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Theta- (0-) defensins are pleiotropic host defense peptides with antimicrobial- and immune-modulating activities. Immune
stimulation of cells with lipopolysaccharide (LPS, endotoxin) activates proinflammatory gene expression and cytokine
secretion, both of which are attenuated by rhesus theta-defensin-1 (RTD-1) inhibition of NF-«B and MAP kinase pathways.
Endotoxin tolerance is a condition that ensues when cells have an extended primary exposure to low levels of LPS, resulting in
resistance to a subsequent LPS challenge. Recognition of LPS by Toll-like receptor-4 (TLR4) activates NF-«B, elevating levels of
microRNA-146a (miR-146a), which targets IRAK1 and TRAF6 transcripts to reduce their protein levels and inhibits TLR
signaling on secondary LPS stimulation. Here, we report that RTD-1 suppressed the expression of miR-146a and stabilized the
IRAK1 protein in immune-stimulated, monocytic THP-1 cells. Cells that had primary exposure to LPS became endotoxin-
tolerant, as evident from their failure to secrete TNF-a upon secondary endotoxin challenge. However, cells incubated with
RTD-1 during the primary LPS stimulation secreted TNF-« after secondary LPS stimulation in an RTD-1 dose-dependent
manner. Consistent with this, compared to the control treatment, cells treated with RTD-1 during primary LPS stimulation
had increased NF-xB activity after secondary LPS stimulation. These results show that RTD-1 suppresses endotoxin tolerance
by inhibiting the NF-«B pathway and demonstrates a novel inflammatory role for RTD-1 that is mediated by the
downregulation of miR-146a during the innate immune response.

1. Introduction

0-defensins are a unique class of pleiotropic mammalian
host defense peptides and the only known macrocyclic
peptides in the animal kingdom [1]. 6-defensins occur exclu-
sively in Old World monkeys, e.g., rhesus macaques [2] and
baboons [3], but are absent in humans and other hominids
[4]. RTD-1, the prototype 6-defensin, has potent microbici-
dal activities in vitro and modulates immune responses
in vitro and in vivo by diverse mechanisms [5-10]. RTD-1
suppresses the secretion of proinflammatory cytokines by
human blood leukocytes stimulated with diverse Toll-like
receptor (TLR) ligands [7]. In immune-stimulated, differen-
tiated THP-1 cells and human monocytes, RTD-1 reduced
the expression of proinflammatory cytokine genes (TNF,

IL1B, IL8, CCL3, and CCL4) by inhibiting the activation of
NF-«kB and MAP kinase signaling pathways [8]. RTD-1
and related natural isoforms also reduce TNF-« release by
inhibiting the tumor necrosis factor alpha-converting
enzyme/A disintegrin and metalloproteinase 17 (TACE/
ADAM17) [11] as well as matrix metalloproteinases and
cathepsins involved in cellular immune responses [11, 12].
Consistent with these numerous mechanisms of action,
RTD-1 promoted survival in mouse models of severe
sepsis-reducing plasma levels of several cytokines and che-
mokines in bacteremic mice [7] and alleviated lethality in
mice with systemic candidiasis [10]. Peptide treatment also
moderated levels of proinflammatory cytokines in severe
acute respiratory syndrome coronavirus infection [9] and in
endotoxin-induced lung injury [6], and it reduced pro-
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inflammatory gene expression in synovial tissues in rat
pristane-induced arthritis, a rodent model of rheumatoid
arthritis [13].

Innate immune responses are induced when TLRs pres-
ent in mammalian cells recognize pathogen-associated
molecular patterns [14, 15]. LPS, present on Gram-negative
bacteria, stimulates TLR4 activating the NF-xB and MAP
kinase pathways which initiate cellular proinflammatory
responses [16]. However, prolonged exposure to low con-
centrations of LPS induces endotoxin tolerance in cells
which confers resistance to further LPS stimulation and
inhibits proinflammatory cytokine gene expression [17].
Endotoxin tolerance is regulated by multiple factors and
accompanied by the reprogramming of gene expression net-
works [18-20]. In a previous study, a 99-gene endotoxin tol-
erance expression signature was identified by transcriptomic
analysis of inflammatory and endotoxin-tolerant peripheral
blood mononuclear cells [21]. Of note, this gene expression
signature was also identified in early sepsis patients and per-
sisted throughout the course of the disease, disclosing LPS
tolerance as a factor in dysregulated immune gene expres-
sion that occurs in sepsis [21].

