMA treat-
ment resulted in substantial thickening of the ear as the result of a
massive recruitment of immune cells and accumulation of inter-
stitial fluid in the dermal layer of the ear tissue. The suppressive
effects of IDR-1002 on inflammation were seen by decreases in
immune cell density and relative ear thickness (Fig. 5A). The
stained sections were scored by an independent pathologist.
Consistent with the in vivo imaging results (Fig. 4B), peptide
treatment significantly decreased the number of neutrophils pre-
sent in the PMA-treated ear tissue by up to 10-fold (Fig. 5B).
Interestingly, under inflammatory conditions, IDR-1002 treatment
resulted in a nearly 2-fold increase in eosinophils (Fig. 5C) and a
2.5-fold increase in mast cells (Fig. 5D). Although these increases
were modest [cf. eosinophilic esophagitis in which the eosinophil
counts can range from 1 to >400 per high-power field (40)], we
were concerned that the appearance of these cells was associated
with an allergic reaction. Therefore, we examined the levels of
histamine in mouse ear tissue and serum. No significant changes
in histamine levels were observed 15 min or 1 and 6 h after
peptide treatment (Supplemental Fig. 2).

RNA-Seq analysis of IDR-1002 suppression of PMA-induced
inflammation

To gain a more comprehensive understanding of the anti-
inflammatory mechanism of IDR-1002, RNA-Seq analysis was
performed on RNA samples extracted from mouse ear tissue at 6 h
posttreatment with vehicle, PMA alone, or PMA followed im-
mediately by IDR-1002. Genes were considered differentially
expressed if they had an expression change = 2-fold or = 0.5-fold,
with an adjusted p value = 0.05. Pathway enrichment analysis
using Sigora v2.0.1 (32) considered only those overrepresented
pathways with an adjusted p value = 0.001. PMA treatment in-
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duced tremendous transcriptomic changes, with 2270 upregulated
genes representing 36 pathways and 2048 downregulated genes rep-
resenting 14 pathways (Table I). The top upregulated pathways com-
pared with vehicle control were known inflammatory pathways
involved in cytokine signaling (adjusted p value 1.63 X 107'%),
especially IFN-y (147 X 10~'%), TNF-a (4.28 X 10~2"), and IL-1
(6.62 X 10~ '7) signaling; chemokine receptor activation (3.50 X
107159%); class A/1 rhodopsin-like receptor cascade (1.88 X 10793,
cell surface interactions at the vascular wall (3.23 X 107%); he-
mostasis (1.66 X 107%%); and various TLR signaling pathways.
Among these pathways, TNF-a and IL-1 responses have well-
established roles in mediating sterile inflammation (2, 3, 5). In
addition, the IFN-y pathway and the integrin-mediated cell adhe-
sion process were previously found to be essential for PMA-
induced inflammation (41-44). Pathways downregulated by PMA
included those involved in WNT ligand biogenesis, trafficking
(1.89 X 1079, and signaling (2.92 X 1079), which are known to
orchestrate cell proliferation, differentiation, and migration during
skin organogenesis (45, 46).

To characterize the mechanism of action of IDR-1002 on PMA-
induced inflammation, we compared PMA challenge and IDR-
1002 treatment with PMA challenge alone and observed signifi-
cant downregulation of chemokine receptors (4.95 X 10~°%) in the
class A/l rhodopsin-like GPCR family (9.12 X 10~*), cytokine
signaling (7.58 X 10~2"), especially IFN-y (3.15 X 10°%), and
pattern recognition receptor cascades, such as C-type lectin re-
ceptors (2.60 X 10~ '), TLR1-2 heterodimer (4.21 X 10~%), and
TLR10 (3.30 X 10™*) (Table II). Consistent with the in vivo
imaging and histology results indicating that IDR-1002 attenu-
ated PMA-induced immune cell infiltration, the signaling pathway
involved in leukocyte extravasation (cell surface interactions at the
vascular wall 4.57 X 10~7") was also substantially downregulated
by IDR-1002. In contrast, a subset of class A/1 rhodopsin-like
receptors (4.10 X 107%) involved in neurotransmission, ion and
nutrient transportation, and gene function in WNT signaling (4.32 X
107%™ were upregulated in the PMA-inflamed ear treated with
IDR-1002 compared with PMA alone.

