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BRIEF REPORT

Antimicrobial Peptide Omiganan Enhances Interferon
Responses to Endosomal Toll-Like Receptor Ligands in
Human Peripheral Blood Mononuclear Cells

Hendrika W. Grievink'?, Silvana M. G. Jirka', Tess D. Woutman', Mascha Schoonakker', Robert Rissmann'?, Karen E. Malone®,
Gary Feiss* and Matthijs Moerland'>*

LL-37 is a cationic antimicrobial peptide and the sole human member of cathelicidins. Besides its bactericidal properties,
LL-37 is known to have direct immunomodulatory effects, among which enhancement of antiviral responses via endosomal
toll-like receptors (TLRs). Omiganan pentahydrochloride is a synthetic cationic peptide in clinical development. Previously,
omiganan was primarily known for its direct bactericidal and antifungal properties. We investigated whether omiganan
enhances endosomal TLR responses, similar to LL-37. Human peripheral blood mononuclear cells were treated with endo-
somal TLR3, -7, -8, and -9 ligands in the presence of omiganan. Omiganan enhanced TLR-mediated interferon-o release.
Subsequent experiments with TLR9 ligands showed that plasmacytoid dendritic cells were main contributors to omiganan-
enhanced IFN production. Based on this type | interferon-enhancing effect, omiganan may qualify as potential treatment mo-
dality for virus-driven diseases. The molecular mechanism by which omiganan enhances endosomal TLR responses remains

to be elucidated.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Cathelicidin LL-37, a cationic peptide of 37 amino
acids long, enhances interferon responses to viral trig-
gers. Presumably, LL-37 binds to DNA and RNA, alter-
ing the endosomal trafficking of toll-like receptor (TLR)
ligands.

WHAT QUESTION DID THIS STUDY ADDRESS?

We studied whether omiganan pentahydrochloride, a
synthetic cationic peptide in clinical development, is also
capable of enhancing endosomal TLR-mediated inter-
feron responses.

Cathelicidins are a group of cationic antimicrobial peptides
occurring in human and many other species.1 About 30
different cathelicidins are currently known in mammalian
species. Cathelicidins are part of the innate immune system
and exert antimicrobial activity by permeating and disinte-
grating the membranes of pathogens.2 In man, LL-37 is the
sole identified member of the cathelicidin family.1 LL-37 isa
cationic peptide of 37 amino acids long, expressed primar-
ily in circulating neutrophils and in the gastrointestinal tract,
lungs, and the epithelial cells of the skin.®™®

Besides the direct antimicrobial effect,® LL-37 has other
mechanisms of action. LL-37 stimulates wound closure,6

WHAT DOES THIS STUDY ADD TO OUR KNOW-
LEDGE?

Omiganan enhances interferon responses induced by
different endosomal TLR ligands. Plasmacytoid dendritic
cells are key contributors in the omiganan-enhanced in-
terferon production.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOL-
OGY OR TRANSLATIONAL SCIENCE?

These results show that cationic peptides can be used
for modulation of type | responses, and, as such, may qual-
ify as potential treatment modality for virus-driven diseases.

neutralizes lipopolysaccharide,” and there is growing evi-
dence for direct immunomodulatory effects of LL-37.

LL-37 affects the response of human neutrophils to
viruses,® and the expression of pro-inflammatory and anti-in-
flammatory cytokines in macrophages during mycobacterial
infection.® Another well-described effect of LL-37 is the en-
hancement of interferon responses to viral triggers,.10 The
peptide enhances interferon production induced by toll-like
receptor (TLR) 3 ligand polyl:C in keratinocytes."! This effect
is not exclusive for TLR3-driven responses, and is also ob-
served for other endosomal TLRs.'>'? The binding of LL-37
to DNA and RNA is supposed to be the mechanism behind
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this effect, altering the endosomal trafficking of TLR ligands.™®
LL-37 is known to bind to polyl:C, thereby changing the struc-
ture of the ligand and enhancing its recognition by TLR3.™

Based on the enhancement of TLR-driven interferon re-
sponses by LL-37, pharmacological modulation of viral
diseases by synthetic cationic peptides is an interesting
concept. Several cationic peptides are in (pre)clinical de-
velopment,”™ such as omiganan pentahydrochloride.'®
Omiganan is a 12 amino acids long, antimicrobial peptide
with bactericidal' and antifungal'® properties. This paper
describes a series of experiments conducted on primary
human immune cells, wherein we investigated the potential
interferon-enhancing effects of omiganan. Further, we inves-
tigated the cell types contributing to omiganan-enhanced
interferon production.