MicroRNAs (miRNAs) play a critical role in establishing
endotoxin tolerance [22]. These small, ~23 nucleotide RNAs
regulate gene expression by destabilizing mRNAs or by inhi-
biting their translation [23]. A single miRNA may regulate
many genes and diverse cellular processes, and it is esti-
mated that ~30% of the transcriptome may be regulated by
miRNAs [24], and therefore microRNAs control diverse
cellular processes [25]. Stimulation of THP-1 cells with
LPS induces miR-146a by NF-«B activation, and miR-146a
is predicted to base pair with the 3’ untranslated regions
of both IL-1R-associated kinase-1 (IRAK1) and TNF
receptor-associated factor 6 (TRAF6) transcripts, thereby
downregulating levels of both proteins. IRAK1 and TRAF6
are adaptor kinases downstream of TLR4 activation that
promote inflammation sustained by proinflammatory cyto-
kines. Knockdown of IRAK1 and TRAF6 in THP-1 mono-
cytes makes them refractory to further LPS stimulation
and TLR signaling [26], and these two gene products are
direct miR-146a molecular targets [26].

The in vitro and in vivo immune-modulating activities
of RTD-1 and its inhibition of NF-«B and MAP kinase sig-
naling pathways provided a rationale for testing whether
RTD-1 regulates endotoxin tolerance. We hypothesized that
RTD-1 regulates endotoxin tolerance by regulating the
expression of miR-146a in LPS-stimulated cells. Accordingly,
we measured the effects of RTD-1 on miR-146a expression
and endotoxin tolerance markers in LPS-stimulated THP-1
cells. Our results show that RTD-1 inhibition of miR-146a
expression in LPS-stimulated cells suppresses endotoxin tol-
erance, and this effect is mediated by RTD-1 reduction of
NF-«B activation.

2. Materials and Methods

2.1. Cells, Media, and Reagents. THP-1 cells obtained from
the American Type Culture Collection (ATCC, Manassas,
VA) were grown in RPMI-1640 medium containing 10%
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fetal bovine serum (FBS) and penicillin/streptomycin (p/s)
[8]. THP-1 Dual cells, which express the NF-xB reporter
secreted embryonic alkaline phosphatase (SEAP), were
obtained from InvivoGen Inc. (San Diego, CA) and grown
in RPMI-1640 medium containing 10% heat-inactivated
FBS and antibiotics (p/s, normocin, zeocin, and blasticidin)
as recommended by InvivoGen. QUANTI-Blue (InvivoGen)
and synthetic RTD-1 were dissolved in water and 0.01%
acetic acid (AcOH), respectively [8]. BCA protein assay
and human TNF-« ELISA kits were purchased from Thermo
Fisher Scientific (Waltham, MA). LPS from Salmonella
enterica serotype Minnesota was from Millipore Sigma (St.
Louis, MO) and was dissolved in phosphate-buffered saline
(PBS). Rabbit anti-IRAK1 monoclonal and anti-GAPDH
rabbit polyclonal antibodies were from Cell Signaling
Technology (Danvers, MA) and GeneTex (Irvine, CA),
respectively.

2.2. Expression of miR-146a and Effect on IRAKI Protein.
THP-1 cells were suspended in RPMI complete medium
containing 1% FBS at ~ 33 x 10* cells/ml for 6 h and stimu-
lated with 100 ng/ml LPS for 20h with RTD-1 as described
in the figure legends. The cells were harvested by centrifuga-
tion at 230 x g and washed with PBS. The medium was
centrifuged again at 5000 x g for 5min and analyzed using
a TNF-a ELISA kit as per the manufacturer’s instructions.
Cells were used for the isolation of DNAse-treated total
RNA using the Quick RNA Miniprep Kit (Zymo Research,
Irvine, CA), and the RNA was further cleaned or concentrated
to Aygoas0 > 1.8 using the RNA Clean & Concentrator-5 kit
(Zymo Research). RNA was converted to first-strand cDNA
using the miScript I RT kit (Qiagen, Valencia, CA). Quantita-
tive real-time PCR (qRT-PCR) reactions were performed in
duplicate using the miScript Sybr Green PCR kit (Qiagen)
and miScript primer assays from Qiagen for miR-146a (Hs_
miR-146a_1) and control small RNAs SNORD68 (Hs_
SNORD68_11) and RNU6-2 (Hs_RNU6-2_11). The cycling
parameters for qRT-PCR were 94°C for 15s, 55°C for 155,
and 70°C for 30s for 40 cycles using a C1000 Thermal Cycler
equipped with a CFX96 real-time system (Bio-Rad, Hercules,
CA). Fold stimulation was calculated by the 2-AACq method
[27], and melt curves were performed to confirm the amplifi-
cation of single PCR products.

