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Human Cathelicidin Peptide LL-37 Modulates the Effects of
|FN-y on APCs'

Anastasia Nijnik, Jelena Pistolic, Aaron Wyatt,” Sheena Tam, and Robert E. W. Hancock®

The human cathelicidin peptide LL-37 is a multifunctional immunomodulatory and antimicrobial host defense peptide of the
human immune system. LL-37 modulates host cell responses to microbial stimuli and also affects the action of other endogenous
immune mediatorssuch asIL-18 and GM-CSF. Thisactivity of L L-37 isknown to be complex, with the functional outcomesbeing
dependent on the cell type and activation status, timing of exposure, and other immune mediators present. It was demonstrated
in this study that L L-37 inhibited cellular responsesto | FN-v, the key cytokine of Thl-polarized immunity. Theinhibitory activity
of LL-37 on IFN-y responses was characterized in monocytes, macrophages, dendritic cells, and B lymphocytes, showing sup-
pression of cell activation, proliferation, and production of proinflammatory and Thl-polarizing cytokines, and Abs. It wasfurther
shown that in monocytes the suppressive effects of LL-37 were mediated through inhibition of STAT1-independent signaling
events, involving both the p65 subunit of NF-kB and p38 MAPK. This study suggests that LL-37 modulates IFN-y responses
during both the innate and adaptive phases of immune responses, indicating a new immunomodulatory role for this endogenous
peptide. These effects on | FN-vy activity should be taken into consideration in the development of cathelicidin-based peptides for
therapeutic applications as immunomodulatory or microbicidal agents. The Journal of Immunology, 2009, 183: 5788-5798.

latory peptide of the human immune system (1-3). It is

produced by proteolytic cleavage of the precursor human
cathelicidin antimicrobial protein 18 kDa, primarily after secretion
or release from leukocytes, cells of mucosal epithelia, and kera-
tinocytes, and is found at concentrations of 2-5 ug/ml in many
human tissues, surfaces, and fluids, and at higher concentrations in
inflammatory diseases or situations. LL-37 exerts a wide range of
biological effects, including weak direct antimicrobial and chemo-
tactic functions (4, 5), the induction of more potent chemokines
and other molecules involved in cell communication and motility
(6), stimulation of mast cell degranulation (7), promotion of anti-
microbial functions of neutrophils (8), modulation of cell survival
and apoptosis (9, 10), and many others. Although most of these
effects have been well characterized in stringently controlled in
vitro systems, the activities of LL-37 in complex biological envi-
ronments in the presence of other immune mediators are only be-
ginning to be characterized, although many of these basic immu-
nomodulatory functions have been observed in vivo. From recent
studies, it is becoming apparent that the regulation of cellular re-

T he cathelicidin LL-37 is a multifunctional immunomodu-
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sponses to microbial compounds and endogenous immune medi-
ators is an important aspect of LL-37 activity.

Activation of APCs by microbial stimuli plays a key role in the
induction of innate immune responses and in the establishment of
long-term adaptive immunity (11); thus, there has been much in-
terest in the effects of LL-37 on the responses of APCs and other
leukocytes to microbial compounds. Many studies have shown this
activity to be complex and highly dependent on the cell type and
stimulus used. LL-37 is known to inhibit monocyte responses to
LPS, selectively down-regulating production of proinflammatory
cytokines such as TNF-a (6). This correlates with its protective
activity in animal models of endotoxemia (12), and indicates that
at least in some physiological settings LL-37 may function to reg-
ulate and dampen inflammation. LL-37 also suppresses the effects
of LPS and other TLR ligands, such as lipoteichoic acid (LTA)*
and flagellin, on monocyte-derived dendritic cells, inhibiting acti-
vation, cytokine production, and costimulatory activity (13, 14).
However, the effects of LL-37 on cellular responses to microbial
signals are not always antagonistic. LL-37 promotes the responses
of bone marrow-derived dendritic cells to peptidoglycan and li-
popeptides (13), and also the responses of blood mononuclear cells
and plasmacytoid dendritic cells to CpG oligonucleotides (6, 15).
The timing of LL-37 exposure also influences its functional con-
sequences, with LL-37 pretreatment of monocytes enhancing
monocyte-derived dendritic cell functions, including I1L-12 secre-
tion and Thl-polarized costimulatory activity (16), whereas simul-
taneous treatment of immature dendritic cells with LL-37 and TLR
ligands inhibits dendritic cell maturation (13, 14).

Microbial compounds, such as TLR ligands, induce the produc-
tion of a multitude of endogenous immune mediators that act to
stimulate, regulate, and polarize the immune response (17). Thus,
the overall host response to microbial danger signals represents a

4 Abbreviations used in this paper: LTA, lipoteichoic acid; MDP, muramyl dipeptide;
NOD-2, nucleotide-binding oligomerization domain-containing 2.
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complex combination of the response to the pathogen and the re-
sponse to the activity of immune mediators induced by pathogen
signature molecules. Although the effects of LL-37 on direct re-
sponses to microbial compounds have now been widely investi-
gated, there have been limited studies of the effects of LL-37 on
cellular responses to host immune mediators. We and others have
previously shown that LL-37 augments responses to the growth
factor GM-CSF and cytokine IL-18 in human monocytes, syner-
gistically boosting signaling pathway activation and chemokine
production (18, 19). However, the effects of LL-37 on the activities
of other cytokines in different cell types have not been studied.

