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Host Defense Peptides (HDPs) are key components of innate immunity that
exert antimicrobial, antibiofim, and immunomodulatory activities in all higher
organisms. Synthetic peptidomimetic analogs were designed to retain the desirable
pharmacological properties of HDPs while having improved stability toward enzymatic
degradation, providing enhanced potential for therapeutic applications. Lipidated
peptide/B-peptoid hybrids [e.g., Pam-(Lys-BNspe)s-NHo (PM1) and Lau-(Lys-pNspe)s-
NH» (PM2)] are proteolytically stable HDP mimetics displaying anti-inflammatory activity
and formyl peptide receptor 2 antagonism in human and mouse immune cells in vitro.
Here PM1 and PM2 were investigated for their in vivo anti-inflammatory activity in a
phorbol 12-myristate 13-acetate (PMA)-induced acute mouse ear inflammation model.
Topical administration of PM1 or PM2 led to attenuated PMA-induced ear edema,
reduced local production of the pro-inflammatory chemokines MCP-1 and CXCL-1
as well as the cytokine IL-6. In addition, diminished neutrophil infiltration into PMA-
inflamed ear tissue and suppressed local release of reactive oxygen and nitrogen
species were observed upon treatment. The obtained results show that these two
peptidomimetics exhibit anti-infammatory effects comparable to that of the non-
steroidal anti-inflammatory drug indomethacin, and hence possess a potential for
treatment of inflammatory skin conditions.

Keywords: peptidomimetics, anti-inflammatory, phorbol 12-myristate 13-acetate, sterile inflammation, formyl
peptide receptors, edema, neutrophils, reactive oxygen and nitrogen species

Abbreviations: FPR/Fpr, Formyl peptide receptor (in human/mouse); HDP, Host defense peptide; H&E, Hematoxylin and
eosin; HPE, High-power field; NSAID, non-steroidal anti-inflammatory drug; PMA, Phorbol 12-myristate 13-acetate; PM1,
Pam-(Lys-BNspe)s-NH,; PM2, Lau-(Lys-BNspe)s-NH;; RNS, Reactive nitrogen species; ROS, Reactive oxygen species.

Frontiers in Immunology | www.frontiersin.org 1

August 2020 | Volume 11 | Article 2102


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.02102
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fimmu.2020.02102
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.02102&domain=pdf&date_stamp=2020-08-28
https://www.frontiersin.org/articles/10.3389/fimmu.2020.02102/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Wu et al.

Lipidated Anti-inflammatory Peptidomimetics in vivo

INTRODUCTION

Inflammation is a defense mechanism of innate immunity
that involves complex and well-coordinated networks of cells
and signaling molecules (1-3). Thus, major functions of
inflammatory processes comprise elimination of pathogens
and damaged cells, while the appropriate resolution of
inflammation and restoration of homeostasis are crucial to
avoid inflammatory disorders (4-7). Inflammation induced
by stimulants of non-microbial origin, such as irritants,
or so-called damage-associated molecular patterns (e.g.,
mitochondria-derived formylated peptides) released from
damaged cells and tissues during trauma, is referred to as
sterile inflammation (8, 9). Excessive sterile inflammation
drives non-communicable chronic diseases (e.g., cardiovascular
diseases, asthma, rheumatoid arthritis, and chronic obstructive
pulmonary disease) that have become leading concerns in
public health (10-12). Phorbol 12-myristate 13-acetate (PMA)
is a pharmacological activator of protein kinase C, which is
a central signaling molecule activated downstream of many
inflammatory receptors. Therefore, PMA is often used as
a potent inducer of sterile inflammation in screening for
the relative activity of potential anti-inflammatory drugs
(13-17). Single-dose topical application of PMA to the
tissues of the mouse ear induces an acute inflammation
characterized by ear swelling, local and systemic secretion
of chemokines and cytokines (e.g, MCP-1, CXCL-1, and
IL-6) as well as upregulation of cascades involving IFN-
v, TNE and IL-1 (18). Increased expression of these
cytokines has been linked to the pathogenesis of many
inflammatory skin disorders, e.g., TNE IFN-y, and IL-
6 are highly expressed in psoriatic lesions, while IFN-y
and TNF are associated with the chronic phase of atopic
dermatitis (19).

Neutrophils constitute the most abundant circulating
immune cells that are rapidly recruited to sites of inflammation
(e.g., induced via PMA stimulation), where they are major
contributors to the local production and release of reactive
oxygen and nitrogen species (i.e., ROS/RNS) e.g., as found
in ear tissue models. Formyl peptide receptors (FPRs)
belong to the class of G-protein-coupled receptors with
seven transmembrane domains (20). In neutrophils FPRs
are involved in both initiation of inflammatory responses
(e.g., assembly and activation of NADPH-oxidase leading
to ROS production) and resolution of inflammation, which
make FPRs ideal targets for therapeutic intervention (21-
26). The subtype FPR1 recognizes the prototypical bacteria-
and damage-associated N-formylated peptide agonists with
subsequent induction of pro-inflammatory responses, whereas
FPR2 recognizes a diverse range of structurally distinct
ligands (including lipids, N-formylated, and non-formylated
peptides as well as small molecules), and it is involved
in both pro-inflammatory and pro-resolving processes (8,
20, 23).

Host defense peptides (HDPs), also known as antimicrobial
peptides, are naturally occurring cationic molecules present in all
higher living organisms, where they exert immunomodulatory

effects, antibiofilm activity, and broad-spectrum antimicrobial
action against pathogens (27, 28). Under physiological
conditions, HDPs preferentially modulate innate immune
responses by affecting immune cell differentiation, activation,
and trafficking, thereby linking innate and adaptive immunity.
Many of these immunomodulatory functions of HDPs are
mediated through FPRs, resulting in attenuation of sterile
and pathogen-induced inflammation as well as promotion
of wound healing (22, 29-31). Hence, continuous efforts are
devoted to development of HDPs and synthetic mimetics
into beneficial therapies (32-34). Since HDPs are inherently
susceptible to proteolytic degradation, different approaches
for conferring increased stability have been explored: e.g.,
incorporation of non-natural amino acids, L- to D-amino
acid substitution, cyclization, modification of the termini, and
formulation with drug delivery systems (35). Peptidomimetics
comprise peptide-like molecules with altered backbones
that retain side chains similar to those of natural peptides
(36). Peptoid oligomers and hybrids with a high content
of a- or PB-peptoid residues have been found to possess
proteolytic stability (34, 37-39). Examples include the
immunomodulatory ~ compounds  Pam-(Lys-BNspe)s-NH,
(PM1) and Lau-(Lys-BNspe)s-NH, (PM2) that are lipidated
peptidomimetics consisting of alternating o«-amino acids
and B-peptoid residues (see chemical structures in Figure 1)
(40-42).