MATERIALS AND METHODS

Materials

Omigananpentahydrochloride(sequence: ILRWPWWPWRRK)
was supplied by Cutanea Life Sciences. Scrambled omi-
ganan (sequence: WLIPRWRPKWWR) was obtained from
JPT (Berlin, Germany). LL-37 was obtained from Anaspec
(Eurogentec, Belgium). TLR ligands imiquimod, Polyl:C
(HMW), imiquimod, ssRNA40/lyovec, CpG class A (ODN2216),
CpG class B (ODN2006), and CpG class C (ODN2395) were alll
obtained from Invivogen, Toulouse, France.

Peripheral blood mononuclear cell isolation

Blood was collected from healthy volunteers via venipunc-
ture into cell preparation tubes containing sodium heparin
(Becton Dickinson, Franklin Lakes, NJ) after written informed
consent in accordance with Good Clinical Practice guide-
lines and the Declaration of Helsinki. The cell preparation
tubes were centrifuged at 1800 xg for 30 minutes at room
temperature. The peripheral blood mononuclear cell (PBMC)
layer was removed and washed twice with phosphate-buff-
ered saline. PBMCs were counted using the MACSQuant
10 flow cytometer, using propidium iodide (Miltenyi Biotec,
Bergisch-Gladbach, Germany) for viability staining.

PBMC cultures

PBMCs were cultured at 0.5 x 1076 cells/well in round-bot-
tom 96-well plates in RPMI1640 (Gibco; Thermo Fisher
Scientific, Waltham, MA), supplemented with 10% heat in-
activated fetal bovine serum (FBS; Gibco, Thermo Fisher
Scientific), RPMI1640 supplemented with 5% autolo-
gous plasma or X-Vivo 15 Serum-free Hematopoietic Cell
Medium (Lonza, Amboise, France). PBMCs were incubated
with omiganan (25 pg/mL), scrambled omiganan (25 pg/mL),
or LL-37 (62.5 pg/mL) 30 minutes prior to TLR stimulation.
Supernatants were collected after 24 hours and stored at
—80°C before assaying. Cultures including imiquimod were
performed in either RPMI1640 + 5% autologous serum or
serum free medium, because the omiganan enhancing ef-
fect on IFNa is not observed when FBS is present in the
culture medium.

Dendritic cell isolation
Plasmacytoid and myeloid dendritic cells (pDCs and mDCs)
were isolated from PBMCs using negative selection kits
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from Stemcell (Vancouver, British Columbia, Canada), and
the RoboSep (Stemcell) according to the user manual.
Purity of isolated cells was assessed by flow cytometry
using CD3-PE-Vio770, CD20-PE-Vio770, CD56-PE-Vio770,
CD14-VioBlue, HLA-DR-FITC, CD11c-PE, and CD123-
APC antibodies (all Miltenyi Biotec), and measured on a
MACSQuant 10 analyzer (Miltenyi Biotec). See Figure S1
for gating strategy.

Interferon measurements

Culture supernatants were assayed for IFNa by en-
zyme-linked immunosorbent assay (PBL Assay Science,
Piscataway, NJ).

Statistical analysis

A one-way analysis of variance was performed on log
transformed data using GraphPad Prism, version 6.05
(GraphPad Software, San Diego, CA). The effect of omi-
ganan, scrambled omiganan, or LL37 was compared with
TLR ligand alone (Figure 1). Results in Figure 2a were
analyzed with a mixed effect model with treatment, CpG
and treatment by CpG as fixed effects, subject, subject by
treatment, and subject by CpG as random effects using
SAS software (Cary, NC). Results are log transformed be-
fore analysis to correct for log-normal distribution of the
data. P values < 0.05 were considered significant.

RESULTS

Omiganan enhances endosomal TLR-driven IFNa
production

The potential effect of omiganan on endosomal TLR-
driven responses was investigated by incubating PBMCs
in RPMI1640 + 5% autologous plasma or RPMI1640 + 10%
FBS with 25 pg/mL omiganan, 25ug/mL scrambled omiga-
nan, or 62.5ug LL37 (molar equivalent to omiganan) prior to
stimulation with polyl:C (TLR3), imiquimod (TLR7), ssRNA
(TLR8), or CpG class C (TLR9) for 24 hours (Figure 1). IFNa
was measured in the culture supernatants. IFNa release
induced by the TLR ligands alone was modest (maximally
500-1,500 pg/mL), but reached levels of 1,800-18,000 pg/
mL in the presence of omiganan. Scrambled omiganan en-
hanced IFNa release as well, although not as strongly as
omiganan. LL-37 enhanced polyl:C-mediated and CpG-
C-mediated responses (and more strongly than omiganan
did), but not ssRNA-mediated and imiquimod-mediated
responses. Due to the small sample size of this experi-
ment, statistically significant contrasts were only observed
for enhancement of ssRNA-driven IFNa release by omiga-
nan, and for enhancement of polyl-C-driven IFN« release
by LL-37. Additional experiments evaluating the omiganan
concentration-effect relationship substantiated these find-
ings for polyl:C-driven, ssRNA-driven, and CpG-C-driven
responses (Figure S2 four additional donors). Given the
fact that these were separate experiments, it was decided
to not pool the data.