IFN-v is one of the key cytokines in the immune response to
intracellular pathogens, in antitumor immunity (20, 21), and in the
pathology of a number of inflammatory diseases (22-28). During
the early innate phases of the immune response, IFN-vy is primarily
produced by NK, NK-T, and y8 T cells, whereas activated Thl-
polarized T cells are the main source of IFN-+y in adaptive immu-
nity. IFN-+y acts through a ubiquitously expressed heterodimeric
IFN-vy receptor, and the JAK-STAT signaling pathway, leading to
the phosphorylation, dimerization, and nuclear translocation of the
STAT1 transcriptional regulator (29), and also induces the activa-
tion of a number of other STAT1-independent signaling responses
(30, 31). IFN-vy stimulates antimicrobial and Ag-presenting activ-
ities of leukocytes, inducing the production of proinflammatory
and Thl-polarizing cytokines, the expression of costimulatory
molecules, and the MHC class | pathway of Ag processing and
presentation. Overall, IFN-y promotes classical activation of mac-
rophages (32), maturation of dendritic cells, and activation of Thl-
polarized adaptive immunity (33). IFN-vy also has direct activity on
B cells, promoting proliferation and plasma cell differentiation,
and regulating Ab class switching (34, 35). Furthermore, many of
the activities of IFN-vy synergize with TLR ligands, such as LPS
(36-38).

We previously reported in brief that LL-37 suppressed the IFN-
y-mediated induction of IL-6 in human PBMCs (18). We hypoth-
esized in this study that LL-37 might have a broader role in mod-
ulating cellular responses to IFN-vy during both innate and adaptive
phases of immune response, and this might be an important com-
ponent of its wider activity in regulating and dampening excessive
inflammation. In the current study, we provide a comprehensive
characterization of the effects of LL-37 on IFN-vy responses, alone
and in combination with LPS, on APCs, including monocytes,
macrophages, dendritic cells, and B cells. The data demonstrate
that LL-37 suppressed a wide range of IFN-vy responses in a va-
riety of cell types, and that at least in monocytes this activity was
mediated through suppression of STAT1-independent signaling
events.

Materials and M ethods
Cell isolation and culture

PBMCs were isolated, as previously described (6). Briefly, venous blood
was collected from healthy volunteers into heparin-containing Vacutainer
tubes (BD Biosciences) in accordance with the ethical approval guidelines
of the University of British Columbia Research Ethics Board. The blood
was diluted 1/1 in PBS (pH 7.4; Invitrogen) and separated by density gra-
dient centrifugation over Ficoll-Paque Plus (Amersham Biosciences). The
mononuclear cell layer was collected, washed twice in PBS, and counted
using a trypan blue exclusion method. The cells were seeded at 1 X 10°
cells/ml in RPMI 1640 supplemented with 10% (v/v) heat-inactivated FCS,
2 mM L-glutamine, and 1 mM sodium pyruvate (all from Invitrogen), and
maintained in a humidified incubator at 37°C and 5% CO,. Mouse spleno-
cytes were maintained in the same conditions, with further addition of 100
ng/ml streptomycin, 100 U/ml penicillin (Invitrogen), and 50 uM 2-ME
(Sigma-Aldrich) to the medium. RAW/pIL12-GFP cell line, a gift of W.
Jacobs (Albert Einstein College of Medicine, New York, NY), is a RAW
264.7 mouse macrophage cell line (ATCC TIB-71) stably expressing GFP
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under the control of the mouse 1L12-p40 promoter (—800 to +55) (39).
The cell line was maintained in DMEM with 4.5 g/L glucose, 10% (v/v)
FCS, 2 mM vL-glutamine, 25 mM HEPES (all from Invitrogen), and 1
mg/ml G418 selection marker (Calbiochem). The cells were seeded in 24-
well tissue culture plates at 1.5 X 10° cells/ml per well, and cultured for
24 h before stimulation.

Reagents

Recombinant human and mouse IFN-y were purchased from Research
Diagnostics. LPS from Pseudomonas aeruginosa strain H103 was pu-
rified using the Darveau-Hancock method, as described previously (40).
Other TLR and nucleotide-binding oligomerization domain-containing 2
(NOD-2) ligands were purchased from InvivoGen, including Pam;CSK,,
Saphylococcus aureus LTA, polyinosinic-polycytidylic acid, Salmonella
typhimurium flagellin, imiquimod, and muramyl dipeptide (MDP). Phos-
phorothioate CpG oligonucleotide 10101 (TCGTCGTTTTCGCGCGCGC
CG) was provided by Merial. Peptide LL-37 (LLGDFFRKSKEKIGKEFK
RIVQRIKDFLRNLVPRTES) was synthesized using F-moc chemistry at
the Nucleic Acid/Protein Synthesis Unit of University of British Columbia.