IDR-1002 downregulated a variety of class A/l rhodopsin-like
receptors functioning in inflammation

Class A/1 rhodopsin-like receptors are the major family of GPCRs
and play important roles in the sensing and cellular communication
processes of inflammation (47). Therefore, we further probed the
effect of IDR-1002 on the expression of chemokines and their
receptors during sterile inflammation. Combined PMA and IDR-
1002 treatment compared with PMA challenge downregulated
chemokine receptors and their ligands for neutrophils (e.g., Cxcrl,
Cxcr2, Cxcll, Cxcl2, Cxcl3 and CxclS), eosinophils (e.g., Cclll),
monocytes (e.g., Ccl7), and other chemokines attracting multiple
cell types (e.g., Ccl3 and Ccl5) (Fig. 6). In addition, class A/l
rhodopsin-like receptors recognizing other proinflammatory me-
diators, such as PGs (e.g., Ptger2 and Ptgir), histamine (e.g.,
Hrh2), platelet-activating factor (e.g., Ptafr), and anaphylatoxin
C3a (e.g., C3arl), were also downregulated by IDR-1002. These
results were consistent with the hypothesis that IDR-1002 acted by
attenuating the migration and accumulation of inflammatory cells
and controlled vascular endothelial permeability by modulating
the expression of class A/1 rhodopsin-like receptors.

IDR-1002 dampened inflammation by suppressing an Irf8-
regulated network

Irf8 is a transcription factor that is restricted primarily to hema-
topoietic cells and often acts by associating with other transcrip-
tion factors to modulate key inflammatory responses, including the
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FIGURE 5. IDR-1002 reduced
PMA-induced ear edema and atten-
uated neutrophil recruitment in the
PMA-inflamed ear tissue. Ears of
CD-1 mice were treated topically tip o
with IDR-1002 and/or 20 pl of 125
ng/ml PMA. Mice were euthanized
6 h post-PMA treatment, and ear
biopsies were collected and fixed in
10% buffered formalin. (A) H&E
staining was performed by Wax-it
Histology Services. (B-D) The num-
bers of immune cells per high-power
field (HPF) in the stained specimens
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IFN-v response, TLR signaling, and the expression of inducible
NO synthase (48, 49). When comparing PMA and IDR-1002
combined treatment with PMA challenge, Irf8 was identified to
be one of the central hubs in the zero-order protein—protein in-
teraction network, interacting with 28 other transcriptionally
dysregulated proteins (27 of which were upregulated by PMA and
suppressed in the presence of IDR-1002 treatment) (Fig. 7). These
interactors included TIr4, Tnf and Nlrp3, each of which play
central roles in inflammatory signaling and cytokine production,
as well as proteins involved in the recruitment (e.g., Ccl5, Ccl6
and ItgaS) and function (e.g., Slc11al/Nramp, Csf3r, and Ncfl) of
inflammatory cells, including macrophages and neutrophils (50—
53). Each of these 28 protein interactors has been previously
shown to have Irf8 binding sites and are regulated by Irf8 and its
transcription factor partners (54-57). For example, Irf8 works in
cooperation with transcription factors Irfl, NF-kB, and PU.1 to
promote chemokine Ccl5 expression in response to IFN-y and
LPS (55). Irf8 and Irfl are also involved in IFN-y—induced TNF-a
expression (57). Furthermore, Irf8 participates in the transcrip-
tional regulation of the LPS-induced TLR4 cascade and the cross-
talk between TLR4 signaling and the IFN-y response (48, 56).
Because Irf8 plays a critical role in upregulating inflammation in
cooperation with various transcription factors, we propose that
IDR-1002 acts to control a variety of inflammatory responses by
suppressing the induction of Irf8 and its target genes, such as Ccl5,
TNF, and TLR4. Thus, these results provided key insights into the
anti-inflammatory mechanism of IDR-1002.