Omiganan enhances TLR9-driven responses
Subsequently, the effect of omiganan on responses driven
by TLR9 ligands CpG-A and CpG-B was investigated
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Figure 1 Omiganan, LL-37 and scrambled omiganan enhance endosomal toll-like receptor (TLR)-driven interferon-a (IFNa) release,
but not for all TLRs. Peripheral blood mononuclear cells from four subjects were treated with either 25 ug/mL omiganan, 25 ug/
mL scrambled omiganan, or 63.2 pg/mL LL-37 (molecular equivalent to omiganan) for 30 minutes prior to simulation with 50 pg/mL
polyl:C, 1 ug/mL imiquimod, 2.5 pg/mL ssRNA40/lyovec, or 2.5 uM CpG class C for 24 hours. IFNa was quantified in cell supernatant
(mean + SEM). *P < 0.05. IMQ, imiquimod; LLOQ, lower limit of quantification; OMN, omiganan.

(a) (b)
80000 50000+ o
zes
700001 - 250MN
= 60000 = 400001
00004 [ el £ 20000 .
£ 40000 Teell = S
3 | “Seng 3 20000 ‘ S
2 00004 . 2 ! w}\\
& 200004 /s & ool ! e
100001 ; .
0 - . . . . onle— . . —
Q N v -] ™ “° D) N Vv . ] ™
CpG A uM CpG B uM
(c) (d) (e)
no OMN 25 OMN 25 OMN
150000 150000 30000+
- PBMC
-=- pDC
= = =
E100000- E100000- £ 200001 -+~ mDC
> I Y U >
g o N g a2 g
5 .- s = 3
= 50000{ #- > 2 50000- K Z 10000-
£ ; £ ~ z
G X
[ ,‘i'
0 - v . 0 v . . 0 : : .
N N o > N N a9 i N N a i
CpG A uM CpG A uM CpG B uM

Figure 2 Omiganan enhances different toll-like receptor 9 (TLR9)-driven responses. In 3 independent experiments, peripheral blood
mononuclear cells (PBMCs) from 6 subjects were pretreated with or without 25 pg/mL omiganan for 30 minutes prior to addition of
CpG-A (a) or CpG-B (b). In two independent experiments, plasmacytoid and myeloid dendritic cells (pDCs and mDCs) were isolated
from PBMC fractions of four subjects. PBMCs, pDCs, and mDCs were incubated with 0, 6.25, or 25 pg/mL omiganan for 30 minutes
prior to addition with CpG-A (c) or CpG-B (d). Interferon-a was quantified in cell supernatant (mean + SEM). OMN, omiganan, PBMC,
peripheral blood mononuclear cell.
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(Figure 2a,b). Omiganan slightly enhanced CpG-A IFN«
production, although the contrast did not reach statistical
significance (P = 0.09; omiganan pre-incubation at 25 pg/mL;
Figure 2a). CpG-B alone did not drive any IFN« production,
but after pre-incubation with omiganan CpG-B stimulation
resulted in a strong, bell-shaped IFNa response (Figure 2b).
A next experiment investigated which cells in the PBMC frac-
tion contribute to IFNa production after TLR9 stimulation.
PBMCs, pDCs, and mDCs derived from the same donor were
pre-incubated with omiganan prior to stimulation with a dose
range of CpG-A or CpG-B (Figure 2c-e). Purities of 57-81%
were observed for mDCs, 73-93% for pDCs, and the viabil-
ity was always > 95%. Results of the preceding experiments
could be confirmed, with a modest enhancement of CpG-
A-driven IFNa responses by omiganan in PBMC cultures
(Figure 2: panel d vs. ¢), and a strong IFNa response upon
omiganan/CpG-B incubation (Figure 2e). The mDCs did not
produce IFNa in culture. The pDCs did release IFNa after
CpG-A stimulation, in the presence and absence of omiga-
nan (Figure 2c¢,d). Combined incubation with omiganan and
CpG-B resulted in a strong IFNa release by isolated pDCs
(Figure 2e), indicating pDCs to be a key source of IFNa in
CpG/omiganan-stimulated PBMC cultures.