For analysis of IRAKI protein levels, cells were lysed
using cell lysis buffer (Cell Signaling Technology) containing
1mM phenylmethylsulfonyl fluoride. Western blots were
performed as described previously [8] and were scanned
and quantitated using U.S. National Institutes of Health
Image] software (Bethesda, MD, USA).

2.3. Effect of RTD-1 on Endotoxin Tolerance. THP-1 cells
were resuspended in RPMI complete medium containing
1% FBS for 6h as above and treated with 10ng/ml LPS
and RTD-1 for 20 h as noted in the figure legends. Cells were
washed two times with PBS and stimulated with PBS (con-
trol) or 100ng/ml LPS; 0-10ug/ml RTD-1 and TNF-«
released into the medium were analyzed by ELISA.

THP-1 Dual cells were preincubated for 2h in RPMI
complete medium containing 1% heat-inactivated (HI) FBS
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F1GURE 1: RTD-1 inhibits expression of miR-146a in LPS-stimulated cells. THP-1 cells were treated with 100 ng/ml LPS and RTD-1 at the
indicated concentrations for 20 h. The medium was analyzed by TNF-« ELISA (a), and the RNA was analyzed by qRT-PCR for expression of
miR-146a (b), and RNU6-2 (c) after normalizing to SNORD68 expression. Data shown are the results of 3 experiments; *P < 0.05 compared
to LPS treatment, two-tailed, paired t test. Fold change was calculated with respect to vehicle-treated control in (b) and (c).

and then treated with PBS, 10 ng/ml LPS, or 10 yg/ml RTD-
1 + 10ng/ml LPS for 18 h. The cells were then washed twice
with complete medium containing 1% HI-FBS, and cells
were stimulated with either PBS or 100 ng/ml LPS for 22h.
The medium was then analyzed for NF-«xB activation by
measuring SEAP activity using the QUANTI-Blue assay.

2.4. Statistical Analysis. Paired t tests of mean + standard
deviation from 3 experiments were plotted and analyzed
using Excel. P < 0.05 was considered significant.

3. Results

3.1. RTD-1 Inhibits Expression of miR-146a in LPS-
Stimulated THP-1 Cells. RTD-1 concentration-dependently
inhibited TNF-a secretion by THP-1 cells stimulated with
Salmonella enterica LPS (Figure 1(a)). LPS stimulation
increased the expression of miR-146a, and expression of
this miRNA was inhibited by RTD-1 in a concentration-
dependent manner (Figure 1(b)). In contrast, levels of con-
trol small RNA RNU6-2 were not affected by RTD-1 treat-
ment of LPS-stimulated cells (Figure 1(c)). To test whether
the regulation of miR-146a levels by RTD-1 was posttran-
scriptional, THP-1 cells were incubated with LPS for 18h
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FIGURE 2: RTD-1 does not affect miR-146a stability. THP-1 cells
were incubated with 10 ng/ml LPS for 18h to induce the
expression of miR-146a. The cells were then washed and treated
with vehicle or 10ug/ml RTD-1 for 4h. The RNA was then
analyzed by qRT-PCR for miR-146a and SnoRD68 expression
after normalizing it to RNU6-2 expression. The average of the 2
experiments is shown. Fold change was calculated with respect to
control.
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FI1GURE 3: RTD-1 stabilizes IRAK1 in LPS-stimulated cells. THP-1 cells were treated with 100 ng/ml LPS in the presence of RTD-1 for 20 h as
shown. (a) Extracts from cells were analyzed by western blotting experiments using the anti-IRAK1 and anti-GAPDH antibodies. A
representative western blot from three experiments is shown. The sample in lane 1 is the same as that in control lane 2 but has 50% less
protein. The numerals at the left indicate molecular weights in kDa. (b) Quantification of western blots from 3 experiments. *P < 0.05

