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ABSTRACT

0-Defensins are pleiotropic, macrocyclic peptides that are
expressed uniquely in Old World monkeys. The peptides
are potent, broad-spectrum microbicides that also mod-
ulate inflammatory responses in vitro and in animal
models of viral infection and polymicrobial sepsis.
0-Defensins suppress proinflammatory cytokine secretion
by leukocytes stimulated with diverse Toll-like receptor
(TLR) ligands. Studies were performed to delineate anti-
inflammatory mechanisms of rhesus 6-defensin 1 (RTD-1),
the most abundant 0-defensin isoform in macaque
granulocytes. RTD-1 reduced the secretion of tumor
necrosis factor-a (TNF-a), interleukin (IL)-18, and IL-8 in
lipopolysaccharide (LPS)-stimulated human blood mono-
cytes and THP-1 macrophages, and this was accompa-
nied by inhibition of nuclear factor kB (NF-kB) activation
and mitogen-activated protein kinase (MAPK) pathways.
Peptide inhibition of NF-kB activation occurred following
stimulation of extracellular (TLRs 1/2 and 4) and intracel-
lular (TLR9) receptors. Although RTD-1 did not inhibit
MAPK in unstimulated cells, it induced phosphorylation of
Akt in otherwise untreated monocytes and THP-1 cells. In
the latter, this occurred within 10 min of RTD-1 treatment
and produced a sustained elevation of phosphorylated
Akt (pAkt) for at least 4 h. pAkt is a negative regulator of
MAPK and NF-kB activation. RTD-1 inhibited IkBa degra-
dation and p38 MAPK phosphorylation, and stimulated
Akt phosphorylation in LPS-treated human primary
monocytes and THP-1 macrophages. Specific inhibition
of phosphatidylinositol 3-kinase (PI3K) blocked RTD-1-
stimulated Akt phosphorylation and reversed the sup-
pression of NF-kB activation by the peptide. These
studies indicate that the anti-inflammatory properties of

Abbreviations: Ct = cycle threshold, gDNA = genomic DNA, HI = heat
inactivated, HNP = human neutrophil peptide, HSP = heat shock protein, IKK =
kB kinase, JNK = c-Jun N-terminal kinase, MAPK = mitogen-activated protein
kinase, MM = marimastat, ODN = cligodeoxynuclectide, pAkt = phosphory-
lated Akt, PPC = positive PCR control, P/S = penicilin/streptomycin, RTC =
reverse transcription control, RTD = rhesus 6-defensin,
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0-defensins are mediated by activation of the PI3K/
Akt pathway and suppression of proinflammatory
signals in immune-stimulated cells. J. Leukoc. Biol.
98: 1061-1070; 2015.

Introduction

Mammalian defensins are cationic, tridisulfide-containing peptides
comprising 3 subfamilies denoted as a-defensin, B-defensin, and
0-defensin. Defensins contribute to host defense as antimicrobial
agents [1-6] and by regulating inflammatory [7-13] and adaptive
immune responses [14-17]. a-Defensin and B-defensin have similar
3-dimensional topologies but differ in their disulfide linkages [18].
0-Defensins are macrocyclic peptides expressed in Old World
monkeys (e.g., macaques and baboons) and are the only known
cyclic proteins in animals [19]. The 6-defensin backbone is
produced by head-to-tail splicing of 2 nonapeptides excised from
a-defensin-like precursors [20]. In rhesus macaques, alternate
binary splicing of nonapeptides encoded by 3 precursor genes
gives rise to 6 6-defensin isoforms, RTD-1 to RTD-6 [20, 21]. In
baboons, alternate nonapeptide splicing produces 10 6-defensin
isoforms [22]. 6-Defensins are expressed at high levels in
granules of neutrophils and in monocytes [20], and RTD-1 is the
most abundant 6-defensin in macaques, constituting ~55% of
the total 8-defensin content of rhesus neutrophils [23].
0-Defensins have a major role in the antimicrobial activities of
rhesus neutrophil-granule extracts [23]. Humans and other
hominids lack 6-defensins because of a stop codon in the prepro-
coding sequence of 6-defensin genes in these species [24]. It has
been suggested that the expression of 6-defensins in Old World
monkeys underlies differences in immune and inflammatory
responses of these nonhuman primates from those of

humans [19].
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Although o-defensins, B-defensins, and 6-defensins were discov-
ered based on their broad-spectrum antimicrobial properties,

subsequent studies have disclosed immune regulatory roles for
these peptides [25]. For example, some a-defensins and B-defensins
are chemotactic for T cells, neutrophils, dendritic cells, and
monocytes [14-17], and they induce secretion of proinflamma-
tory cytokines from activated dendritic cells, peripheral blood
mononuclear cells, and epithelial cells [7-13]. In contrast to
these proinflammatory activities, we recently reported that
0-defensins have anti-inflammatory properties both in vitro and
in vivo. RTD-1 was a potent inhibitor of cytokine secretion by
human peripheral blood leukocytes stimulated with diverse TLR
agonists [26]. Naturally occurring 6-defensin isoforms (RTDs
1-6) [23] possess variable potency in suppressing TNF expression
by LPS-stimulated or Escherichia colistimulated leukocytes. RTD-1
suppressed inflammatory cytokines, including TNF-a, IL-18, and
several chemokines in mouse models of severe acute respiratory
syndrome corona virus infection [27], E. coli peritonitis, and in
polymicrobial sepsis [26], and these effects strongly correlated
with reduced mortality in each model. These results suggest that
0-defensins modulate inflammation via regulation of pathways
shared by diverse inflammatory stimuli. To identify regulatory
pathways mediated by these novel macrocyclic peptides, we
analyzed the effects of RTD-1 on stimulated THP-1 macrophages
and human monocytes, evaluating effects of the peptide on
cytokine expression and secretion and on signal transduction
pathways involved in the inflammatory response.