Initially, PM1 was identified from a library of a-peptide/p-
peptoid oligomers due to its ability to attenuate, in primary
human leukocytes, the production of pro-inflammatory
cytokines in response to stimulation with bacterial membrane
components including lipopolysaccharide and lipoteichoic
acid at concentrations of 60 nM and 0.85 pwM, respectively
(40) (see Table 1). In vitro cellular assays on primary
human neutrophils demonstrated that PMI1 (at 50 nM)
inhibits the release of ROS, neutrophil degranulation, and
increases in cytosolic Ca?* concentration upon stimulation
with the FPR2-selective peptide agonist WKYMWM (41).
Interestingly, the analog PM2, with a four-carbon shorter
lipid tail, possesses similar anti-inflammatory properties,
albeit at 2- to 4-fold higher concentrations than PMI1
(41). Importantly, PM2 proved to be a subtype-selective
antagonist of the orthologous mouse receptor, Fpr2, while PM1
antagonized both Fprl and Fpr2 signaling (42). Thus, PM2
constitutes the first FPR2 antagonist displaying cross-species
selectivity and potency, and thus can be considered to be a
convenient tool for elucidating the specific regulatory roles of
FPR2 via mouse models of infection and inflammation (see
Table 1).

In the current first in vivo study of these peptidomimetics,
we explored the anti-inflammatory effects of PM1 and PM2 by
using the PMA-induced mouse ear inflammation model. It was
found that both peptidomimetics exhibited potent in vivo activity
as suppressors of sterile skin inflammation by attenuating PMA-
induced ear edema, reducing cytokine and ROS/RNS release,
and decreasing neutrophil infiltration in the PMA-inflamed ear
tissue to a degree comparable to that of the non-steroidal anti-
inflammatory drug (NSAID) indomethacin.
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TABLE 1 | Overview of in vitro immunomodulatory activities reported for
peptidomimetics PM1 and PM2 (stated as ICsp values).

Characteristic PM1 (M) PM2 (whM)  References
Lipopolysaccharide neutralization 0.06 (0.04-0.08) 0.13 (0.08-0.21) (40)
Lipoteichoic acid neutralization 0.85 (0.5-1.43) 1.84 (1.20-2.82) (40)
Leukocyte viability 24 (19-30) 27 (18-40) (40)
HepG2 viability 28 (23-37) 24 (14-42) (40)
Human FPR2 inhibition 0.05 (0.04-0.07) 0.18 (0.14-0.24) (41)
Mouse Fpr2 inhibition -+ 0.40 (0.16-0.97) (42)
Mouse Fpr1 inhibition ++ - (42)

+++ = very potent; ++ = potent; and — = inactive.

RESULTS

Peptidomimetics PM1 and PM2 Dampen
PMA-Induced Ear Edema

To induce acute ear inflammation, we applied 20 pL of a
125 pg/mL solution of PMA topically to both ears of CD-1
mice. In vivo anti-inflammatory activity of the peptidomimetics
was tested by treating one of the PMA-inflamed ears with
peptidomimetic PM1 or PM2, while the contralateral ear was
given the solvent as a control. The NSAID indomethacin was
used as anti-inflammatory positive control in the present study.
The ear tissue challenged with PMA started to show signs
of inflammation, including swelling and redness about 2 h
post-PMA application. These symptoms of inflammation were
postponed 3-4 h in ears treated with PM1 and PM2. Consistent
with previous findings (18), we observed a ~3-fold increase
in ear biopsy weight and in ear thickness as compared to the
vehicle control 6 h post-PMA application in the absence of
anti-inflammatory treatment (Figures 2A,B). At the dosages of
0.2 mg/ear and 0.6 mg/ear both peptidomimetics PM1 and PM2
significantly suppressed PMA-induced increases in ear biopsy
weight and ear thickness. The anti-inflammatory activity was
comparable for both peptidomimetics when applying 0.6 mg/ear
and with a matching dose of indomethacin. Application of
peptidomimetics alone did not trigger any indications of
inflammation. These results infer that HDP mimics PM1
and PM2 both were capable of effectively reducing PMA-
induced ear edema.

PM1 and PM2 Reduce Pro-inflammatory
Cytokine and Chemokine Levels in
PMA-Inflamed Ear Tissue

To evaluate the local inflammatory processes, we performed
ELISA analysis on the ear tissue biopsy 6 h after PMA stimulation
(Figure 3). Consistent with a previous study (18), PMA challenge
induced significant levels of the chemokines MCP-1/CCL-2, and
Gro-a/CXCL-1, as well as the pro-inflammatory cytokine IL-6
in the ear tissue. Topical PM1 treatment, at both tested dosages,
significantly decreased MCP-1, CXCL-1, and IL-6 concentrations
when compared to those in ears challenged with PMA alone.
A similar trend was observed for PM2-treated ear tissue with
an approximately 3-fold reduction in MCP-1, CXCL-1, and IL-
6 levels in ears treated with 0.6 mg/ear of PM2, and a ~2-
fold reduction for ears that received 0.2 mg/ear of PM2. Both
peptidomimetics, at 0.6 mg/ear, suppressed cytokine production
to an extent equivalent to that of the positive NSAID control
indomethacin. Notably, no induction of MCP-1, CXCL-1, or IL-6
was found in ears treated with PM1 or PM2 alone.

PM1 and PM2 Only Have Minor Effects
on Serum Chemokine and Cytokine

Levels

To further study whether topical treatment with peptidomimetics
PM1 and PM2 exerted a systemic immunomodulatory effect
beyond the ear tissue, we harvested mouse blood by cardiac
puncture, and then centrifuged the blood to collect serum.
Similar to the ear tissue, we measured the content of MCP-1,
CXCL-1, and IL-6 in the mouse serum (Figure 4). However, most
of these cytokine levels were not affected by the peptidomimetics
or indomethacin, with the exception of PM1 giving rise to a
decreased serum CXCL-1 concentration upon topical application
of 0.6 mg/ear. These results indicate that the anti-inflammatory
effects of both peptidomimetics and indomethacin were largely
local within the ear tissue.