Flow cytometry

All flow cytometry data were collected on a FACSCalibur and analyzed
using CellQuest software (BD Biosciences). For the analysis of cell surface
marker expression, the cells were resuspended in HBSS (pH 7.4) and sup-
plemented with 2% FCS (Invitrogen), 0.2% (w/v) sodium azide and 20 mM
HEPES. The staining was conducted at 4°C for 20 min with the following
Abs: Alexa Fluor 647-conjugated anti-human CD11c and CD14 (clones 3.9
and M5E2) and anti-mouse CD86 (clone GL-1), allophycocyanin anti-
mouse CD45R/B220 (clone RA3-6B2), PerCP anti-human HLA-DR
(clone L243), PE anti-human CD80 and CD86 (clones 2D10 and 1T2.2; all
from BioLegend), and PerCP-Cy5.5 anti-mouse CD69 (clone H1.2F3;
eBioscience). Lineage marker Abs were FITC or PE conjugated and pur-
chased from ImmunoTools as part of the IT-Box 341 and IT-Box 233 sets.

For the analysis of intracellular cytokine production, the cells were
treated with appropriate stimuli for 18 h in the presence of Golgi-STOP
inhibitor to block secretion (BD Biosciences). The cells were fixed and
permeabilized using the Cytofix/Cytoperm Plus kit (BD Biosciences), ac-
cording to the manufacturer’s protocol, and stained with FITC-conjugated
anti-human TNF-a« (clone MAb11; eBioscience) or PE anti-human IL-12
p40/p70 (BD Pharmingen), using an 1gG1 isotype control (BD Pharmin-
gen) to check for the specificity of staining.

For the analysis of protein phosphorylation, the cells were stimulated
over a 2-h time course, and then fixed in 2% (w/v) paraformaldehyde in
PBS at room temperature for 15 min, permeabilized in 90% (v/v) methanol
at 4°C for 20 min, and washed twice in 0.5% (w/v) BSA in PBS. The cells
were stained for phospho-p38 T180/Y182 using 3D7 rabbit monoclonal or
for phospho-STAT1 Y701 using rabbit polyclonal (both from Cell Signal-
ing Technology), for 1 h at room temperature. Following washing, the cells
were further stained with goat anti-rabbit IgG Alexa Fluor 647 (Invitrogen;
Molecular Probes) at 2 ug/ml at room temperature for 30 min. Alterna-
tively, cells were stained with Alexa Fluor 488-conjugated anti-phospho-
STATL1 (S727, clone K51856) or anti-phospho-p65 NF-kB (S529, clone
K10-895.12.50), from BD Biosciences. All the cells were counterstained
with anti-human CD14-PE (clone MEM-18; from ImmunoTools).

For analysis of cell proliferation, cells were loaded with CFSE at 0.5
uM using Vybrant Cell Tracer Kit (Invitrogen; Molecular Probes), accord-
ing to the manufacturer’s protocol. After cell stimulation, CFSE levels in
the cells were measured by flow cytometry as fluorescence intensity in the
FL-1 channel.

ELISA

Tissue culture supernatants were centrifuged at 1000 X g for 10 min to
obtain cell-free samples, and stored at —20°C. The levels of cytokines were
measured by ELISA, using the following Ab pairs: clones B-T21 and C8.6
for human I1L-12 p40/p70, MQ2-13A5 and MQ2-39C3 for human IL-6,
MAb1 and MADb11 for human TNF-«, and 1F3F3D4 and MP6-XT22 for
mouse TNF-« (all from eBioscience). For mouse Ig ELISAS, the following
Ab pairs were used: clones R6-60.2 and 11/41 for IgM, clones R2-38 and
R40-82 for 1gG3, and clone R2-40 for IgG2a (all from BD Bioscience), and
an anti-mouse 1gG2a rabbit polyclonal (Southern Biotechnology Associ-
ates). The ELISAs were developed with avidin HRP (eBioscience), fol-
lowed by TMB Liquid Substrate System (Sigma-Aldrich), and imaged us-
ing PowerWave X340 plate reader (Bio-Tek Instruments). Quantification
was done against serial dilutions of recombinant TNF-« and 1L-12 (R&D
Systems) and of mouse IgM, 19gG2a, and IgG3 isotype controls
(BioLegend).
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FIGURE 1. LL-37 suppression of the IFN-y- and
LPS-induced production of TNF-a and IL-12 in human
PBMCs. Aand C, The cells were stimulated with IFN-y
(10 ng/ml) and LPS (10 ng/ml) with or without LL-37
(20 pg/ml) for 18 h. B and D, The cells were stimulated
for 2—48 h with IFN-vy (10 ng/ml) and LPS (10 ng/ml)
with or without LL-37 (at 1, 5, or 20 ng/ml). E, The
cells were primed with IFN-vy (10 ng/ml) for 2.5 h with
or without LL-37 (20 pg/ml), and then washed and
stimulated with LPS (10 ng/ml) for an additional 16 h.
The data are from five independent experiments; bars
represent means and SEs of the mean; =, p < 0.05; s,
p < 0.01; #=#x%, p < 0.001, using Student’s t test (A, C,
and E) or ANOVA (B and D).