MATERIALS AND METHODS

Reagents

PMA, marimastat, and PMSF were from Sigma Chemical Co. (St. Louis, MO,
USA), E. coli K12 LPS, Pam3CSK4, ODN2006, and Quantiblue were from
InvivoGen (San Diego, CA, USA). Anti-phospho-p38 MAPK, anti-IkBa, anti-
phospho-SAPK/JNK, anti-NF-kB (p65), anti-phospho-Akt (Ser473), and ant-
Akt pan Abs were from Cell Signaling Technology (Danvers, MA, USA).

Marimastat and Ly294002 (Cell Signaling Technology) solutions were prepared at
1000X in DMSO. Carrierfree TNF-a (Cell Signaling Technology) was suspended
at 2 ug/ml in PBS containing 5% HI FBS. Synthetic RTD-1 hydrochloride
(>99%) was prepared as described previously [20]. Human a-defensin HNP-1
was purified from neutrophils [28]. Stock solutions of RTD-1, S7 peptide, and
HNP-1 were prepared in sterile 0.01% acetic acid [26, 29].

Ethics committee approval

EDTA-anticoagulated blood was collected from healthy donors after prior
written consent, according to protocols approved by the University of Southern
California Institutional Review Board (approval number: HS-09-00280).

Cell culture

THP-1 monocytes (ATCC, Manassas, VA, USA) were cultured in RPMI 1640 +
10% FBS and P/S. THP-1 Dual Cells (InvivoGen), which express the NF-kB
reporter, SEAP, were grown in RPMI 1640 + 10% HI-FBS and antibiotics. THP-1
cell differentiation was induced by treatment of cells (~3.3 X 10° cells/ml)
with 100 nM PMA and cultured for 2 d. HEK-Blue hTLR9 cells (InvivoGen)

(continued from previous page)

SAPK = stress-activated protein kinase, SEAP = secreted embryonic alkaline
phosphatase, TACE/ADAM17 = TNF-a converting enzyme/A disintegrin and
metalloproteinase domain17, TAKT = TGF B-activated kinase 1
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were grown in DMEM medium containing 10% HI-FBS, P/S, and normocin.
Cells were cultured at 37°C in 5% COa.

Cytokine assays

PMA-differentiated THP-1 cells (~8 X 10° cells) cultured in 6-well plates were
washed twice with complete medium and grown in fresh medium containing
1% FBS for 24 h. Cells were washed twice with fresh medium and incubated
for 2 h before further manipulation. Cells were stimulated with 100 ng/ml
LPS in the presence or absence of 10 pg/ml RTD-1 or a vehicle (0.01% acetic
acid) for 2 h. In some experiments, cells were first incubated for 1 h with
10 pwg/ml marimastat or vehicle (DMSO), after which LPS, RTD-1, or both were
added and incubated for 2 h as above. Peripheral blood CD14" monocytes
(Lonza, Walkersville, MD, USA) were thawed, rinsed with RPMI 1640 medium
containing 10% HI FBS, P/S, and normocin, and then, resuspended in RPMI
1640 medium containing 1% HI FBS plus antibiotics as above (10° cells/ml)
for 2 h. The cells were then stimulated for 4 h as described in Fig. 1. Medium
was collected, clarified by centrifugation, first at 250 g for 8 min, and then at
5000 g for 5 min. TNF-a, I1-1B, and IL-8 were quantified by ELISA

(Life Technologies, Carlsbad, CA, USA).

Quantitative real-time PCR

Differentiated THP-1 cells were treated with LPS and RTD-1 for 2 h as above
and washed with PBS, and RNA was isolated using an RNA mini kit (Zymo
Research, Irvine, CA, USA) or with RNeasy mini kit (Qjagen, Valencia, CA,
USA). RNA integrity was confirmed on agarose gels, and RNA samples with
Ao /280 and Ageo /950 ratios =1.7 were used to generate cDNA. In brief, 400 ng
of RNA was incubated with gDNA elimination buffer for 5 min at 4°C and
reverse transcribed using the RT? first strand synthesis kit (Qiagen). Custom
PCR arrays (SA Biosciences, Frederick, MD, USA) containing human genes of
interest and controls (for reverse transcriptase and PCR efficiency, RTC and
PPC, respectively) were used for simultaneous, real-time PCR analysis. Master
mix containing cDNA and RT? SYBR Green was added to the array wells. PCR
cycling parameters were 1 cycle for 10 min at 95°C, 40 cycles of 15 s at 95°C,
1 min at 60°C on a C1000 Thermal Cycler (Bio-Rad Laboratories, Hercules,
CA, USA) equipped with a CFX96 real-time system. Melting curve analysis
confirmed a single amplicon with Ct*7¢ = 20 + 2 and ACI®TCPPO < 5 for all
samples. The ACTB gene was used for normalization of gene expression and
fold stimulation (compared with untreated cells) was calculated using the AACt
method. Absence of gDNA in cDNA samples (Ct > 35) was confirmed using
a human gDNA primer (SA Biosciences).