DISCUSSION AND CONCLUSIONS

In this series of experiments, pre-incubation of omiganan
enhanced TLR3-driven, TLR7-driven, TLR8-driven, and
TLR9-driven IFN« release, following stimulation with the re-
spective TLR ligands. This effect of omiganan was observed
despite the small sample size (4-6 donors) and relatively
large inter-donor variability, which is inherent to culture
experiments with primary human immune cells. Moreover,
a part of the response variability may be attributed to the
fact that PBMCs from both male as female donors were
used, and sex differences in endosomal TLR-driven IFN«
production has been reported.’®?® Scrambled omiganan
also enhanced IFNa release, although not as strongly as
omiganan.

LL-37 also enhanced TLR-driven responses, although
the response pattern differed between omiganan and LL-
37. Whereas omiganan enhanced interferon responses to
all selected TLR ligands (although only to a minor extend
for imiquimod), LL-37 only enhanced polyl:C-driven and
CpG-C-driven responses. For these experiments, equimolar
levels of both cationic peptides were used. The enhancing
effect of LL37 on CpG-induced IFNa expression has been
reported before. Morizane et al.'® showed that coculture of
CpG-C with LL37 strongly drives mRNA IFNA2 expression.
LL37 also enhanced Polyl:C-induced (TLR3) and CpG-
C-induced (TLR9) IFNB1 mRNA expression.'®'?

The inflammatory response to TLR9 stimulation largely de-
pends on the selected TLR9 ligand, and is different for CpG
classes A, B, and C.2' CpG-A (stretch of nucleotides with a
palindrome motif) is known to induce interferon responses,
whereas CpG-B (single stretch of nucleotides) acts via late
endosomal signaling resulting in a pro-inflammatory cytokine
response via nuclear factor kB.2' CpG-C (a combination of
CpG-A and CpG-B) activates both interferon and nuclear fac-
tor kB-driven responses.?? Therefore, the effect of omiganan
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was investigated on responses driven by differently acting
TLR9 ligands. Interestingly, pre-incubation of PBMCs with
omiganan preceding CpG-B stimulation resulted in a strong
IFNa release, suggesting activation of TLR9 in the early endo-
somes as described for CpG-A.2® Omiganan also enhanced
the interferon response driven by CpG-A, although this
effect was much smaller. One potentially important obser-
vation is the bell-shape of the omiganan-enhanced CpG-B
response. This response shape implies that there may be an
optimal molar ratio between omiganan and TLR ligand, and
potentially an interaction between the two. A comparable
bell-shaped response has been observed for omiganan-en-
hanced imiquimod responses, but not for other TLR ligands.
A potential interaction between CpG and cationic peptides
has been reported before, based on observations, such as
colocalization in early endosomes,24 and trafficking of LL-37
with self-RNA/DNA to endosomal TLRs.?®

To investigate which PBMC cell subset contributes to
omiganan-enhanced interferon production, we isolated
PBMCs, pDCs, and mDCs and incubated the cells with
CpG-A or CpG-B with or without omiganan. The omiga-
nan-dependent enhancement in CpG-driven interferon
release as observed in PBMCs was explained by a very
strong interferon production by pDCs. No omiganan-de-
pendent interferon production by mDCs was observed. It
should be noted that the number of pDCs and mDCs in the
PBMC fraction is unknown and absolute counts may differ
between PBMC fractions and isolated DCs. Interindividual
variability in pDC number may explain the substantial
interindividual variability in IFNa responses in PBMC cul-
tures, as observed in preceding experiments. The purity of
the isolated mDCs and pDCs was relatively low (57-81%
and 73-93%, respectively). This is a limitation of the se-
lected methodology, because these levels of purity are
in line with the kit specifications set by the manufacturer.
Importantly, the purity did not affect the conclusions of
the experiment, because no interferon production was ob-
served for the isolated mDCs.

The observed interferon-enhancing effects of omiganan
warrant further evaluation of the peptide as potential therapy
for viral infections. The use of interferons for the treatment of
such conditions is a growing area of interest. For example,
hepatitis B and C virus infections are successfully treated with
IFN-a, and potential other applications of interferons are eval-
uated in the field of HIV, hepatitis, and influenza infections.?®

In summary, our experiments show that omiganan en-
hances IFNa responses to endosomal TLR ligands. The
pDCs were identified as a major source of interferon produc-
tion driven by omiganan and CpG. Based on these findings,
omiganan may qualify as potential treatment modality for
virus-driven diseases. The molecular mechanism by which
omiganan enhances endosomal TLR responses remains to
be elucidated.

Supporting Information. Supplementary information accompa-
nies this paper on the Clinical and Translational Science website (www.
cts-journal.com).
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