compared to LPS treatment, two-tailed, paired ¢ test.
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FiGURE 4: RTD-1 inhibits the establishment of endotoxin tolerance.
THP-1 cells were incubated with 10 ng/ml LPS and RTD-1 for 20 h
as indicated. Cells were washed and restimulated with 100 ng/ml
LPS for 4h. TNF-a secretion in the medium was analyzed by
ELISA after primary stimulation (white columns) and secondary
stimulation (black columns). The average of 3 experiments is
shown; NS: nonsignificant, P=0.949 two-tailed, paired ¢t test.
Primary LPS exposure suppresses endotoxin tolerance.

to induce miR-146a and only then treated with RTD-1.
Under these conditions, RTD-1 did not decrease cellular
miR-146a levels compared to untreated controls, showing
that RTD-1 regulated miR-146a by reducing gene expres-
sion in LPS-stimulated cells as opposed to inducing tran-
script instability (Figure 2).

3.2. Stabilization of IRAKI by RTD-1 in LPS-Treated Cells.
miR-146a induction contributes to the establishment of
endotoxin tolerance by targeting IRAK1, leading to inhibi-
tion of TLR signaling and rendering cells refractory to
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F1GUrEe 5: RTD-1 inhibits endotoxin tolerance by regulating NF-«xB
activity. THP-1 Dual cells were treated with 10ng/ml LPS, LPS
+10 yg/ml RTD-1, or PBS for 18h. The cells were washed and
restimulated with vehicle control or 100ng/ml LPS for ~22h.
Supernatant SEAP activity was measured by the QUANTI-Blue
assay and the fold change between LPS and vehicle-treated
secondary stimulation from 3 experiments was plotted. *P < 0.05
one-tailed, paired ¢ test.

subsequent LPS challenge [28]. Agonist stimulation of
TLR pathways activates TRAKI kinase with subsequent
NF-«B pathway activation [15] which induces miR-146a
expression which in turn reduces levels of IRAK1 protein
[26, 29]. As shown in Figures 3(a) and 3(b), levels of the
IRAKI1 protein declined by more than 60% in cells exposed
to LPS for 20 h. However, RTD-1 treatment upregulated the
IRAKI protein in a concentration-dependent fashion, with
10 pug/ml RTD-1 restoring IRAK1 to control levels. IRAK1
levels were not significantly altered by RTD-1 in cells that
were not stimulated with LPS (Figure 3).
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3.3. RTD-1 Suppresses Endotoxin Tolerance. TNF-« secretion
is suppressed in endotoxin tolerance [26, 28]. We therefore
analyzed the effect of RTD-1 on the secretion of TNF-« by
LPS-treated THP-1 cells. THP-1 cells were treated for 20 h
with a primary low dose (10 ng/ml) of LPS in combination
with varied levels of RTD-1. As before (Figure 1), RTD-1
treatment suppressed TNF-« release during primary LPS
exposure (Figure 4). Following primary stimulation, cells
were washed and once again stimulated with LPS for 4h,
and secreted TNF-a was quantified (Figure 4). Control
cells that had not been exposed to primary low-dose LPS
responded to secondary LPS stimulation by robust secre-
tion of TNF-a. As expected, THP-1 cells first stimulated
with 10ng/ml LPS secreted markedly lower amounts of
TNF-a upon secondary LPS stimulation, the hallmark of
endotoxin tolerance. In contrast, cells initially coincubated
with LPS and RTD-1, then washed and once again stimu-
lated with LPS, secreted increased levels of TNF-«a as a
function of RTD-1 concentration utilized in the primary
incubation (Figure 4). Regardless of the timing of endotoxin
stimulation, cells treated with LPS alone secreted high levels
of TNF-a. Thus, coincubation of RTD-1 and LPS prevented
THP-1 cells from becoming refractory to endotoxin
(Figure 4).