NF-kB activity assay

Aliquots of 1 ml of PMA-differentiated THP-1 Dual cells (~3.3 X 10° cells/ml)
in 24-well tissue culture plates were starved for 1 d in complete medium with
1% HI FBS as described above. For experiments with S7 peptide, 0.5 ml
cultures in 48-well plates were used. Fresh medium containing 1% HI FBS was
added to the cells and, after 2 h, cells were stimulated with 100 ng/ml LPS or
25 ng/ml Pam3CSK4 in the presence of RTD-1 or 0.01% acetic acid (vehicle).
In some experiments, cells were preincubated with marimastat, Ly294002, or
vehicle for 1 h before addition of LPS or RTD-1 or both. Following overnight
incubation, medium was clarified by centrifugation, and SEAP activity was
determined using Quantiblue reagent at 37°C and measurement of
absorbance at 625 nm. To test the effect of RTD-1 on TLR9-dependent NF-xkB
activation, 2 X 10° HEK-Blue hTLRO cells/ml were cultured for 1 d in 24-well
plates and stimulated overnight with ODN2006 with or without RTD-1.
Medium was harvested, and SEAP activity was assayed using Quantiblue as
above. NF-kB activation was defined as fold stimulation of SEAP activity
compared with control cells.

NF-kB DNA-binding activity
Nuclear extracts were prepared (nuclear extraction kit; Cayman Chemical
Co., Ann Arbor, MI, USA) from differentiated THP-1 cells treated for 30 min

with vehicle, LPS (100 ng/ml) or TNF-a (2 ng/ml) in the presence or absence
of 10 pg/ml RTD-1. NF-kB DNA binding was quantified by p65 ELISA
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(Cayman Chemical). Nonspecific DNA-binding, positive-control extract and
positive-control extract treated with competitor DNA control included with
ELISA were used to confirm the specificity of DNA-binding.

Isolation of monocytes from blood

EDTA-anticoagulated blood was incubated with human monocyte enrichment
cocktail (StemCell Technologies, Vancouver, BC, Canada) for 20 min and layered
on Ficoll-Paque in a SepMate 50 tube (Stem Cell Technologies). The cells were
centrifuged at 1200 g for 10 min, and the monocyte-containing layer of cells was
isolated and washed with PBS containing 2% HI FBS and 1 mM EDTA.

Immunoblot analyses

Differentiated THP-1 cells (~8 X 10° cells/2.5 ml medium) were starved in
complete medium containing 1% FBS for 1 d as above, and fresh 2.5 ml RPMI
1640, 1% FBS, and P/S were added for 2 h. For experiments with fresh
monocytes, cells (>80% CD14") were resuspended (~10° cells/ml) in monocyte-
attachment medium (PromoCell, Heidelberg, Germany) in a 12-well plate for 2 h
at 37°C in 5% COq. The cells were then washed 2 times with RPMI 1640 medium
containing 1% HI FBS and suspended overnight in RPMI 1640 medium
containing 1% HI FBS. Cells were stimulated with agonists with or without RTD-1,
as described in the figure legends, after which cells were washed with PBS and
extracts were prepared in cell lysis buffer and 1 mM PMSF. Protein content was
determined using the bicinchoninic acid method (Bio-Rad), and extracts were
resolved on SDS-ricine gels and transferred to nitrocellulose membrane. The
membranes were probed with the indicated antibodies and developed using anti-
mouse or anti-rabbit HRP-conjugated secondary antibodies and detected by
chemiluminescence. A phosphoprotein antibody array (Phospho-MAPK; R&D
systems, Minneapolis, MI, USA) was used to analyze activation of phosphoprotein
kinases. Differentiated THP-1 cells (1.6 X 10° cells) were treated with 100 ng/ml
LPS, 10 pg/ml RTD1, 100 ng/ml LPS, and 10 pg/ml RTD-1, or with the vehicle
for 30 min. Arrays were probed with 200 pg of cell-extract protein and
chemiluminescence of spots from arrays or bands from Western blotting was
quantified using U.S. National Institutes of Health Image] software (Bethesda,
MD, USA), with the background subtracted, and was normalized and plotted.

Statistical analysis

sp and sEM were calculated for experiments repeated 3 and 4 times, respectively,
and the Student’s ¢ test was performed to evaluate the significance of peptide
effects; as indicated in the figure legends, difference was considered significant if
P < 0.05. Microsoft (Redmond, WA, USA) Excel was used for all statistical
analyses.