Discussion
Dysregulated inflammation is a well-known pathological factor at
the root of many human disorders and represents a major threat to
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human health and welfare (58). HDPs and IDRs possess encour-
aging therapeutic potential as a result of their ability to modulate
the immune response to increase protective immunity while damp-
ening inflammation (16, 59). In this study, we focused on peptide
IDR-1002, which has been demonstrated to promote in vivo pro-
tective innate immunity to infections, dampen proinflammatory
cytokine responses to inflammatory agonists, and promote protec-
tive adaptive immunity as a component of adjuvant formulations
(18-22, 60). Our data indicate its potent ability to antagonize sterile
inflammation.

The in vitro studies were carried out using RAW 264.7 cells, and
we showed that IDR-1002 significantly suppressed LPS- and LTA-
induced TNF-a, IL-6, and NO production, as well as the zymosan-
induced TNF-a response (Fig. 1A-C), without harming RAW
264.7 cell membrane integrity (Fig. 1D). Previous studies showed
that IDR-1002 reduced the LPS-induced inflammation in human
PBMCs (21). Our observation that IDR-1002 reduced TLR4 and
TLR2 agonist-induced inflammation was consistent with this
finding and extended the scope of inflammatory agonists that IDR-
1002 could antagonize.

To further investigate the anti-inflammatory activities of IDR-
1002 in vivo, we used the PMA-induced mouse ear inflamma-
tion model, a well-established model for screening the activities
of many anti-inflammatory drugs (23). PMA treatment induced
strong inflammatory responses, as observed by increases in ear
thickness, ear weight, and proinflammatory cytokine production
locally (in ear tissue) and, to a limited extent, systemically (in
serum). Topical IDR-1002 treatment suppressed proinflammatory
cytokine production in the PMA-inflamed ear tissue comparably
to the nonsteroidal anti-inflammatory drug indomethacin at 6 h
posttreatment (Fig. 2). In addition, IDR-1002 completely inhibited
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Table I. Pathways dysregulated by PMA challenge compared with
vehicle control

ANTI-INFLAMMATORY MECHANISMS OF IDR-1002

Table II. Dysregulated pathways comparing IDR-1002 treatment of
PMA-induced inflammation to PMA challenge alone

Pathway Description Corrected p Values

Pathway Description Corrected p Values

Upregulated pathways

Cytokine signaling in immune system 1.63 X 10719
IFN-vy signaling 1.47 X 107153
Chemokine receptors bind chemokines 3.50 x 1071
Cell surface interactions at the vascular 323 x 107%
wall
Hemostasis 1.66 X 10”9
Class A/l (rhodopsin-like receptors) 1.88 X 107
MyD88-independent TLR3/TLR4 cascade 137 X 1073¢
C-type lectin receptors 334 X 107%
TLRS cascade 924 X 107%
Immunoregulatory interactions between a 1.98 X 107%
lymphoid and a nonlymphoid cell
TNFs bind their physiological receptors 428 x 1072
DAPI12 interactions 8.00 X 10_19
IL-1 signaling 6.62 X 107"
IFN signaling 9.94 x 107'°
Signaling by ILs 652 x 107"
TLR10 cascade 2.83 x 107"
Activated TLR4 signaling 1.72 X 10713
Ag activates BCR leading to generation of 127 X 1072
second messengers
TNFR superfamily members mediating 3.82 x 1071
noncanonical NF-kB pathway
PI3K cascade 5.03 X 1071°
VEGFA-VEGFR?2 pathway 2.98 X 107
Sema4D-induced cell migration and 330 X 1079
growth-cone collapse
Activation of NF-kB in B cells 3.00 X 1078
Amino acid transport across the plasma 6.30 X 1078
membrane
MyD88 cascade initiated on plasma 1.03 X 1077
membrane
TLR1:TLR2 cascade 7.11 X 1077
IRS-related events triggered by IGF1R 3.11 X 107°¢
ARMS-mediated activation 6.10 X 107°
Formy]l peptide receptors bind formyl 1.03 X 1073
peptides and many other ligands
Sema4D in semaphorin signaling 247 X 107°
Gap junction trafficking 253 X 1072
RHO GTPases activate NADPH oxidases 253 X 107°
EPHB-mediated forward signaling 421 x 1073
Hyaluronan uptake and degradation 139 X 107*
Semaphorin interactions 225 X 107*
Signaling by VEGF 8.47 X 1074
Downregulated pathways
Phase 1: functionalization of compounds 1.12 x 107"
Negative regulation of TCF-dependent 1.52 x 107"
signaling by WNT ligand antagonists
Cell cycle, mitotic 1.02 X 1071
Anchoring of the basal body to the plasma 2.07 X 1072
membrane
Rho GTPase cycle 226 x 107!
G « (s) signaling events 9.12 X 1078
Assembly of the primary cilium 133 X 1077
Signaling by Rho GTPases 3.87 X 1077
Regulation of FZD by ubiquitination 5.05 X 1077
WNT ligand biogenesis and trafficking 1.89 X 1076
Signaling by WNT 292 X 107°
Intraflagellar transport 279 X 107*
ABC family proteins mediated transport 730 X 1074
Axon guidance 7.87 X 1074