Satistical analyses

Statistical comparisons were performed with Prism 4.0 Software (Graph-
Pad), using two-tailed Student’s t test for comparisons of two data sets, and

ANOVA for multiple comparisons.

Results

LL-37 suppressed the IFN-y-mediated induction of inflammatory

and Thl-polarizing cytokines

We have previously shown that LL-37 suppresses IFN-vy in-
duced production of IL-6 in PBMCs (18). To more fully un-
derstand the effects of LL-37 on IFN-+y responses in these cells,
the effects of LL-37 on the production of the proinflammatory
cytokine TNF-a and Thl-polarizing cytokine IL-12 p70 were
further assessed. It was observed that LL-37 (20 wg/ml) signif-
icantly inhibited TNF-« production in response to IFN-+y stim-
ulation (Fig. 1A); however, no significant IL-12 production was
detected (data not shown). Maximum inhibitory activity on
TNF-a production was observed at 8 h of stimulation, and
LL-37 dose titration showed that the inhibitory activity was
preserved at LL-37 concentrations as low as 1 and 5 wg/ml,
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demonstrating that the inhibitory activity is relevant at the phys-

iological concentrations of the peptide found in tissues under
noninflammatory conditions (Fig. 1B).

Because IFN-vy is known to augment cellular responses to TLR
ligands (36-38), the effects of LL-37 on PBMC responses to a com-
bined LPS and IFN-+ stimulation were further assessed. LL-37 almost

completely blocked the synergistic induction of TNF-« and 1L-12 by

the combined treatment (Fig. 1C). Strong inhibitory activity was

observed throughout a 48-h stimulation time course and over
the 1-20 wg/ml LL-37 concentration range (Fig. 1D). To con-
trol for the direct antiendotoxic activity of LL-37, IFN-vy prim-
ing was investigated, in which PBMCs were treated with IFN-vy
in the presence or absence of LL-37 for 2.5 h, then washed and
stimulated with LPS for an additional 16 h. In this protocol,
LL-37 acted only in the IFN-y-priming phase of the stimulation,
and we observed a similar strong inhibition of TNF-« and I1L-12
production by LL-37 (Fig. 1E). Thus, LL-37 strongly sup-
pressed production of proinflammatory and Thl-polarizing cy-
tokines in response to IFN-y and LPS, and this was at least in
part mediated through a direct inhibition of IFN-vy activity.
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FIGURE 2. Effects of LL-37 on PBMC responses to IFN-vy in combination with TLR and NOD-2 ligands. The cells were stimulated with IFN-y (10
ng/ml) and S aureus LTA (2 pg/ml), PamsCSK, (1 ng/ml), S typhimurium flagellin (0.5 wg/ml), and MDP (10 wg/ml) with or without LL-37 (20 wg/ml)
for 24 h, and supernatants were analyzed for TNF-« (A) and IL-6 (B) production. The data are from =4 independent experiments; bars represent means

and SEs of the mean; ##*, p < 0.01; s, p < 0.001 using Student’s t test.

The effects of LL-37 on PBMC responses to IFN-y (10 ng/ml)
in combination with other TLR ligands were also tested. LL-37 (20
ug/ml) strongly inhibited TNF-« production in response to IFN-y
and the TLR2 ligand LTA (2 pg/ml; 24-h stimulation; Fig. 2A).
However, it had no significant inhibitory effect on TNF-« re-
sponses to IFN-vy in combination with Pam;CSK, (TLR1-TLR2
ligand; 1 wg/ml), flagellin (TLR5 ligand; 0.5 pg/ml), or NOD-2
ligand MDP (10 wg/ml; Fig. 2A). CpG oligonucleotide 10101 (5
ug/ml), polyinosinic-polycytidylic acid (50 wg/ml), and imi-
quimod (10 pg/ml) did not induce significant production of TNF-«
in PBMCs at 24 h of stimulation and did not affect TNF-« response
to IFN-+y (data not shown). There were no additive or synergistic
interactions between any of the TLR ligands and IFN-vy in IL-6
induction (data not shown); however, NOD-2 ligand MDP acted in
synergy with IFN-+ in the induction of IL-6, and this response was
significantly suppressed by LL-37 (Fig. 2B).

The effects of LL-37 on the IFN-y-induced activation of
monocytes and dendritic cells

The effects of LL-37 on IFN-vy responses were studied in the
different cell populations comprising PBMCs, with particular
focus on APCs and their precursors. Thus, PBMCs were stim-
ulated with IFN-y and LPS, in the presence or absence of LL-
37, and flow cytometry was used to assess the activation status
of monocytes, gated by their forward scatter, side scatter, and
the expression of CD14 marker. IFN-vy induced the up-regula-
tion in monocytes of the activation markers CD80 and CD86, as
well as MHC-II, and it was observed that LL-37 led to a partial,
but statistically significant down-regulation of all of these re-
sponses (Fig. 3A).