PM1 and PM2 Attenuate Neutrophil
Recruitment Into PMA-Inflamed Ear

Tissue

To evaluate the histologic alterations and inflammatory cell
distribution in response to PMA challenge and the treatment
with peptidomimetics, hematoxylin and eosin (H&E) staining
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FIGURE 2 | Peptidomimetics PM1 and PM2 reduced PMA-induced ear edema. PMA (20 L of 125 pg/mL solution) was applied topically onto CD-1 female mice
ears. Indomethacin (Indo) or peptidomimetic Pam-(Lys-BNspe)s-NH» (PM1, A) or Lau-(Lys-BNspe)s-NH» (PM2, B) at 0.6 or 0.2 mg/ear was given topically to one ear
of each mouse after PMA being absorbed. The contralateral ear was given 20 pL of vehicle. Mice were euthanized 6 h post-treatment and increases in ear biopsy
weight and ear thickness were measured. Each condition was repeated with a total of five to eight mice in four independent experiments. Error bars indicate

Mean + SD. Statistics: **p < 0.01, **p < 0.001, and ***p < 0.0001, Student’s unpaired t-test.
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was performed on tissue biopsies (Figure 5A). In comparison
to the sample from the vehicle control tissue, the cross section
of ear tissue challenged with PMA exhibited a substantial
expansion in the dermal thickness due to increased interstitial
fluid. Upon treatment with PM1 or PM2, we observed a
prominent decrease in the inflammatory immune cell density
and a modest reduction of the dermal thickness. Ear edema
scoring revealed that PMA-stimulated ear tissue had moderate
to severe edema. Comparable to indomethacin, PM1 or PM2
treatment significantly decreased ear edema scores, reducing the
symptoms to moderate on average (Figure 5B). Topical PMA
challenge also triggered a marked, predominantly neutrophilic
inflammatory infiltrate in the ear tissue (Figure 5C). We
also observed significant, but less pronounced, increases in
the number of monocytes (Figure 5D) and lymphocytes
(Figure 5F), and a minor elevation in eosinophil density
(Figure 5E). Treatment with PM1 or PM2 both effectively
dampened neutrophil infiltration. In particular, PM2 decreased
neutrophil count from an average of 91 cells/High-power
field (HPF) to about 10 cellsyHPF and 12 cells/yHPF for
ears treated with 0.6 mg and 0.2 mg PM2, respectively
(Figure 5C). Compared to PMA-inflamed ears, PM1 and
PM2 treatment did not affect the number of monocytes and
eosinophils, but increased the lymphocyte count slightly. These
results show that topical treatment with these peptidomimetics

can reduce PMA-induced ear edema by preventing excessive
influx of neutrophils.

PM1 and PM2 Reduce the Release of
ROS/RNS From PMA-Challenged Ear

Tissue

We monitored the levels of ROS/RNS, since neutrophil
degranulation and the production of ROS/RNS are closely
associated with acute inflammatory processes, and an excessive
production of these may contribute considerably to the severity
of acute inflammation (43, 44). Thus, we injected mice
subcutaneously in the back with the luminescent probe L-012
that has high sensitivity toward ROS/RNS and demonstrates
enhanced luminescence when binding to these species (45).
Subsequently, the mice were subjected to analysis via an
in vivo imaging system 6 h post-treatment. Figure 6 shows
in vivo imaging results from three independent experiments.
Topical PMA stimulation induced strong ROS/RNS release with
some variations among individuals (Figure 6A). Treatment
with PM1 at both 0.6 and 0.2 mg/ear almost completely
inhibited ROS/RNS production in the ear tissue (Figure 6A),
whereas PM2 had a slightly less potent inhibitory effect, being
somewhat more effective at the higher dosage (Figure 6B).
Again the inhibitory effect on ROS/RNS release was comparable
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FIGURE 3 | Peptidomimetics PM1 and PM2 attenuated the production of proinflammatory chemokines MCP-1 and CXCL-1 and cytokine IL-6 in PMA-inflamed ear
tissue. CD-1 mice were treated as described in Figure 2. Mice ear biopsies (5 mm in diameter) were harvested, homogenized and centrifuged to collect

supernatants for determining MCP-1, CXCL-1, and IL-6 levels 6 h post PM1 (A) or PM2 (B) treatment by ELISA. Each condition was repeated with a total of five to
eight mice in four independent experiments. Error bars indicate Mean + SD. Statistics: *po < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, and Student’s unpaired
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for both peptidomimetics and the positive anti-inflammatory
control indomethacin.

DISCUSSION

Peptidomimetics PM1 and PM2 belong to the class of a-
peptide/B-peptoid hybrids with improved proteolytic stability
and bioavailability as compared to that of natural HDPs, while
retaining beneficial in vitro anti-inflammatory properties,
including suppression of neutrophil activation and attenuation
of pro-inflammatory cytokine production in response to
stimulation with bacterial membrane components (40-42,
46). In the present study, we examined the potential of PM1
and PM2 as modulators of PMA-induced sterile inflammation
in vivo. Consistent with previous studies, topical PMA challenge

induced ear tissue swelling, redness, pro-inflammatory cytokine
and chemokine production locally in the ear tissue and in
the serum within 6 h from PMA application (18, 47, 48).
Treatment with PM1 or PM2 effectively reduced PMA-induced
ear inflammation, as indicated by their ability to suppress
production of MCP-1, CXCL-1, and IL-6 within the ear
tissue to an equivalent extent as the NSAID indomethacin
positive control (Figure 3). Critically, indomethacin acts via
a completely different mechanism, i.e., through potent, non-
selective inhibition of the enzyme cyclooxygenase, thereby
limiting the production of prostaglandins. Importantly,
we observed similar cytokine levels in the PMA-treated
negative control ears when comparing mice given PMA
only on both ears with mice that had a peptidomimetic
applied to one ear, indicating that topical treatment with a
peptidomimetic on one ear did not affect the cytokine levels
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in the contralateral ear. In addition, both peptidomimetics and
indomethacin had only minor effects on the serum cytokine
levels (Figure 4). Therefore, the anti-inflammatory effect of these
peptidomimetics appears to be localized to the ear tissue when
applied topically.