RNA-Seq analysis was performed on the ear tissue from 15 mice 6 h posttreat-
ment. Differential expression analysis was performed using DESeq2 v1.14.0 with a
threshold of 2-fold changes. Pathway enrichment was carried out using Sigora v2.0.1.
Statistical analysis was performed using a hypergeometric test, and multiple com-
parisons were corrected by the Bonferroni method, with a cutoff of p = 0.001.

PMA-induced IL-6, MCP1, and CXCL1 production locally within
24 h (Fig. 3). Indomethacin is a potent anti-inflammatory agent
with many serious side effects. For example, indomethacin in-

Upregulated pathways

Chemokine receptors bind chemokines 495 X 107
Cell surface interactions at the vascular 457 x 1077
wall
Class A/l (rhodopsin-like receptors) 9.12 X 107%
IFN-vy signaling 3.15 X 10738
Peptide ligand-binding receptors 191 X 107
DAPI?2 interactions 8.99 X 1072
Cytokine signaling in immune system 7.58 X 1072
Hemostasis 2.26 X 107%°
C-type lectin receptors 260 X 10713
Hyaluronan uptake and degradation 9.10 X 107°
TLR10 cascade 330 X 1072
TLR1:TLR2 cascade 421 X 1073
IRS-related events triggered by IGF1R 6.98 X 107*
Downregulated pathways
Class A/l (rhodopsin-like receptors) 410 X 10°°
WNT ligand biogenesis and trafficking 432 x 107*

RNA-Seq analysis was performed on the ear tissue of 15 mice at 6 h posttreat-
ment. Differential expression analysis was performed using DESeq2 v1.14.0 with a
threshold of 2-fold changes. Pathway enrichment was carried out using Sigora v2.0.1.
Statistical analysis was performed using a hypergeometric test, and multiple com-
parisons were corrected by the Bonferroni method with a cutoff of p = 0.001.

creases the risk for cardiovascular thrombotic events, gastroin-
testinal ulceration, and skin rashes (61, 62). In particular,
neutrophils and ROS have been reported to play crucial roles in
the development of indomethacin-induced gastric mucosal injury
(63). IDR-1002 peptide was previously shown to modulate neu-
trophil degranulation, adhesion, and ROS production in vitro (22).
Using in vivo imaging techniques, we were able to monitor real-
time ROS/RNS levels. The imaging results showed that IDR-1002
could effectively dampen the production of ROS/RNS, likely by
attenuating neutrophil infiltration (Fig. 4). The reduction in the
neutrophil population in the PMA-inflamed ear tissue was con-
firmed by a histology study in which peptide treatment signifi-
cantly decreased the number of neutrophils per high-power field
(Fig. 5). Interestingly, although H&E staining indicated an in-
crease in the eosinophil and mast cell density, this was not ac-
companied by increases in histamine release (Supplemental Fig.
2), a deleterious effect observed for several other HDPs, including
hBD-2 and LL-37 (64). Together, these results demonstrate a
potential advantage of IDR-1002 as an anti-inflammatory drug
candidate. Future experiments will focus on confirming the safety
and efficiency of IDR-1002 under more human-mimicking con-
ditions. For example, the activities of IDR-1002 will be tested
using an ex vivo human skin model or in the presence of human
blood plasma.