RESULTS

RTD-1 suppresses expression and release of
proinflammatory cytokines

In a previous study, we found that RTD-1 suppressed secretion of

several inflammatory cytokines by peripheral blood leukocytes
stimulated by agonists of TLRs 2, 4, 5, and 8, and the inhibition of
TNF-a, IL-1B, and IL-8 release was most notable [26]. In this
study, RTD-1 treatment markedly (>90%) suppressed secretion
of TNF-a, IL-1B, and IL-8 by LPS-stimulated primary human
monocytes and THP-1 macrophages (Fig. 1). RTD-1 alone had
no effect on THP-1 cytokine secretion (Fig. 1), consistent with
previous findings [26]. The cytokine inhibitory effects in THP-1
macrophages closely resemble the responses obtained with
human-blood buffy coat cells [26] and human monocytes,
indicating that THP-1 cells provide an appropriate model for
dissecting RTD-1-mediated anti-inflammatory mechanisms.

In experiments similar to those described in Figure 1, we
analyzed the effect of RTD-1 on cytokine mRNA expression by
LPS-stimulated THP-1 cells, focusing on TNF-o, IL-13, IL-8,
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Fig. 1. RTD-1 inhibits secretion of proinflammatory cytokines. TNF-o, IL-13,
and II-8 secreted in the medium were quantified by ELISA. (Left panels)
Medium from human monocytes stimulated for 4 h with 20 ng/ml LPS or
from unstimulated cells = RTD-1 (10 pg/ml). Results are from 1 of 2 similar,
independent experiments. (Right panels) Medium from differentiated THP-
1 cells treated with LPS (100 ng/ml) for 2 h or from untreated cells = RTD-1
(10 wg/ml). Results shown are means * sp from 3 independent
experiments. # indicates cytokine was below detection limit.

CCL3, and CCL4 because each of these cytokines was suppressed
by 0-defensin treatment of LPS-stimulated blood leukocytes [26].
As shown in Fig. 2, RTD-1 markedly inhibited LPS-induced
mRNA expression of each of the 5 cytokines. The addition of
RTD-1 had no effect on the expression of GAPDH, and the
peptide alone had no effect on cytokine mRNA expression.
These results (Figs. 1 and 2) demonstrate potent regulation of
proinflammatory cytokine expression and release by RTD-1 in
LPS-stimulated macrophages.

Regulation of NF-kB pathway by RTD-1

Given the central role of NF-«B signaling in inflammation, we
hypothesized that RTD-1 modulates this pathway in THP-1 cells
stimulated with different TLR agonists. LPS (TLR4 agonist)
treatment of THP-1 cells induced a ~7-fold activation of NF-kB
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Fig. 2. RTD-1 down-regulates mRNA of proinflaimmatory cytokines. Real-time PCR analysis of cDNA from differentiated THP-1 cells treated with LPS
(100 ng/ml) = RTD-1 (10 pg/ml) for 2 h or from control (untreated) cells. Results are means = sp from 3 independent experiments.

(Fig. 3A). Simultaneous treatment with RTD-1 and LPS sup-
pressed NF-kB activation by ~70%, whereas RTD-1 alone had no
effect (Fig. 3A). In addition, RTD-1 had no direct effect on the
enzymatic activity of the SEAP reporter (LPS/RTD-1 in Fig. 3A)
and inhibition of NF-kB activation by RTD-1 was dose dependent
(Fig. 3B). It is noteworthy that no inhibition of NF-«B activity was
observed when equimolar concentrations of human neutrophil
a-defensin HNP-1 (Fig. 3B) or an acyclic variant of RTD-1 (S7;
Fig. 3C) were used in place of RTD-1.

To test for the effects of RTD-1 on NF-«B activity induced by
other stimuli, we analyzed responses of THP-1 cells stimulated
with the TLR1/2 agonist Pam3CSK4 and HEK Blue hTLR9Y cells
stimulated with the TLR9 agonist ODN2006 with and without
addition of RTD-1. Both ligands stimulated NF-«kB activation,

5- and 6-fold, respectively. Addition of 10 pg/ml RTD-1 inhibited
Pam3CSK4-induced NF-«B activity by ~70%, and the peptide
suppressed ODN2006-mediated activation to baseline levels (Fig.
3D and E, respectively).

We further characterized the effect of RTD-1 on LPS-
stimulation of THP-1 cells by analyzing the effect of the peptide
on DNA binding by NF-kB. LPS treatment induced a 4-fold
increase in NF-kB DNA binding (Fig. 4A). However, coincuba-
tion of LPS and RTD-1 reduced NF-xB DNA binding to baseline
levels (Fig. 4A), which correlated with the levels of NF-kB p65
subunit levels in nuclear extracts from cells treated with LPS and
RTD-1 as detected by Western blotting (Fig. 4A).

We also tested the effect of RTD-1 on TNF-a stimulation of
NF-«kB DNA binding. Compared with TNF-a alone, RTD-1
suppressed NF-xB DNA binding by ~35%, substantially less
inhibition than observed in LPS-stimulated cells. The decrease in
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RTD-1 inhibition of TNF-a-stimulated NF-kB DNA binding
correlated with the levels of p65 in nuclear extracts of treated
and untreated THP-1 cells (Fig. 4B).

The anti-inflammatory effects of RTD-1 were compared with those
of marimastat, a potent inhibitor of TNF-o converting enzyme
(TACE/ADAM17), the sheddase that produces soluble TNF-o from
the membrane-bound precursor. Marimastat efficiently blocked
release of TNF-o by LPSstimulated THP-1 cells but did not affect
secretion of IL-13 (Fig. 5). This result was in contrast to the inhibitory
activity of RTD-1, which blocked both cytokines effectively (Figs. 1
and 5A). Also, marimastat treatment had no effect on LPSstimulated
NF-«B activation (Fig. 5B), in contrast to RTD-1, which was a potent
inhibitor in the presence or absence of marimastat (Fig. 5B).