Peptidomimetics PM1 and PM2 also had moderate
suppressive effects on ear tissue edema as seen by reduced
biopsy weight and thickness of the PMA-inflamed ear tissue
(Figure 2), which was confirmed by the reduced ear edema score
assessed from the histologic sections (Figure 5B). In addition
to suppression of dermal expansion, H&E staining showed
that the majority of inflammatory cells being recruited to the
PMA-inflamed ear tissue were neutrophils, and that treatment

with PM1 or PM2 resulted in a prominent reduction in the
neutrophil count (Figure 5C), which led to a major decrease
in the amount of ROS/RNS accumulated in the ear tissue
(Figure 6). In previous studies it was found that pre-incubation
of neutrophils with PM1 or PM2 inhibits FPR2-induced ROS
production, but not PMA-stimulated ROS secretion from
neutrophils in vitro (41, 42). A different outcome in the in vivo
model was expected, since neutrophils are not abundant in
healthy skin. Thus, in our in vivo ear inflammation model,
it did not appear likely that a high number of neutrophils
would become directly activated by PMA, which is a receptor-
independent protein kinase C activator that promotes release
of arachidonic acid from membrane phospholipids. However,
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products of arachidonic acid metabolism, such as prostaglandins
and leukotrienes, increase vascular permeability and evoke
infiltration of inflammatory cells, especially neutrophils (49,
50), consistent with the observations presented here. Previous
RNA-Seq transcriptomic analysis showed that topical PMA
challenge in mouse ears activates cytokine signaling, especially
IFN-y, TNE and IL-1 as well as chemokine signaling via
the class A/1 rhodopsin-like receptor family, and via Toll-
like receptor (TLR) signaling pathways (18). Our results
thus indicate that PM1 and PM2 likely interfere with these
early processes locally, leading to suppression of neutrophil
recruitment and activation.

One of the main anti-inflammatory mechanisms of PM1 and
PM2 in vitro is mediated through inhibition of FPR2/Fpr2 in
human and mouse neutrophils (41, 42). Besides neutrophils,
FPR2 is also expressed by a variety of immune cells (e.g.,
monocytes/macrophages, natural Kkiller cells, dendritic cells,

and T cells) and non-immune cells (e.g., keratinocytes,
intestinal epithelial cells, endothelial cells, and synovial
fibroblasts), and they participate in infection responses,
pathogenesis of inflammation, and in cancer (25). The
detailed functions of FPR2 in skin inflammation have not
been well-characterized to date. Activation of FPR2 by PSMa
peptides leads to cytokine release, neutrophil chemotaxis
and activation during Staphylococcus aureus skin infections
(51-53). In sterile skin wounds, mouse Fprl and Fpr2
have been reported to mediate early neutrophil infiltration
into the dermis prior to the production of neutrophil-
specific chemokines such as CXCL-1 and CXCL-2 through
recognition of FPR ligands produced at the site of injury
(54). Also, Fprl has been shown to mediate neutrophil
accumulation at sites of injury-induced sterile inflammation
via recognition of mitochondria-derived formylated peptides
(55-57). Consistent with these reports, our results showed
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FIGURE 6 | Peptidomimetics PM1 and PM2 attenuated release of ROS/RNS
from PMA-challenged ear tissue. Ears of CD-1 mice were stimulated with
PMA and the right ear of each mouse was treated with vehicle control (50%
acetone), 0.6 mg PM1 or 0.2 mg PM1, respectively, (A) or 0.6 mg
indomethacin, 0.6 mg PM2 or 0.2 mg PM2, respectively, (B). At 5.5 h
post-treatment, CD-1 mice were injected subcutaneously with 25 mg/kg
L-012 luminescent probe. ROS/RNS levels in ear tissue were visualized by
imaging mice with an in vivo imaging system 20-30 min post-probe injection
under 2% isoflurane anesthesia. Three biological replicates from three
independent experiments were included per treatment group.

that treatment with PM1 or PM2 dampened the initiation
of sterile skin inflammation, suppressed ear edema, reduced
local cytokine levels and attenuated neutrophil infiltration.
In particular, PM1, an antagonist of both Fprl and Fpr2
(Table 1), had a better inhibitory effect on local ROS/RNS
production as compared to PM2, which is Fpr2-selective
(Figure 6). It is likely that the topical PMA challenge resulted
in the release of FPR ligands from damaged cells such as
keratinocytes, endothelial cells, Langerhans cells in the skin
as well as neutrophils and monocytes being recruited to the
inflammatory site, and that the effects of PM1 and PM2 in
our experimental setting were mediated by Fpr antagonism.
Nevertheless, PM1 and PM2 also potently inhibit in vitro
cytokine secretion induced by stimulation with agonists for

TLR-2 and TLR-4. This occurred through cell-dependent
mechanisms targeting monocytes and neutrophils (40),
indicating that PM1 and PM2 might also inhibit cytokine
secretion by TLR-expressing skin-resident cells such as
macrophages and Langerhans cells. Further studies are
needed to elucidate the detailed molecular mechanism(s)
and targeted cell types behind the in vivo anti-inflammatory
effects exerted by PM1 and PM2.

Together, these results demonstrate that PM1 and PM2
possess promising anti-inflammatory properties in vivo against
PMA-induced ear inflammation. It is worth mentioning that
treatment with PM1 or PM2 was well-tolerated by mice, since
we did not observe any signs of piloerection, hunching, extensive
scratching or decreased activity for any mice given topical
treatment (up to 30 mg/mL) of these two peptidomimetics.
Future experiments will focus on characterizing the underlying
mechanisms of these peptidomimetics by studying the
transcriptomic pathways and networks that these HDP mimics
interact with during sterile inflammation.

MATERIALS AND METHODS

Peptidomimetics and Reagents
Peptidomimetics PM1 and PM2 were prepared by a solid-
phase synthesis methodology involving assembly of dimeric
and/or tetrameric building blocks on a Rink amide resin by
using PyBOP as a coupling reagent as earlier reported (58,
59). PMA (>99% TLC), indomethacin (>99% TLC), protease
inhibitor cocktails, phosphatase inhibitor cocktails 2, and 10%
neutral-buffered formalin solution were purchased from Sigma-
Aldrich (St. Louis, MO, United States). Tissue Extraction
Reagent I was obtained from Thermo Fisher Scientific (Waltham,
MA, United States).

Mice

Animal studies (protocol number A16-0169) were approved by
the University of British Columbia Animal Care Committee
following the ethical guidelines of the Canadian Council
on Animal Care. CD-1 female mice (5 weeks old) were
purchased from Charles River Laboratories (Wilmington,
MA, United States). Experimental and control mice
were co-housed and given standard animal care under
controlled room temperature (22 =+ 2°C), humidity (40-
60%) and a 14 h light and 10 h dark cycle (at the Modified
Barrier Facility, University of British Columbia) for at
least 1 week Dbefore experiments. Mice were divided
randomly among different treatment groups on the days of
the experiments.