Using RNA-Seq analysis, we were able to study the global
transcriptomic changes, avoiding bias toward specific pathways
and oversimplifying the biological outputs. Pathway analysis
revealed that 36 pathways were significantly upregulated in the
PMA-treated ear tissue (Table I). These include IFN-y, TNF, and
IL-1 cascades, which are at the core of many autoinflammatory
and autoimmune disorders, such as systemic lupus erythematosus,
rheumatoid arthritis, and atherosclerosis (65-68). TLR signaling,
which is known to initiate and perpetuate nonmicrobial inflam-
matory responses triggered by damage-associated molecular pat-
terns, was also upregulated by PMA treatment (2, 69). Differential
gene expression analysis revealed that most of the genes were
downregulated by IDR-1002 under PMA-induced inflammatory
conditions. These genes belonged to many of the inflammatory
pathways upregulated in response to PMA, such as the chemokine
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FIGURE 6. Heat map of differentially expressed genes from the GPCR receptor (class A/1 rhodopsin-like) pathway in response to PMA-induced in-
flammation, with or without IDR-1002 treatment. Genes were downloaded from InnateDB. The heat map of differentially expressed genes (=2-fold change,
adjusted p value = 0.05) was generated using R v.3.3.3, gplot package. Red indicates upregulation, and blue indicates downregulation.

receptors—binding chemokine pathway, cell surface interactions at
the vascular wall, class A/1 rhodopsin-like receptors, and IFN-y
signaling (Table II). A key limitation of this approach is that the
gene expression occurred in the diverse population of cells in the
ear and could not be accurately associated with any particular cell
type. An estimate of the changes in ear tissue cell populations was
obtained by the frequency of appearance of cell markers in the
RNA-Seq dataset (Supplemental Table I). When comparing PMA
and IDR-1002 combined treatment with PMA challenge alone, we
observed a significant decrease in macrophage or monocyte,
dendritic cell, neutrophil, and NK cell markers and an increase in
mast cell markers. However, these apparent changes in cell

number were insufficient to fully explain the large number and, in
some instances, high fold changes of genes differentially regulated
by IDR-1002 treatment. Therefore, the anti-inflammatory effect of
IDR-1002 was likely achieved by modulating both the functions
and numbers of the ear tissue cell populations.

Topical application of PMA onto mouse ears is known to pro-
voke PG and leukotriene biosynthesis, which leads to increased
vascular permeability and evokes infiltration of inflammatory cells,
including neutrophils (37, 70, 71). Comparing IDR-1002-treated
with untreated PMA-inflamed ear tissue, we observed substantial
suppression of a variety of class A/1 rhodopsin-like receptors, the
largest group of GPCRs, including, but not limited to, receptors


http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1700985/-/DCSupplemental
http://www.jimmunol.org/

10

ANTI-INFLAMMATORY MECHANISMS OF IDR-1002

Hk2 Cbx4 ¢ Orc1
Lcp1
Pl o Ralo @ SP110
Bcl7a nnl1 Corola
Fyb
COS oOXp
Mmp9 VN Lep2 o Nifil3
S100a9 Va Nfatc2
S100a8 1110