Signaling pathways affected by RTD-1

LPS binding to TLR4 initiates a cascade of signaling events that
leads to activation of a complex containing TAKI, which
phosphorylates IKK. Activated IKK phosphorylates the NF-xB
inhibitor IkBe, triggering its degradation, which activates NF-«B for
nuclear translocation (Fig. 6). LPS-induced activation of TAKI also
stimulates numerous kinase pathways [30]. RTD-1 was effective in
blocking the degradation of IkBa in LPSstimulated macrophages,
and this was accompanied by inhibition of p38 MAPK and JNK1/2
phosphorylation. RTD-1 alone had no effect on IkBa levels or on
phosphorylation of p38 MAPK and JNK1/2 (Fig. 6).

We used phosphoprotein antibody arrays to identify other
potential signaling targets of RTD-1. Extracts of LPS-stimulated
macrophages contained elevated levels of phosphorylated CREB,
ERK2, HSP27, JNK2, p38a, and p38y compared with control cells
(Fig. 7). RTD-1 inhibited phosphorylation of each of these proteins

www jleukbio.org


http://www.jleukbio.org

Tongaonkar et al. Anti-inflammatory mechanisms of RTD-1

S UL B B

6.0 +
6.0 -
4.0 -
4.0 -

*
00 - * 2.0 4 ﬂ
' T - 0o L0 | 0o

0.0 r r r . .

NF-xB activation
(fold induction)

NF-xB activation
(fold induction)

0.0 r r
Pam3CSK4 - +
RTD-1 - -

LPS + 4 LPS - + + + + + - -
RTD-1 - - + + - RTD-1 - - 9 N - - - -
LPS/RTD-1 - - - - + S~ TR~ SN B
HNP-1 - - - = Q¥ o7 Y W
c B c 6.0 -
RTD-1 S7 2%
g~
y-C-R-CoT-cog  yoCeR-C-I-cog 33%
4 : : Y 4 : : DY ©
A R S S S R S S ES *
R : : : ¢ R : : : g 520 |
A H H H s N H H H ’ =
R-c-n-c-r-c-F R-c-n-c. c¢-F z I-}I
® [1
+
+

5T
=9 3 - m E
>0 ]
£ c ~
E'c .Qg
|3 b~ -
I-Zl-t 1 J 3.2.4.0
1] 33
T r r " " T " — Q5 2.0 -
© *
LPS - - - + - - + + ,j_-‘§
RTD-1 - + - S T zZ< I—I I—l I—-] I-l

0.0 r r g
S7 - - + - - - - +

LPS/RTD-1 o .
LPS/IST = = = = = + = = RTDA = - = + + +

ODN2006 - & P W -

Fig. 3. RTD-1 inhibits NF-kB activation in cells stimulated with TLR agonists. SEAP activity in the medium of cells stimulated with TLR agonists in the presence or
absence of RTD-1 was assayed using Quantiblue. SEAP activity is expressed as fold-induction compared with untreated control cells. (A) Differentiated THP-1
Dual cells were treated with or without LPS (100 ng/ml) in the presence or absence of 10 pg/ml RTD-1. (B) Cells were treated with or without LPS (100 ng/ml)
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10 pg/ml RTD-1 and 8.25 and 16.5 wg/ml HNP-1, respectively). (C, upper panel) The structures of RTD-1 and S7 peptide; the dotted lines indicate disulfide
linkages. (C, lower panel) THP-1 Dual cells were stimulated with 100 ng/ml LPS in the presence or absence of 10 pg/ml RTD-1 or the acyclic S7 peptide.

One out of 2 independent experiments is shown. (D) Differentiated THP-1 Dual cells were treated with Pam3CSK4 (25 ng/ml) in the presence or absence of
10 pg/ml RTD-1. (E) HEK-Blue hTLR9 cells were treated with or without ODN2006 (ODN) and *10 pg/ml RTD-1. The numbers indicate the concentration
of ODN2006 in pg/ml. Results are shown as means * sb from 3 independent experiments. *P < 0.05 when compared with treatment with agonist alone.

to baseline levels (Fig. 7, lower panel), but treatment with RTD-1 RTD-1 effects on Akt expression and phosphorylation was

alone did not suppress the phosphorylation of these proteins (Fig. 7). determined by treating THP-1 cells with RTD-1 alone or with the
In contrast, RTD-1 alone or in combination with LPS vehicle and analyzing Akt and pAkt levels. RTD-1 treatment

stimulated phosphorylation of Aktl (Fig. 7). The kinetics of induced a 6.5-fold increase in pAkt within 10 min of peptide
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Fig. 4. Inhibition of NF-kB DNA-binding activity by RTD-1. Nuclear
extracts containing 2.8 pg protein from control-differentiated THP-1
cells, stimulated with LPS (100 ng/ml) (A) or TNF-a (2 ng/ml) (B) and
with or without 10 wg/ml RTD-1, were assayed for DNA binding. Results
are means * sp from 3 independent experiments. *P < 0.05; compared
with LPS- or TNF-a-treated samples. (Lower panel) Western blot of THP-1
nuclear extracts containing 8.1 pg protein used for DNA-binding assay
probed with anti-NF«B p65 antibodies.