PMA-Induced Mouse Ear Inflammation
Model

The mouse model was carried out as previously published
(18). In brief, CD-1 female mice (6-7 weeks old) were
anesthetized under 2-5% isoflurane for 10-15 min. During
this time, mice were given topical PMA treatment (20 pL
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of a 125 pg/mL PMA solution in acetone) on both ears
to induce acute inflammation. PMA was allowed to air-
dry and was fully absorbed before peptidomimetic treatment.
Peptidomimetic PM1 or PM2 (20 pL of a 30 mg/mL or a
10 mg/mL solution in 50% ethanol), or the positive control
indomethacin (20 pL of a 30 mg/mL solution in acetone) was
applied topically onto one ear of each mouse within 3 min
after PMA being absorbed. The contralateral ear served as
an internal negative control and was given 20 pL of the
vehicle 50% ethanol, for mice treated with peptidomimetics,
or 20 nL of acetone for mice given indomethacin. At
6 h post-treatment, mice were euthanized using isoflurane
anesthetic followed by carbon dioxide, and ear thickness was
measured using a digital caliper. Ear biopsies (5 mm in
diameter) were harvested using a disposable biopsy punch
(VWR), weighted with an analytical balance, homogenized in
600 pwL of Tissue Extraction Reagent I supplemented with
protease inhibitor cocktails and phosphatase inhibitor cocktails
2, and then centrifuged at 13000 rpm for 20 min at 4°C
to collect the supernatant. Blood samples were obtained by
cardiac puncture in 1.5 mL microcentrifuge tubes without any
anticoagulant. The blood tubes were incubated undisturbed
at room temperature for 30 min to allow clotting, and then
each tube was centrifuged at 2000 rpm for 10 min, followed
immediately by supernatant (serum) collection. Ear tissue
supernatant and blood serum were stored at —20°C until cytokine
quantification by ELISA.

ELISA

Mouse CXCL-1 (KC) ELISA Kit was purchased from R&D
Systems (Minneapolis, MN, United States). Mouse MCP-1 and
IL-6 ELISA kits were purchased from eBioscience (San Diego,
CA, United States). Ear tissue and serum cytokine levels were
determined according to the manufacturer’s instructions from
5-8 mice per treatment group from 4 independent experiments.

H&E Staining and Histological Analysis

Ear biopsies (5 mm in diameter), collected 6 h post-treatment,
were fixed in 10% neutral-buffered formalin solution at room
temperature for 36 h, and then transferred to 70% ethanol. H&E
staining of ear tissue cross sections from 3-6 biological replicates
(3 independent experiments) per treatment group was performed
in a blinded manner by Wax-it Histology Services (Vancouver,
BC, Canada); in particular, during the evaluation of the H&E
slides, the pathologist (HM) was unaware of the treatment
performed for each slide. The ear edema scores were assigned
(0: no edema, 1: mild, 2: moderate, and 3: severe) based on the
degree of increase in dermal interstitial fluid. The number of each
immune cell type including neutrophils, monocytes, eosinophils,
and lymphocytes per HPF was quantified from each H&E slide.

In vivo Imaging for ROS/RNS

In vivo ROS/RNS detection was performed as described
previously (18, 60). In brief, mice were injected subcutaneously
with 25 mg/kg L-012 luminescence probe (Wako Chemicals)
5.5 h post-PMA challenge. Mice were imaged under 2% isoflurane
anesthesia in groups of 3 using the in vivo imaging system

(Caliper Life Sciences) 20-30 min post-injection. Images were
taken by using Living Image version 3.1 (Caliper Life Sciences)
from 3 biological replicates (3 independent experiments) per
treatment group.

Statistical Analyses

Statistical significance was determined using GraphPad Prism
Version 8.0.2(159). Comparison between two groups was
performed using the Students unpaired t-test. Comparison
among multiple groups was performed using the One-way
ANOVA, Dunnetts multiple comparisons test (*p < 0.05;
*p < 0.01; ***p < 0.001; and ****p < 0.0001).

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the University of
British Columbia Animal Care Committee following the ethical
guidelines of the Canadian Council on Animal Care.

AUTHOR CONTRIBUTIONS

BW designed and performed the experiments and analyzed the
data. HF and SS designed the peptidomimetics and performed
in vitro investigations, respectively. HM performed pathology
scoring and quantification on the H&E staining samples. All
authors contributed to the interpretation of the data and writing,
reviewing, and editing the manuscript. RH and HF supervised the
research and acquired the funding.

FUNDING

Research reported in this publication was supported by grants
to RH from the Canadian Institutes for Health Research FDN-
154287 and the Michael Smith Foundation for Health Research
Innovation to Commercialization Program. The content is solely
the responsibility of the authors and does not necessarily
represent the official views of the Canadian Institutes for Health
Research. RH holds a Canada Research Chair in Health and
Genomics and a UBC Killam Professorship. BW is supported by
the John Richard Turner Fellowship. SS was supported by a grant
from the Carlsberg Foundation.

ACKNOWLEDGMENTS

The authors would like to thank Wax-it Histology Services
(Vancouver, BC, Canada) for performing the H&E staining.

Frontiers in Immunology | www.frontiersin.org

August 2020 | Volume 11 | Article 2102


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Wu et al.

Lipidated Anti-inflammatory Peptidomimetics in vivo

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Medzhitov R. Origin and physiological roles of inflammation. Nature. (2008)
454:428-35. doi: 10.1038/nature07201

. Medzhitov R. Inflammation 2010: new adventures of an old flame. Cell. (2010)

140:771-6. doi: 10.1016/j.cell.2010.03.006

. Mogensen TH. Pathogen recognition and inflammatory signaling in innate

immune defenses. Clin Microbiol Rev. (2009) 22:240-73. doi: 10.1128/CMR.
00046-08

. Chen L, Deng H, Cui H, Fang ], Zuo Z, Deng J, et al. Inflammatory responses

and inflammation-associated diseases in organs. Oncotarget. (2018) 9:7204-18.
doi: 10.18632/oncotarget.23208

. Chen GY, Nuiiez G. Sterile inflammation: sensing and reacting to damage. Nat

Rev Immunol. (2010) 10:826-37. doi: 10.1038/nri2873

. Ortega-Gomez A, Perretti M, Soehnlein O. Resolution of inflammation: an

integrated view. EMBO Mol Med. (2013) 5:661-74. doi: 10.1002/emmm.
201202382

. Fullerton JN, Gilroy DW. Resolution of inflammation: a new therapeutic

frontier. Nat Rev Drug Discov. (2016) 15:551-67. doi: 10.1038/nrd.20
16.39

. Dorward DA, Lucas CD, Chapman GB, Haslett C, Dhaliwal K, Rossi

AG. The role of formylated peptides and formyl peptide receptor

1 in governing neutrophil function during acute inflammation.
Am ] Pathol. (2015) 185:1172-84. doi: 10.1016/j.ajpath.2015.
01.020

. Rock KL, Latz E, Ontiveros F, Kono H. The sterile inflammatory response.