3.4. RTD-1 Downregulation of the NF-xB Pathway Inhibits
Endotoxin Tolerance. As noted above, RTD-1 moderates
the proinflammatory responses of THP-1 cells stimulated
by diverse TLR ligands, in part by inhibiting the NF-xB
pathway [8]. Therefore, we analyzed the effect of RTD-1
on NF-«B activation in THP-1 Dual cells exposed to LPS
once (10ng/ml for 18h) or twice (10ng/ml for 18h plus
100 ng/ml for 22h). NF-xB pathway activity was measured
by quantifying SEAP activity in the medium (Methods).
Stimulation of cells with 100ng/ml LPS alone activated
NF-«xB~six fold (Figure 5). NF-xB activity was reduced by
70% in cells that were first stimulated with 10 ng/ml LPS
and subsequently treated with 100ng/ml LPS. In contrast,
coincubation with RTD-1 during primary LPS stimulation
resulted in greater NF-«B activity than cells stimulated with
LPS in the absence of RTD-1 (Figure 5; P <0.05). Thus,
RTD-1 inhibition of NF-xB activation during primary LPS
exposure suppresses endotoxin tolerance.

4. Discussion

We show that RTD-1 regulates the expression of the micro-
RNA, miR-146a. RTD-1 attenuation of NF-xB activation
during primary LPS stimulation of THP-1 monocytic cells



leads to reduced miR-146a levels, which enable secondary
LPS stimulation and the secretion of TNF-a (Figure 6).
Previous studies indicate that miR-146a regulates IRAKI
protein expression [26]. However, changes in the expression
of IRAK1 protein do not correlate with steady-state IRAK1
mRNA levels [28, 30, 31]. In the THP-1 cells subjected
to LPS primary stimulation, RTD-1 inhibited miR-146a
expression and stabilized cellular IRAK1 protein levels. LPS-
stimulated THP-1 cells incubated with RTD-1 retained the
ability to respond to secondary LPS stimulation as evidenced
by TNF secretion in these cells, consistent with its ability to
block resistance to endotoxin.

Here, we have investigated one aspect of endotoxin
tolerance; however, the establishment and maintenance of
endotoxin tolerance are regulated at multiple levels. These
include the formation of lipid rafts for signaling through
the TLR4 receptor [32], regulation of phosphorylation of
signaling transduction mediators [33-35], regulation of gene
expression by the formation of repressive p50 homodimers
[36, 37], chromatin remodeling [38, 39], and demethylation
[35, 40, 41]. The NF-«B family gene, RELB, is upregulated
upon LPS stimulation and is involved in the transcription
of IxBa, a repressor of NF-«B, and inhibits expression of
the TNF and IL1B genes [42, 43]. In our studies, RELB
expression was upregulated upon stimulation of THP-1 cells
with LPS, but this LPS-dependent stimulation of RELB was
unaffected by the addition of RTD-1 (data not shown). This
suggests that the RTD-1 effect on endotoxin tolerance is not
mediated through the regulation of RELB mRNA levels and
is not simply a result of the sequestration of LPS by RTD-1.
RTD-1 regulates gene expression and immune signaling
pathways in myeloid cells [8] and in synovial tissues of a
rat model of rheumatoid arthritis [14], and it reduced lethal-
ity in mouse models of polymicrobial [7] and Candida albi-
cans [10] sepsis. The cellular theta-defensin receptor/s that
mediates these diverse effects is not known and is an active
area of research.

In vivo, endotoxin tolerance renders the host susceptible
to overwhelming secondary infections in unresolved sepsis.
RTD-1 suppresses acute inflammation by inhibiting TNF-«
secretion from cells stimulated with diverse TLR agonists
[7, 8], and as shown here, it promotes protective immune
activation in an in vitro model of endotoxin tolerance. We
speculate that, in vivo, the effects of RTD-1 may be modu-
lated by the immune activation status of the cell, and that,
by regulating miR-146a expression, RTD-1 may fine-tune
the cellular immune response. To our knowledge, regulation
of miRNA expression by a primate defensin is novel and
provides new mechanistic insights into the pleiotropic func-
tions of RTD-1.

5. Conclusion

Inhibition of miR-146a expression by RTD-1 during
primary endotoxin stimulation inhibits the establish-
ment of endotoxin tolerance in THP-1 cells and allows
a cellular proinflammatory response during secondary
LPS stimulation.
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