LL-37 effects were also assessed on the activation of blood den-
dritic cells, gating on these cells as lineage marker~ MHC-11* and
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FIGURE 3. LL-37 suppression of the IFN-y- and LPS-induced activation of monocytes (A and C) and conventional dendritic cells (B and C) in the
human blood. PBMCs were stimulated for 18 h with IFN-vy (10 ng/ml) and LPS (100 ng/ml), with or without LL-37 (20 ng/ml), and analyzed for expression
of CD80, CD86, and MHC-II by flow cytometry. Monocytes were gated by forward and side scatter and CD14 expression, and conventional dendritic cells
were gated as lineage marker~ MHC-II" and CD11c™ cells. The data are from four independent experiments; bars represent means and SEs of the mean;

AFU, arbitrary fluorescence units; *, p < 0.05 using Student’s t test.
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CD11c* (according to standard protocols; supplementary Fig. 1)°
(41). This population constituted an average of 0.3% of PBMCs.
LL-37 partially inhibited the IFN-y-induced up-regulation of
CD80 on these cells; however, the up-regulation of CD86 was not
affected (Fig. 3B). CD80 and CD86 are known to differ in the
dynamics of their induction and the relative affinities for their li-
gands, with CD86 being induced in the earlier phases of dendritic
cell activation, whereas CD80 is induced later, but has higher af-
finity for both the stimulatory CD28 and the inhibitory CTLA-4 T
cell ligands (42, 43). The apparent differences in the effects of
LL-37 on the up-regulation of CD80 and CD86 indicated that the
peptide modulated rather than broadly inhibited dendritic cell
activation.

The effects of LL-37 on the induction of costimulatory mole-
cules by the combined treatment with IFN-y and LPS were also
assessed. LL-37 inhibited the induction of CD80 on monocytes
and dendritic cells in response to the IFN-y and LPS treatment
(Fig. 3C); however, no inhibition of CD86 or MHC-II expression
was observed (data not shown).

The effects of LL-37 on the IFN-y-induced cytokine responses in
monocytes and dendritic cells

To further investigate the effects of LL-37 on IFN-y-induced ac-
tivation of monocytes and dendritic cells, the effects of the peptide
on cytokine production were investigated. PBMCs were stimulated
with IFN-y and LPS, with or without LL-37, in the presence of a
monensin-based inhibitor of vesicular transport, Golgi-STOP, to
induce intracellular accumulation of cytokines, as per established
protocols. The inhibitor was added at 1 h after the beginning of
stimulation, to allow the activation of both MyD88-dependent and
-independent signaling pathways downstream of TLR4 (44). The
cells were analyzed by flow cytometry for the production of
TNF-a and IL-12, gating on monocytes and dendritic cells, as
described above.

LL-37 strongly suppressed LPS-induced cytokine responses
in monocytes and dendritic cells with significant down-regula-
tion of both TNF-« and IL-12 production (Fig. 4), consistent
with previous reports (6, 13, 14). Furthermore, LL-37 also sig-
nificantly inhibited the induction of TNF-a in monocytes and
dendritic cells in response to IFN-y (p = 0.05; Student’s t test),
although no consistent induction of IL-12 was observed (Fig. 4;
supplementary Fig. 2). The synergistic responses to the com-
bined treatment with IFN-y and LPS were also strongly inhib-
ited by the peptide, with strong inhibition of both TNF-« and
IL-12 production in monocytes as well as dendritic cells (Fig. 4;
supplementary Fig. 2). In summary, LL-37 significantly inhib-
ited cytokine responses to IFN-vy and to the combined treatment
with LPS and IFN-vy in human blood monocytes and dendritic
cells.

The effects of LL-37 on the IFN-vy responses in a macrophage
cell line Raw 264.7

To investigate the effects of LL-37 on IFN-y responses in macro-
phages, a RAW/pIL12-GFP cell line, stably expressing GFP under
the control of 1L12-p40 gene promoter, was used (39). As before,
the cells were stimulated with IFN-y and LPS, with or without
LL-37, and induction was monitored using GFP fluorescence as a
readout for 1L12-p40 promoter activity. Responses to a combined
treatment with IFN-y and LPS were strongly inhibited by the pep-
tide (Fig. 5). Significant suppression was also observed in an IFN-
y-priming protocol, showing the inhibition of IFN-vy priming of
macrophages by LL-37 (Fig. 5). There were also strong trends

5 The online version of this article contains supplemental material.
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toward inhibition by LL-37 of the IL-12 and TNF-« response to
IFN-y (p = 0.08 and p = 0.054, respectively; Fig. 5). These re-
sults suggest that LL-37 may inhibit the induction and activities of
classically activated macrophages, which in vitro are typically in-
duced by IFN-y and LPS (32).