treatment and pAkt levels remained elevated by ~2.5-fold for at
least 4 h (Fig. 8A). Additional experiments were performed to
identify the role of PI3K in the observed RTD-1-dependent
stimulation of Akt phosphorylation. Addition of PI3K inhibitor
Ly294002 markedly reduced RTD-l-induced pAkt levels (Fig. 8B),
demonstrating that RTD-1 effect was upstream of Akt. Because the
PI3SK-Akt pathway negatively regulates activation of NF-«B and
MAPK pathways [31], we tested the effect of Ly294002 on the
RTD-1-mediated inhibition of NF-«kB activation in LPS-stimulated
THP-1 Dual macrophage cells. Ly294002 reversed the suppression
of NF«B activation by RTD-1 in dose-dependent manner (Fig.
8C), evidence that stimulation of Akt phosphorylation contributes
to the observed anti-inflammatory effects of RTD-1.

We next tested the effects of RTD-1 on signaling pathways in
primary human monocytes. RTD-1 alone did not induce degrada-
tion of IkBa, but it reduced the degradation of IkBa in LPS-
stimulated monocytes (Fig. 9). RTD-1 inhibited p38 MAPK
phosphorylation in LPSstimulated monocytes, but the peptide alone
had no effect on p38 MAPK phosphorylation (Fig. 9). However, as
observed in experiments with THP-1 macrophages, increased
phosphorylation of Akt was observed in monocytes treated with LPS,
LPS and RTD-1, or with RTD-1 alone compared with control cells
(Fig. 9). Thus, RTD-1 similarly regulates NF-xB, MAPK and PI3K-Akt
signaling pathways in human blood monocytes and THP-1 cells.

DISCUSSION

Studies on 6-defensins have revealed the pleiotropic properties of
these macrocyclic host-defense molecules. Initially isolated based
on their antibacterial and antifungal properties in vitro [18],
subsequent studies have demonstrated broader host-defense
properties mediated by their antiviral properties against herpes
simplex virus [32], HIV [33, 34], and influenza [35], and arming
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of phagocytes for enhanced killing of Bacillus anthracis [36]. Also,
studies revealed that the protective effects of systemically
administered RTD-1 in mouse models of severe acute respiratory
syndrome coronavirus infection [27] and sepsis [26] are
mediated, at least partly, by suppression of immunopathological
cytokine expression. To gain insights into the immunomodula-
tory mechanisms mediated by 6-defensins, we analyzed the effects
of RTD-1 on inflammatory pathways in THP-1 macrophages.

RTD-1 inhibits secretion of several proinflammatory cytokines
by human buffy coat cells stimulated with E. coli cells as well as
with agonists for TLR2, 4, 5, and 8 with particularly marked
suppression of TNF-o, IL-1a./3, IL-6, IL-8, CCL3, and CCL4 [26].
Consistent with these findings, 10 wg/ml RTD-1, a concentration
that we previously found was very effective in blocking TNF
secretion from stimulated blood cells, was highly effective in
blocking secretion of TNF-a, IL-13, and IL-8 by LPS-stimulated
THP-1 cells and in human monocytes (Fig. 1). Because RTD-1
binds inefficiently to LPS, its immune regulatory effects are not
mediated by neutralization of LPS [26]. Here, we also show that
RTD-1 suppression of these cytokines, and of CCL3 and CCL4,
corresponds to down-regulation of the corresponding mRNA
levels, indicating, for the first time, to our knowledge, that the
previously observed anti-inflammatory mechanisms of 0-defensins
[26] are mediated by regulation of inflammatory gene expression
as well. Of note, RTD-1 alone did not affect cytokine mRNA or
protein levels in unstimulated cells (Figs. 1 and 2).

The stimulation of inflammatory gene expression by diverse TLR
agonists is due to the activation of the NF«kB pathway [37, 38].
Because RTD-1 repressed cytokines stimulated by several TLR
agonists [26], we analyzed the effect of peptide treatment on NF-«xB
activation in THP-1 cells treated with LPS and Pam3CSK4, agonists
for TLRs 4 and 1/2 (cell surface), respectively, and in HEK-Blue
hTLR9 cells stimulated with ODN2006, agonist for TLR9 (in-
tracellular). RTD-1 treatment markedly inhibited NF-«B activation
by each agonist (Fig. 3) and the inhibitory effect was dose
dependent. Consistent with these findings, RTD-1 inhibited trans-
location of NF-kB p65 to the nucleus in LPS-stimulated macrophages
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Fig. 5. Differential effects of RTD-1 and TACE inhibitor marimastat
(MM). (A) THP-1 macrophages were treated with or without LPS

(100 ng/ml) in the presence or absence of MM and RTD-1. TNF-« (black
bars) and IL-1B (open bars) secreted in the medium were then measured
by ELISA. Results are means * sp from 3 independent experiments. (B)
Differentiated THP-1 Dual cells were stimulated with 100 ng/ml LPS and
coincubated with the indicated reagents and NF-kB activity was measured
relative to control using the Quantiblue assay. Results shown are means *
sp from 3 independent experiments. ¥*P < 0.05 when compared with MM +
LPS treatment.
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Fig. 6. RTD-1 stabilizes IxBa and blocks phosphorylation of p38 MAPK and
JNK. Cell extracts (15 pg protein) were obtained from THP-1 cells stimulated
with diluent, 100 ng/ml LPS, LPS + 10 pg/ml RTD-1, or RTD-1 alone. Extracts
were resolved on SDS+ricine gels, and Western blots were probed with anti-
IkBa, anti-phospho p38 MAPK, and anti-phospho SAPK/JNK antibodies.