Annu Rev Immunol. (2010) 28:321-42. doi: 10.1146/annurev-immunol-
030409-101311

Lukens JR, Gross JM, Kanneganti T-D. IL-1 family cytokines trigger sterile
inflammatory disease. Front Immunol. (2012) 3:315. doi: 10.3389/fimmu.2012.
00315

Boutayeb A, Boutayeb S. The burden of non-communicable diseases in
developing countries. Int | Equity Health. (2005) 4:2. doi: 10.1186/1475-9276-
4-2

Habib SH, Saha S. Burden of non-communicable disease: global overview.
Diabetes Metab Syndr Clin Res Rev. (2010) 4:41-7. doi: 10.1016/j.dsx.2008.04.
005

Gabor M. Models of acute inflammation in the ear. Methods Mol Biol Clifton
NJ. (2003) 225:129-37. doi: 10.1385/1-59259-374-7:129

Sun J, Zhao Y, Jin H, Hu J. Curcumin relieves TPA-induced Th1 inflammation
in K14-VEGF transgenic mice. Int Immunopharmacol. (2015) 25:235-41. doi:
10.1016/j.intimp.2015.02.007

Jimenez-Estrada M, Chilpa RR, Apan TR, Lledias F, Hansberg W, Arrieta
D, et al. Anti-inflammatory activity of cacalol and cacalone sesquiterpenes
isolated from Psacalium decompositum. ] Ethnopharmacol. (2006) 105:34-8.
doi: 10.1016/j.jep.2005.09.039

Lim K-M, Bae S, Koo JE, Kim E-S, Bae O-N, Lee JY. Suppression of skin
inflammation in keratinocytes and acute/chronic disease models by caffeic acid
phenethyl ester. Arch Dermatol Res. (2015) 307:219-27. doi: 10.1007/s00403-
014-1529-8

Bralley EE, Greenspan P, Hargrove JL, Wicker L, Hartle DK. Topical anti-
inflammatory activity of Polygonum cuspidatum extract in the TPA model of
mouse ear inflammation. J Inflamm Lond Engl. (2008) 5:1. doi: 10.1186/1476-
9255-5-1

Wu BC, Lee AH-Y, Hancock REW. Mechanisms of the innate defense
regulator peptide-1002 anti-inflammatory activity in a sterile inflammation
mouse model. J Immunol. (2017) 199:3592-603. doi: 10.4049/jimmunol.
1700985

Nedoszytko B, Sokolowska-Wojdylo M, Ruckemann-Dziurdzinska K,
Roszkiewicz ], Nowicki RJ. Chemokines and cytokines network in the
pathogenesis of the inflammatory skin diseases: atopic dermatitis, psoriasis
and skin mastocytosis. Adv Dermatol Allergol Dermatol Alergol. (2014)
31:84-91. doi: 10.5114/pdia.2014.40920 n

He H-Q, Ye RD. The formyl peptide receptors: diversity of ligands
and mechanism for recognition. Molecules (2017) 22:455. doi: 10.3390/
molecules22030455

Winther M, Dahlgren C, Forsman H. Formyl peptide receptors in mice and
men: similarities and differences in recognition of conventional ligands and

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

modulating lipopeptides. Basic Clin Pharmacol Toxicol. (2018) 122:191-8.
doi: 10.1111/bept.12903

Skovbakke SL, Holdfeldt A, Forsman H, Bylund ], Franzyk H. The role of
formyl peptide receptors for immunomodulatory activities of antimicrobial
peptides and peptidomimetics. Curr Pharm Des. (2018) 24:1100-20. doi: 10.
2174/1381612824666180403123233

Li L, Chen K, Xiang Y, Yoshimura T, Su S, Zhu J, et al. New development in
studies of formyl-peptide receptors: critical roles in host defense. ] Leukoc Biol.
(2016) 99:425-35. doi: 10.1189/jlb.2R10815-354RR

Prevete N, Liotti F Marone G, Melillo RM, de Paulis A. Formyl
peptide receptors at the interface of inflammation, angiogenesis and
tumor growth. Pharmacol Res. (2015) 102:184-91. doi: 10.1016/j.phrs.2015.
09.017

Chen K, Bao Z, Gong W, Tang P, Yoshimura T, Wang JM. Regulation
of inflammation by members of the formyl-peptide receptor family. J
Autoimmun. (2017) 85:64-77. doi: 10.1016/j.jaut.2017.06.012

Dufton N, Hannon R, Brancaleone V, Dalli J, Patel HB, Gray M, et al. Anti-
inflammatory role of the murine formyl-peptide receptor 2: ligand-specific
effects on leukocyte responses and experimental inflammation. J Immunol
Baltim Md 1950. (2010) 184:2611-9. doi: 10.4049/jimmunol.0903526

Nijnik A, Hancock R. Host defence peptides: antimicrobial and
immunomodulatory activity and potential applications for tackling
antibiotic-resistant infections. Emerg Health Threats ]. (2009) 2:el.
doi: 10.3134/¢htj.09.001

Hancock REW, Falla TJ. Antimicrobial peptides: broad-spectrum antibiotics
from nature. Clin Microbiol Infect Off Publ Eur Soc Clin Microbiol Infect Dis.
(1996) 1:226-9.

Mansour SC, Pena OM, Hancock REW. Host defense peptides: front-line
immunomodulators. Trends Immunol. (2014) 35:443-50. doi: 10.1016/j.it.
2014.07.004

Hancock REW, Haney EF, Gill EE. The immunology of host defence peptides:
beyond antimicrobial activity. Nat Rev Immunol. (2016) 16:321-34. doi: 10.
1038/nri.2016.29

Hemshekhar M, Anaparti V, Mookherjee N. Functions of cationic host defense
peptides in immunity. Pharmaceuticals (2016) 9:40. doi: 10.3390/ph9030040
Afacan NJ, Yeung ATY, Pena OM, Hancock REW. Therapeutic potential of
host defense peptides in antibiotic-resistant infections. Curr Pharm Des. (2012)
18:807-19. doi: 10.2174/138161212799277617

de la Fuente-Nufiez C, Cardoso MH, de Souza Candido E, Franco OL,
Hancock REW. Synthetic antibiofilm peptides. Biochim Biophys Acta. (2016)
1858:1061-9. doi: 10.1016/j.bbamem.2015.12.015

Molchanova N, Hansen PR, Franzyk H. Advances in development of
antimicrobial peptidomimetics as potential drugs. Molecules (2017) 22:1430.
doi: 10.3390/molecules22091430

Haney EE Hancock REW. Peptide design for
immunomodulatory  applications.  Biopolymers.
doi: 10.1002/bip.22250

Vagner ], Qu H, Hruby V]J. Peptidomimetics, a synthetic tool of drug discovery.
Curr Opin Chem Biol. (2008) 12:292-6. doi: 10.1016/j.cbpa.2008.03.009
Rotem S, Mor A. Antimicrobial peptide mimics for improved therapeutic
properties. Biochim Biophys Acta. (2009) 1788:1582-92. doi: 10.1016/j.
bbamem.2008.10.020

Zuckermann RN, Kodadek T. Peptoids as potential therapeutics. Curr Opin
Mol Ther. (2009) 11:299-307.