The effects of LL-37 on IFN-vy responses in B lymphocytes

IFN-v is known to act directly on B lymphocytes, promoting co-
stimulatory functions, proliferation, and plasma cell differentia-
tion, and regulating Ab class switching (34, 35). Thus, the effects
of LL-37 on IFN-vy responses were also investigated in B lympho-
cytes. Mouse splenocytes were stimulated with IFN-y and LPS,
with or without LL-37, for 18 h, and the induction of the activation
markers CD80, CD86, and CD69 was measured by flow cytometry
gating on B220"/CD45R™ B cells. Although LL-37 strongly in-
hibited B cell activation in response to LPS and LPS plus IFN-v,
no inhibition of the response to IFN-vy alone was observed (Fig. 6).
Similar patterns of inhibition were seen for both the CD86 and
CD69 activation markers (Fig. 6), whereas no induction of CD80
was seen with any of the treatments (data not shown).

Over a longer time course and higher concentration range, LPS
and IFN-vy also stimulate ex vivo B cell proliferation (34, 35). To
investigate the effects of LL-37 on this activity, the numbers of
B220(CD45R™) B cells were measured in culture following a
5-day stimulation with LPS and IFN-+y, with or without the addition
of LL-37. It was observed that LL-37 significantly inhibited LPS- and
LPS plus IFN-vy-induced B cell proliferation (Fig. 7A); however, no
splenocyte proliferation was seen in response to the IFN-vy treatment
alone. To further investigate the inhibitory activity of LL-37 on IFN-y
responses in B cells, IFN-y priming was performed. The cells were
primed with IFN-y with or without LL-37 for 2 days, washed, and
stimulated with LPS for an additional 3 days, and the numbers of B
cells in the cultures were measured. Under this protocol, LL-37 also
significantly inhibited B cell proliferation, suppressing IFN--y priming
(Fig. 7A). The proliferation of B cells was further assessed using
CFSE labeling, with CFSE dilution being indicative of cell prolifer-
ation. CFSE fluorescence of the B220*(CD45R™) B cells was mea-
sured at day 5 of in vitro stimulation, and again, significant inhibition
of LPS plus IFN-vy-induced B cell proliferation was observed in the
presence of LL-37 (Fig. 7B).

LPS alone or in combination with IFN-vy is also known to pro-
mote plasmablast differentiation, Ab secretion, and Ig class switch-
ing in B cells in culture and in vivo (35, 45). Although LPS in-
duces B cells to switch from IgM to 1gG3 Ab isotype production,
in the presence of LPS and IFN-vy the cells are polarized toward
Th1-type IlgG2a Ab production. Therefore, the effects of LL-37 on
the production of different Ab isotypes in response to LPS and LPS
plus IFN-vy stimulation were measured. The cells were either con-
tinuously stimulated with LPS plus IFN-v for 5 days, or in a sep-
arate experiment primed with IFN-y for 2 days, followed by a
3-day LPS stimulation. Ab secretion and the relative production of
different Ab isotypes were measured by ELISA. Although IFN-y
did not promote Ab responses by itself, it synergistically up-reg-
ulated Ab production and 1gG2a class switching in combination
with LPS. Both of these activities were significantly inhibited by
LL-37 (Fig. 7C). Furthermore, using the IFN-y-priming protocol,
a significant inhibition of IgM production and a strong trend (p =
0.10; Student’s t test) toward inhibition of 1gG2a production were
also observed (Fig. 7D). In summary, this demonstrated that in-
hibitory activities of LL-37 on IFN-y responses are not restricted
to myeloid cells of the innate immune system and that LL-37 may
play a role in regulating IFN-vy responses also in lymphocytes and
during the adaptive phase of immune response.
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The effects of LL-37 on the IFN-vy-induced signaling responses
in monocytes

IFN-v signals through the IFN-vy receptor and the JAK-STAT sig-
naling pathway, with the phosphorylation, dimerization, and acti-
vation of STATL transcription factors being one of the main down-
stream signaling responses (29). To understand the molecular basis
for the inhibitory effects of LL-37 on IFN-y activity, the effects of
LL-37 on the JAK-dependent STAT1-Y701 phosphorylation were
assessed. PBMCs were stimulated over a 2-h time course with
IFN-+, stained for STAT1-pY701, and analyzed by flow cytometry
gating on the CD14™* monocytes. Surprisingly, LL-37 did not af-
fect IFN-y-induced STAT1-Y701 phosphorylation, with neither
the strength nor the dynamics of the response being affected (Fig.
8A). Similarly, LL-37 did not inhibit STAT1-Y701 phosphoryla-
tion in response to IFN-+y plus LPS, and no induction of STAT1-
Y701 phosphorylation was seen in response to the LPS treatment
alone (Fig. 8A).