(Fig. 4) and stabilized IkBa (Fig. 6). The human a-defensin HNP-1
had no inhibitory activity (Fig. 3B), in agreement with a previous
report of human neutrophil a-defensins lacking anti-inflammatory
properties [26]. It is noteworthy that an acyclic version of RTD-1 (S7;
Fig. 3C) did not inhibit NF«B activation, demonstrating that the cyclic
structure of the peptide is essential for this activity.
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Previously, we showed that RTD-1-mediated blockade of TNF-«
secretion by E. coltstimulated whole blood was extremely rapid,
which had suggested that blockade of numerous cytokines resulted
from TNF-a-regulated cytokine expression [26]. We now show that
RTD-1 reduced TNF-o-mediated NF-«kB activation in THP-1 cells
(Fig. 4) but to a lesser extent than the peptide’s effect on LPS
stimulation (Fig. 4). Consistent with this result, RTD-1 both
suppressed TNF-a and IL-1B secretion by LPS-treated THP-1 cells
in marked contrast to marimastat (Fig. 5), a potent inhibitor of the
TACE/ADAM17 sheddase that generates soluble TNF-o, which
did not inhibit IL-1B release (Fig. 5). Thus, the blockade of TNF-«
release, and subsequent suppression of autocrine signaling, cannot
alone account for the immunomodulatory effects of RTD-1.

We also analyzed the effect of RTD-1 on signaling kinases
implicated in LPS-induced inflammatory responses in macro-
phages. RTD-1 inhibited LPS-induced phosphorylation of several
inflammatory signaling proteins, including p38, JNK, ERK2,
CREB, and HSP27 (Figs. 6 and 7). Inhibition of CREB and HSP27
phosphorylation is consistent with the suppression of p38 MAPK,
which phosphorylates these proteins (Fig. 10). p38 MAPK is also
implicated in stabilization of mRNAs containing AU-rich elements,
including TNF-a [39, 40], IL-6 [41], CCL3 [42], IL-8 [41, 43], and
several other immune response genes [44]. The MEK-ERK
pathway is involved in nucleocytoplasmic transport of TNF-o
mRNA in mouse macrophage cells [45]. Stimulation of JNK MAPK
leads to activation of the AP-1 class of transcription factors, which
are involved in activation of immune response genes [46]. Thus,

Fig. 7. RTD-1 modulates phosphorylation of
multiple inflammatory signaling proteins. Extracts
from control (C), 100 ng/ml LPS-treated (L),

100 ng/ml LPS + 10 pg/ml RTD-1 treated (L+R),
or 10 pg/ml RTD-1-treated (R) THP-1 cells were
used to probe a phospho-MAPK array as described
in Materials and Methods (upper panel). Positive
controls were spotted at (Al, A2), (A21, A22), and
(F1, F2) and negative control at (E19, E20). Dot
intensities from 2 independent experiments were
quantified with Image] software and normalized,
and the mean values were plotted (lower panel).
RTD-1 suppressed LPS-induced phosphorylation of
7 proteins implicated in LPS-induced inflammatory
signaling. Treatment of THP-1 macrophages with
peptide alone increased pAkt.

N
& ¥
N @

N
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Fig. 8. RTD-1 stimulation of Akt phosphorylation.

(A) THP-1 cells were treated with diluent or 1
10 pg/ml RTD-1 and extracts were prepared from
cells harvested at the indicated times. Extracts were
resolved on SDS-tricine gels and probed using anti-
phospho-Akt (pAkt) and anti-Akt antibodies. Band
intensities were quantified with Image]J software,
normalized relative to total Akt, and the average
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(B) THP-1 macrophages were incubated with

10 pg/ml RTD-1 or diluent = 10 puM Ly294002. C 14

Western blots were performed using Akt or pAkt ’

antibodies. (C) THP-1 Dual cells were pretreated 6 s 13

with Ly294002 for 60 min and then stimulated £5 g

overnight with 100 ng/ml LPS in the presence of g § 4 g 12

10 wg/ml RTD-1. Medium was analyzed for SEAP '§E g 11 4

activity, and fold stimulation was calculated for g 2, H H K

each 1.y294002 concentration relative to cells = |_| H 1.0 1

treated with no Ly294002. Results are means = SEM 0 0.9 |—|

from 4 independent experiments, and the effect of 10min 30min 1h 2h 4h 00 10 25 50 100 200

Ly294002 treatment on SEAP expression was
significant (P < 0.05) at all concentrations tested.

RTD-1 appears to regulate inflammatory signaling by inhibiting
the phosphorylation of several inflammatory signaling proteins.