Olsen CA. Peptoid-peptide hybrid backbone architectures. ChemBioChem.
(2010) 11:152-60. doi: 10.1002/cbic.200900618

Skovbakke SL, Larsen CJ, Heegaard PMH, Moesby L, Franzyk H. Lipidated
a-peptide/B-peptoid hybrids with potent anti-inflammatory activity. ] Med
Chem. (2015) 58:801-13. doi: 10.1021/jm501341h

Skovbakke SL, Heegaard PMH, Larsen CJ], Franzyk H, Forsman H,
Dahlgren C. The proteolytically stable peptidomimetic Pam-(Lys-BNSpe)6-
NH2 selectively inhibits human neutrophil activation via formyl peptide
receptor 2. Biochem Pharmacol. (2015) 93:182-95. doi: 10.1016/j.bcp.2014.11.
004

Skovbakke SL, Winther M, Gabl M, Holdfeldt A, Linden S, Wang JM, et al. The
peptidomimetic Lau-(Lys-BNSpe)6-NH2 antagonizes formyl peptide receptor
2 expressed in mouse neutrophils. Biochem Pharmacol. (2016) 119:56-65.
doi: 10.1016/j.bcp.2016.09.004

antimicrobial and
(2013)  100:572-83.

Frontiers in Immunology | www.frontiersin.org

August 2020 | Volume 11 | Article 2102


https://doi.org/10.1038/nature07201
https://doi.org/10.1016/j.cell.2010.03.006
https://doi.org/10.1128/CMR.00046-08
https://doi.org/10.1128/CMR.00046-08
https://doi.org/10.18632/oncotarget.23208
https://doi.org/10.1038/nri2873
https://doi.org/10.1002/emmm.201202382
https://doi.org/10.1002/emmm.201202382
https://doi.org/10.1038/nrd.2016.39
https://doi.org/10.1038/nrd.2016.39
https://doi.org/10.1016/j.ajpath.2015.01.020
https://doi.org/10.1016/j.ajpath.2015.01.020
https://doi.org/10.1146/annurev-immunol-030409-101311
https://doi.org/10.1146/annurev-immunol-030409-101311
https://doi.org/10.3389/fimmu.2012.00315
https://doi.org/10.3389/fimmu.2012.00315
https://doi.org/10.1186/1475-9276-4-2
https://doi.org/10.1186/1475-9276-4-2
https://doi.org/10.1016/j.dsx.2008.04.005
https://doi.org/10.1016/j.dsx.2008.04.005
https://doi.org/10.1385/1-59259-374-7:129
https://doi.org/10.1016/j.intimp.2015.02.007
https://doi.org/10.1016/j.intimp.2015.02.007
https://doi.org/10.1016/j.jep.2005.09.039
https://doi.org/10.1007/s00403-014-1529-8
https://doi.org/10.1007/s00403-014-1529-8
https://doi.org/10.1186/1476-9255-5-1
https://doi.org/10.1186/1476-9255-5-1
https://doi.org/10.4049/jimmunol.1700985
https://doi.org/10.4049/jimmunol.1700985
https://doi.org/10.5114/pdia.2014.40920
https://doi.org/10.3390/molecules22030455
https://doi.org/10.3390/molecules22030455
https://doi.org/10.1111/bcpt.12903
https://doi.org/10.2174/1381612824666180403123233
https://doi.org/10.2174/1381612824666180403123233
https://doi.org/10.1189/jlb.2RI0815-354RR
https://doi.org/10.1016/j.phrs.2015.09.017
https://doi.org/10.1016/j.phrs.2015.09.017
https://doi.org/10.1016/j.jaut.2017.06.012
https://doi.org/10.4049/jimmunol.0903526
https://doi.org/10.3134/ehtj.09.001
https://doi.org/10.1016/j.it.2014.07.004
https://doi.org/10.1016/j.it.2014.07.004
https://doi.org/10.1038/nri.2016.29
https://doi.org/10.1038/nri.2016.29
https://doi.org/10.3390/ph9030040
https://doi.org/10.2174/138161212799277617
https://doi.org/10.1016/j.bbamem.2015.12.015
https://doi.org/10.3390/molecules22091430
https://doi.org/10.1002/bip.22250
https://doi.org/10.1016/j.cbpa.2008.03.009
https://doi.org/10.1016/j.bbamem.2008.10.020
https://doi.org/10.1016/j.bbamem.2008.10.020
https://doi.org/10.1002/cbic.200900618
https://doi.org/10.1021/jm501341h
https://doi.org/10.1016/j.bcp.2014.11.004
https://doi.org/10.1016/j.bcp.2014.11.004
https://doi.org/10.1016/j.bcp.2016.09.004
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Wu et al.

Lipidated Anti-inflammatory Peptidomimetics in vivo

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Rutkowski R, Pancewicz SA, Rutkowski K, Rutkowska J. [Reactive oxygen and
nitrogen species in inflammatory process]. Pol Merkur Lek Organ Pol Tow Lek.
(2007) 23:131-6.