STAT1 also undergoes JAK-independent phosphorylation on
S727, and a simultaneous phosphorylation of both Y701 and S727
is necessary for complete activation of its transcriptional activity

- "

00 400 600 800 10 200 400 600 00 #ooc

IL-12

Forward Scatter

(46, 47). Thus, the effects of LL-37 on STAT1-S727 phosphory-
lation were also analyzed. LL-37 significantly inhibited STAT1-
S727 phosphorylation in response to LPS and the combined IFN-y
plus LPS treatment (Fig. 8B), indicating that this may be one of the
mechanisms underlying the suppression of LPS plus IFN-y syn-
ergistic activity by the peptide. However, no effect was seen on the
STAT1-S727 phosphorylation in response to IFN-y alone (Fig.
8B). This demonstrated that the suppression of IFN--y responses by
LL-37 in monocytes was not mediated through inhibition of
STAT1 phosphorylation.

IFN-vy is also known to induce a number of other, less well-
characterized, STAT1-independent signaling responses, including
the activation of MAPK and NF-«kB pathways (30, 31, 48). Thus,
the effects of LL-37 on the IFN-vy-induced phosphorylation and
activation of p65-NF-kB-S529 and p38-MAPK T180/Y182 were
analyzed. LL-37 significantly inhibited the induction of both p65
NF-«B and p38 MAPK phosphorylation in response to IFN-vy in a
time-dependent fashion (Fig. 8, C and D). Furthermore, LL-37 also
strongly inhibited the induction of these signaling responses by
LPS and the combined IFN-vy plus LPS treatment (Fig. 8, C and
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FIGURE 5. LL-37-mediated suppression of IFN-y and LPS responses in a RAW 264.7 macrophage cell line. RAW/pIL12-GFP cells were either
stimulated simultaneously with LPS (10 ng/ml) and IFN-vy (10 ng/ml) for 24 h, or primed with IFN-y (10 ng/ml) for 3 h and then washed and treated with
LPS (10 ng/ml) for an additional 21 h. Both stimulations were performed with (gray line) or without (black line) LL-37 (20 wg/ml), added together with
IFN-y. A and B, LL-37 inhibited IFN-y- and LPS-induced IL-12 p40 promoter activity: A, histograms of GFP fluorescence representative of three to four
independent experiments; B, bar charts of the mean fluorescence intensity of the cells following background subtraction. C, TNF-a production by the cells,
measured by ELISA. All data from at least three independent experiments; bars represent means and SEs; #, p < 0.05; ##%, p < 0.001 using ANOVA;

afu, arbitrary fluorescence units.

D). This indicates that the inhibitory effects of LL-37 on IFN-y
activity in monocytes are mediated, at least in part, through the
suppression of STAT1-independent signaling events, such as the
MAPK and NF-«B pathway activities. The molecular mechanisms
mediating these effects are not fully understood and may represent
compensatory up-regulation of other signaling pathways that an-
tagonize NF-«xB and MAPK signaling. Over a longer time course,
these changes may be reinforced through transcriptional up-regu-
lation of negative regulators of NF-«B and MAPK signaling, in-
cluding TNF-a-induced protein 3 (A20), reticuloendotheliosis
viral oncogene homologue B, dual-specificity phosphatases, and
anti-inflammatory secreted factors such as 1L-10 (6).

Discussion
In this work, we have demonstrated that human cathelicidin pep-
tide LL-37 modulated the activity of cytokine IFN-y on a variety

of cell types, including monocytes, macrophages, dendritic cells,
and B lymphocytes. LL-37 also strongly inhibited the IFN-vy prim-
ing of LPS responses and the synergistic responses to a combined
treatment with IFN-y and LPS. Given the central role of IFN-+y in
innate and adaptive immunity and the presence of LL-37 at modest
concentrations normally and at high concentrations in inflamed
tissues, it seems likely that this modulation of IFN-vy responses
might have important implications in both innate and adaptive
immune responses. In innate immunity, LL-37 modulation of
IFN-y may be part of the system for dampening down initial innate
immune responses, especially for intracellular pathogens, to pre-
vent excessive inflammation. This study also indicates that LL-37
strongly impacts on the adaptive immune response in a manner
other than through conditioning or modulation of dendritic cells.

Our results indicate that the suppression of IFN-vy responses by
LL-37, at least in monocytes, was not linked to inhibition of the
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sociated with inhibition of the p38 MAPK and p65 NF-xB dent and independent IFN-vy activities, such as the role of STAT1-
STAT1-independent signaling responses. The role of STAT1-in- independent pathways in the antiproliferative effects of IFN-y on