THP-1 cell exposure to RTD-1 alone induced phosphorylation
of Akt (Fig. 7), which occurred very rapidly after RTD-1
treatment and produced a sustained effect (Fig. 8). In contrast,
RTD-1 did not increase baseline phosphorylation of the other
kinase targets evaluated in otherwise untreated cells (Figs. 7 and
8). Consistent with these results from THP-1 cells, RTD-1
inhibited the degradation of IkBa, phosphorylation of p38
MAPK in LPS-stimulated human monocytes, and also stimulated
Akt phosphorylation (Fig. 9) in these cells.

RTD-l-induced phosphorylation of Akt was blocked by
a specific PI3K inhibitor, implicating the PI3K/Akt pathway in
mediating the anti-inflammatory effects of RTD-1 (Fig. 8). PI3K-
Akt is a known negative regulator of NF-kB and MAPK pathways
and inhibits TNF-a gene expression in LPS-stimulated cells [31,
47, 48]. Consistent with this, resveratrol inhibits secretion of
TNF-a and IL-1B in LPSstimulated RAW264.7 cells by stimulat-
ing the PI3K-Akt pathway, which is accompanied by inhibition of
p38 and JNK MAPK [49]. Inhibition of the PISK-Akt pathway
increases the mortality and circulating proinflammatory cytokine
levels in endotoxemic mice [50], as well as in mice with
polymicrobial sepsis induced by cecal ligation and puncture [51].
Additionally, glucan phosphate, which protects mice in the cecal
ligation and puncture model, increased tissue PI3K activity in
kidney, lung, and heart, correlating with survival of these animals
[51]. Interestingly, both human a-defensin HNP1 and human
B-defensins HBD2 and HBD3 stimulate expression and secretion
of proinflammatory cytokines from human conjunctival epithelial
cells, which are accompanied by phosphorylation of Akt [12]. Both
a-defensins and B-defensins are known to regulate cellular responses
through receptor-mediated pathways; human neutrophil peptides
induce signaling pathways through the P2Y6 receptor [7]. The
human B-defensins HBD2 and HBD3 induce chemotaxis in
monocytes through the CCR2 receptor [52], and HBD2 induces
chemotaxis in dendritic and T cells through the CCR6 receptors
[15]. To date, there have been no reports of a receptor for

1068 Journal of Leukocyte Biology Volume 98, December 2015

1M Ly294002

0-defensins. Nevertheless, studies are underway to identify RTD-1
targets upstream of the PI3K-Akt pathway and the relationship of
RTD-l-induced pAkt to downstream signaling pathways. The
suppression of TNF-a secretion by RTD-1 is extremely rapid,
suggesting that RTD-1 may also regulate pathways distinct from those
involved in signaling and expression of proinflammatory genes [26].
Semple et al. [53, 54] demonstrated anti-inflammatory
properties of B-defensin. For example, human B-defensin-3
inhibited LPS-induced gene transcription and proinflammatory
cytokine secretion by mouse RAW264.7 macrophages via in-
hibition of the NF-kB pathway involving signaling through
MyD88 and TRIF [53]. It has been suggested that the contrasting
proinflammatory and anti-inflammatory properties reported for
B-defensins may reflect differences in structural features and/or
in the purity of the peptide preparations [53]. Another
possibility, as suggested by others, is that the proinflammatory vs.
anti-inflammatory properties of a single peptide may be
a function of local concentration [55-57]. In this context, we

40 kDa =

-— -~ IxBo
40kDa= "5 = ®ws = . . Phospho-p38 MAP kinase
60 kDa = “% . ». Phospho-Akt
LPS -+ 0+ -
RTD-1 - -+ 4

Fig. 9. Effect of RTD-1 on signaling pathways in human monocytes.
Extracts (~7 ug protein) from unstimulated monocytes or monocytes
stimulated with 100 ng/ml LPS = RTD-1 (10 pwg/ml) for 30 min were
resolved on SDS-tricine gels, and the immunoblots were probed with
antibodies against IkBa, phospho-p38 MAPK, and phospho-Akt.
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Fig. 10. Immunoregulatory effects of RTD-1. The
schematic summarizes findings in the current
study, including 1) the suppression of NF-kB
activation stimulated by extracellular (TLR1/2 and 4)
and intracellular (TLR9) receptors; 2) inhibitory

Pp38  JNK P-JNK ERK P-ERK  and stimulatory effects of RTD-1 on LPS-stimulated
pathways; and 3) negative regulatory pathways
mediated by pAkt identified previously [31].
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speculate the 6-defensins, expressed at very high levels in
granules of circulating neutrophils and monocytes [23], provide
a physiologic dampening of inflammatory processes following
their release and/or secretion systemically or locally.

In summary, RTD-1 suppresses NF-kB activation and cytokine
expression and release, and such immunomodulation occurs at both
the TLR and TNF pathways. Evidence for a role for induction of Akt
phosphorylation is suggested by RTD-1-induced pAkt in both naive
and LPSstimulated cells. The immunomodulatory properties of the
macrocyclic peptide are distinct from those of human a-defensins,
and RTD-1 appears to suppress inflammation by mechanisms distinct
from those of human B-defensin-3. Further, because RTD-1 and
related 0-defensins differentially inhibit TNF secretion from stimu-
lated blood cells [26], we propose that 6-defensin isoforms may be
unique tools for dissecting regulatory pathways that determine
whether the host response to inflammatory stimuli results in health or
disease.
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