Mittal M, Siddiqui MR, Tran K, Reddy SP, Malik AB. Reactive oxygen species
in inflammation and tissue injury. Antioxid Redox Signal. (2014) 20:1126-67.
doi: 10.1089/ars.2012.5149

Kielland A, Blom T, Nandakumar KS, Holmdahl R, Blomhoft R, Carlsen H.
In vivo imaging of reactive oxygen and nitrogen species in inflammation
using the luminescent probe L-012. Free Radic Biol Med. (2009) 47:760-6.
doi: 10.1016/j.freeradbiomed.2009.06.013

Jahnsen RD, Frimodt-Moller N, Franzyk H. Antimicrobial activity of
peptidomimetics against multidrug-resistant Escherichia coli: a comparative
study of different backbones. ] Med Chem. (2012) 55:7253-61. doi: 10.1021/
jm300820a

Lee JH, Lee K-R, Su Z-Y, Boyanapalli SS-S, Barman DN, Huang M-T,
et al. In vitro and in vivo anti-inflammatory effects of a novel 4,6-bis((E)-
4-hydroxy-3-methoxystyryl)-1-phenethylpyrimidine-2(1H)-thione. Chem Res
Toxicol. (2014) 27:34-41. doi: 10.1021/tx400315u

De Vry CG, Valdez M, Lazarov M, Muhr E, Buelow R, Fong T, et al.
Topical application of a novel immunomodulatory peptide, RDP58, reduces
skin inflammation in the phorbol ester-induced dermatitis model. J Invest
Dermatol. (2005) 125:473-81. doi: 10.1111/j.0022-202X.2005.23831.x

Bralley EE, Hargrove JL, Greenspan P, Hartle DK. Topical anti-
inflammatory activities of Vitis rotundifolia (muscadine grape) extracts
in the tetradecanoylphorbol acetate model of ear inflammation. ] Med Food.
(2007) 10:636-42. doi: 10.1089/jmf.2006.244

Calou IBE, Sousa DIM, Cunha GM, Brito GA, Silveira ER, Rao VS, et al.
Topically applied diterpenoids from Egletes viscosa (Asteraceae) attenuate
the dermal inflammation in mouse ear induced by tetradecanoylphorbol
13-acetate- and oxazolone. Biol Pharm Bull. (2008) 31:1511-6.

Bitschar K, Wolz C, Krismer B, Peschel A, Schittek B. Keratinocytes as sensors
and central players in the immune defense against Staphylococcus aureus in the
skin. ] Dermatol Sci. (2017) 87:215-20. doi: 10.1016/j.jdermsci.2017.06.003
Peschel A, Otto M. Phenol-soluble modulins and staphylococcal infection. Nat
Rev Microbiol. (2013) 11:667-73. doi: 10.1038/nrmicro3110

Kretschmer D, Gleske A-K, Rautenberg M, Wang R, Kéberle M, Bohn E, et al.
Human formyl peptide receptor 2 senses highly pathogenic Staphylococcus
aureus. Cell Host Microbe. (2010) 7:463-73. doi: 10.1016/j.chom.2010.05.012

54.

55.

56.

57.

58.

59.

60.

Liu M, Chen K, Yoshimura T, Liu Y, Gong W, Le Y, et al. Formylpeptide
receptors mediate rapid neutrophil mobilization to accelerate wound
healing. PLoS One. (2014) 9:¢90613. doi: 10.1371/journal.pone.009
0613

Zhang Q, Raoof M, Chen Y, Sumi Y, Sursal T, Junger W, et al. Circulating
mitochondrial DAMPs cause inflammatory responses to injury. Nature. (2010)
464:104-7. doi: 10.1038/nature08780

McDonald B, Pittman K, Menezes GB, Hirota SA, Slaba I, Waterhouse
CCM, et al. Intravascular danger signals guide neutrophils to sites of
sterile inflammation. Science. (2010) 330:362-6. doi: 10.1126/science.11
95491

Hazeldine J, Hampson P, Opoku FA, Foster M, Lord JM. N-Formyl peptides
drive mitochondrial damage associated molecular pattern induced neutrophil
activation through ERK1/2 and P38 MAP kinase signalling pathways. Injury.
(2015) 46:975-84. doi: 10.1016/j.injury.2015.03.028

Hansen AM, Skovbakke SL, Christensen SB, Perez-Gassol I, Franzyk H.
Studies on acid stability and solid-phase block synthesis of peptide-peptoid
hybrids: ligands for formyl peptide receptors. Amino Acids. (2019) 51:205-18.
doi: 10.1007/s00726-018-2656-x

Bonke G, Vedel L, Witt M, Jaroszewski JW, Olsen CA, Franzyk H. Dimeric
building blocks for solid-phase synthesis of a-peptide-B-peptoid chimeras.
Synthesis. (2008) 2008:2381-90. doi: 10.1055/s-2008-1067171

van der Plas MJA, Bhongir RKV, Kjellstrom S, Siller H, Kasetty G, Morgelin
M, et al. Pseudomonas aeruginosa elastase cleaves a C-terminal peptide from
human thrombin that inhibits host inflammatory responses. Nat Commun.
(2016) 7:11567. doi: 10.1038/ncomms11567

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Wu, Skovbakke, Masoudi, Hancock and Franzyk. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Immunology | www.frontiersin.org

11

August 2020 | Volume 11 | Article 2102


https://doi.org/10.1089/ars.2012.5149
https://doi.org/10.1016/j.freeradbiomed.2009.06.013
https://doi.org/10.1021/jm300820a
https://doi.org/10.1021/jm300820a
https://doi.org/10.1021/tx400315u
https://doi.org/10.1111/j.0022-202X.2005.23831.x
https://doi.org/10.1089/jmf.2006.244
https://doi.org/10.1016/j.jdermsci.2017.06.003
https://doi.org/10.1038/nrmicro3110
https://doi.org/10.1016/j.chom.2010.05.012
https://doi.org/10.1371/journal.pone.0090613
https://doi.org/10.1371/journal.pone.0090613
https://doi.org/10.1038/nature08780
https://doi.org/10.1126/science.1195491
https://doi.org/10.1126/science.1195491
https://doi.org/10.1016/j.injury.2015.03.028
https://doi.org/10.1007/s00726-018-2656-x
https://doi.org/10.1055/s-2008-1067171
https://doi.org/10.1038/ncomms11567
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	In vivo Anti-inflammatory Activity of Lipidated Peptidomimetics Pam-(Lys-Nspe)6-NH2 and Lau-(Lys-Nspe)6-NH2 Against PMA-Induced Acute Inflammation
	Introduction
	Results
	Peptidomimetics PM1 and PM2 Dampen PMA-Induced Ear Edema
	PM1 and PM2 Reduce Pro-inflammatory Cytokine and Chemokine Levels in PMA-Inflamed Ear Tissue
	PM1 and PM2 Only Have Minor Effects on Serum Chemokine and Cytokine Levels
	PM1 and PM2 Attenuate Neutrophil Recruitment Into PMA-Inflamed Ear Tissue
	PM1 and PM2 Reduce the Release of ROS/RNS From PMA-Challenged Ear Tissue

	Discussion
	Materials and Methods
	Peptidomimetics and Reagents
	Mice
	PMA-Induced Mouse Ear Inflammation Model
	ELISA
	H&E Staining and Histological Analysis
	In vivo Imaging for ROS/RNS
	Statistical Analyses

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