dependent pathways in IFN-vy activity was previously established macrophages and in the induction of leukocyte adhesion (30, 48).
based on the IFN-vy responsiveness of STAT1-null cells; however, Thus, the selective suppression of STAT1-independent pathways
their exact nature and functions are poorly understood (30, 31, 48). by LL-37 may have regulatory effects, resulting in selective
Microarray analysis of STAT1-null macrophages previously modulation of some IFN-vy responses rather than in their broad
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FIGURE 7. LL-37 inhibition of IFN-vy- and LPS-induced in vitro proliferation and class switching of splenic B cells. Mouse splenocytes were stimulated
ex vivo for 5 days with IFN-y (50 ng/ml) and LPS (1 wg/ml), with and without LL-37 (20 wg/ml). In the IFN-y-priming experiment, the cells were primed
with IFN-+y (50 ng/ml) with or without LL-37 (20 wg/ml) for 2 days, and then washed and stimulated with LPS (1 wg/ml) for an additional 3 days. A, Total
numbers of viable B cells in the cultures at day 5. B, B cell proliferation assessed by CFSE labeling: percentage of CFSE-low B cells at day 5 of stimulation;
B cells were gated as B220™ and CFSE dilution is indicative of cell proliferation; the histograms represent stimulation with LPS plus IFN-+y alone (black
line) or in the presence of LL-37 (gray line). C and D, Levels of the IgM and 1gG2a Ab isotypes at day 5 of stimulation. The data are from n = 3 biological
replicates; bars represent means and SEs of the mean; *, p < 0.05 using Student’s t test.
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suppression. This will be further complicated by the fact that the
roles and relative activities of STAT1-dependent and independent
pathways will differ in different cell types or based on the cell
activation status, for example, due to regulated changes in STAT1
expression (30, 48).

We showed that LL-37 inhibited the activities of IFN-y on B
cells; this is one of the first reports of an immunomodulatory ac-
tivity of LL-37 on lymphocytes and suggests that LL-37 may have
direct effects on adaptive immunity. This seemingly contrasts the
previously reported role of LL-37 in promoting dendritic cell func-
tions and the in vivo adjuvant activities of LL-37 and its mouse
orthologue cathelin-related antimicrobial peptide (49, 50). How-
ever, it is important to note that whereas the dampening down of
specific cytokines is often taken to represent an inhibitory re-
sponse, it is safer to describe such effects as modulatory because
the impact on the entire immune network rather than individual
outputs needs to be defined to completely understand the outcomes
of such interventions. The ability of LL-37 to promote Ag-specific
immunity (as an adjuvant) at the same time as dampening IFN-vy
activity on B cells mirrors its activities in innate immunity, in
which it dampens TLR responses while still promoting resolution
of infections. Interestingly, several studies described the ability of
LL-37 to promote IFN-vy production. For example, LL-37 pretreat-
ment of monocytes can promote in vitro differentiation of dendritic
cells with stronger propensity to prime Th1 immunity, including T
cell IFN-vy production (16); LL-37 can also promote IFN-vy pro-
duction by NK cells in response to CpG oligonucleotides (51).

Thus, the effects of LL-37 on IFN-vy responses may represent a
balancing role in promoting IFN-vy production while down-regu-
lating some of its effector functions. The relative roles of different
LL-37 activities may also differ in different physiological loca-
tions. For example, the levels and activities of LL-37 are best
characterized at mucosal surfaces, where immunity is biased to-
ward non-Th1 humoral responses and IgA Ab production (52-54),
and LL-37 may act to maintain homeostasis and prevent inappro-
priate Thl responses to commensals or innocuous Ags from the
environment.

IFN-v also plays a role in the pathology of several inflammatory
diseases, and the effects of LL-37 on these remain to be explored.
For example, IFN-y has been implicated in the pathogenesis of
cerebral malaria, and anti-IFN-y mAbs can protect against the dis-
ease in murine models (23, 24, 55). The involvement of IFN-vy in
sepsis is multifaceted: increased levels of IFN-vy during the induc-
tion of endotoxemia and sepsis strongly exacerbate disease pro-
gression (25-28); however, there is some evidence that during the
later stages of endotoxemia, IFN-vy can alleviate immune paralysis
and improve survival (56), and indeed IFN-vy can prevent and re-
verse LPS tolerance in vitro (57). The gene encoding IFN-y is also
located in one of the susceptibility loci for ulcerative colitis (58).
The possible physiological roles of LL-37 in modulating IFN-y
activities in these inflammatory conditions remain to be explored.
Furthermore, the activities of the different proteolytically pro-
cessed and truncated forms of the cathelicidin found in the human
skin (59, 60) on IFN-vy responses remain to be investigated, and it
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remains possible that a loss of IFN-vy inhibitory activity may be
one of the factors responsible for the links between some forms of
LL-37 proteolytic processing and inflammatory conditions.

There is increasing interest in using the microbicidal and im-
munomodulatory properties of host defense peptides for therapeu-
tic applications, with a number of peptide-based therapeutics un-
dergoing clinical trials worldwide (61). The current trials mainly
focus on the topical treatment of bacterial infections, although the
development of peptide-based therapeutics for other conditions
such as inflammatory diseases is under investigation (62). The in-
hibition of IFN-vy activity is a new facet of the complex immuno-
modulatory properties of host defense peptides that needs to be
taken into consideration in their development as therapeutics. At
present it is unknown whether this property is restricted to LL-37
or shared by other natural and synthetic cationic peptides, and a
detailed characterization of the sequence requirements and struc-
tural basis of this activity would be of great interest. The potential
for developing peptides with stronger IFN-+y antagonistic activities
for therapeutic applications remains to be explored.
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