Cd14
r8

FIGURE 7. Network analysis of IDR-1002 sup-
pression of PMA-induced ear inflammation. Zero order Ncf2
protein—protein interaction network comparing com- Ncf4
bined PMA and IDR-1002 treatment with PMA chal-
lenge alone using NetworkAnalyst. Red nodes denote For
upregulation, and green nodes denote downregulation. ClecTa
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for neutrophils, PGs, histamine, platelet-activating factor, and
anaphylatoxin (Fig. 6). Previous studies have shown that IDR
peptides can interact with GPCRs on the cell surface and there-
after modulate immune cell functions (16). In particular, IDR-
1002 can enhance chemokine production and promote neutro-
phil infiltration in response to bacterial infections (18). Our results
suggest that, during sterile inflammation, controlling GPCR ex-
pression, especially suppressing the expression of chemokine and
chemokine receptors, might be an essential aspect of the anti-
inflammatory mechanism of IDR-1002 peptide. This highlights
the ability of IDR-1002 to differentially modulate the immune
response depending on the inflammatory triggers. Furthermore,
the pathway mediating the leukocyte extravasation process was
among the top pathways downregulated by IDR-1002 treatment
(Table II). This included many leukocyte adhesion molecules from
the selectin family and the integrin family (Supplemental Fig.
3A). These results supported the observation that IDR-1002 at-
tenuated neutrophil infiltration and effectively dampened PMA-
induced ear inflammation.

IRFs constitute a family of transcription factors and play es-
sential roles in host defense and inflammation (72, 73). Irf8 is
expressed in macrophages, dendritic cells, and T and B lymphocytes
(74, 75). Irf8 was previously shown to be essential in the differ-
entiation and functions of macrophages and dendritic cells, gen-
eration of a Thl response in response to IFN-vy, and protection
against intracellular pathogens, including Mycobacterium tuber-
culosis, Salmonella Typhimurium, and Helicobacter pylori (54,
75-79). In this study, we found that PMA upregulated the ex-
pression of seven IRFs (Irfl, Irf4, Irf5, Irf6, Irf7, Irf8, Irf9), and
only Irf8 was downregulated when IDR-1002 treatment was pro-
vided (Supplemental Fig. 3B). More importantly, comparing
combined IDR-1002 and PMA treatment with PMA challenge
alone revealed that Irf§ was a major hub in the protein—protein
interaction network, interacting with 28 other dysregulated gene
products involved in innate and adaptive immunity. Many of these
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Irf8 interactors play a role in disorders with inflammatory etiol-
ogy. For example, Irf8 participates in the transcriptional regulation
of TLR4 signaling in murine lung during endotoxemia (56). Irf8
and Statl have been shown to mediate the cross-talk between
LPS-induced TLR4 signaling and the IFN-y response; both are
key processes contributing to the early stages of atherosclerosis
and plaque development (48). Furthermore, Irf8-regulated Ccl5,
Isgl5, Cd274, Oasl2, Slc15a3, and Gbp2 expression was previ-
ously found to drive the pathological inflammation during cerebral
malaria (80). These results support the possibility that, by sup-
pressing the key transcription factor Irf§, IDR-1002 could po-
tentially control a variety of inflammatory responses mediated by
Irf8 target genes, such as CclS, TNF-a, and TLR4. Because there
is no clinical development of anti-inflammatory agents targeting
Irf8 (48), these results also highlight the value of IDR-1002 as a
novel therapeutic candidate for combating inflammatory diseases.
IDR-1002 can modulate multiple signaling transduction pathways
by acting on cell surface receptors, as well as intracellular targets.
MAPKs, PI3K, and the NF-kB signaling pathway have all been
shown to be essential for IDR-1002 activity (18). A previous study
demonstrated that sequestosome-1/p62 is the key intracellular
target of IDR-1 (81). IDR-1002 could potentially interact with
targets similar to those used by IDR-1 (18). In particular, over-
expression of sequestosome-1/p62 has been shown to inhibit Irf8
activities and modulate NF-«B activities, which, in turn, attenuate
cytokine gene expression in activated macrophages (82). The
detailed mechanism of how IDR-1002 modulates the Irf8-
connected network in the context of sterile inflammation is not
fully understood and requires future investigation.
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