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Background: How LL-37 delivers double-stranded RNA (dsRNA) to activate TLR3 signaling is poorly understood.
Results: LL-37 was found to traffic to endosomes with RNA and releases the dsSRNA upon endosome acidification. A peptide

derived from LL-37 could antagonize LL-37-dsRNA trafficking.
Conclusion: LL-37 trafficking of dsRNA is regulated by pH.

Significance: This work establishes the mechanism of LL-37 enhancement of dsRNA-activated TLR3 signaling.

LL-37 is a peptide secreted by human epithelial cells that can
lyse bacteria, suppress signaling by Toll-like receptor 4 (TLR4),
and enhance signaling to double-stranded RNA (dsRNA) by
TLR3. How LL-37 interacts with dsRNA to affect signal trans-
duction by TLR3 is not completely understood. We determined
that LL-37 binds dsRNA and traffics to endosomes and releases
the dsRNA in a pH-dependent manner. Using dynamic light
scattering spectroscopy and cell-based FRET experiments,
LL-37 was found to form higher order complexes independent
of dsRNA binding. Upon acidification LL-37 will dissociate from
a larger complex. In cells, LL-37 has a half-live of ~1 h. LL-37
half-life was increased by inhibiting endosome acidification or
inhibiting cathepsins, which include proteases whose activity
are activated by endosome acidification. Residues in LL-37 that
contact poly(I:C) and facilitate oligomerization in vitro were
mapped. Peptide LL-29, which contains the oligomerization
region of LL-37, inhibited LL-37 enhancement of TLR3 signal
transduction. LL-29 prevented LL-37-poly(I:C) co-localization
to endosomes containing TLR3. These results shed light on the
requirements for LL-37 enhancement of TLR3 signaling.

LL-37 is a 37-residue antimicrobial peptide produced by
human epithelial cells by proteolytic cleavage from the C-ter-
minal portion of the hCAP-18 protein (1). In addition to lysing
bacteria, LL-37 can regulate the activities of multiple innate
immune receptors (2, 3). High levels of LL-37 are also associ-
ated with autoimmune diseases such as psoriasis and asthma,
suggesting that overexpression of LL-37 could be linked to dis-
eases (3-9).

In the regulation of innate immune signaling, LL-37 has the
interesting property of suppressing TLR4> signaling while
enhancing TLR3 signaling (10-13). LL-37 is known to bind to
agonists of multiple TLRs, including lipopolysaccharides (LPS),
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which can activate TLR4 signaling, and the double-stranded
RNA (dsRNA) that activates TLR3. However, it is not known
how LL-37 binding to the TLR agonists will differentially affect
signaling.

One feature that likely contributes to these distinct outcomes
in signaling is that TLR4 predominantly signals from the
plasma membrane, whereas TLR3 signaling takes place in acid-
ified endosomes (14). The antimicrobial activity and the con-
formation of LL-37 have been documented to be affected by pH,
although the previous studies did not examine dsRNA binding
or TLR3 signaling (15). We propose that should LL-37 bind to
TLR agonists at neutral pH, but release them under acidic con-
ditions, it could suppress TLR4 signaling by maintaining bind-
ing to LPS in the cytoplasm but deliver higher concentrations of
dsRNA to endosomes and enhance TLR3 signaling.

In this study we document that LL-37 binding to poly(I:C) is
dependent upon pH. Upon acidification of endosomes, LL-37 is
released from dsRNA both in vitro and in cells. Furthermore,
LL-37 is degraded in lysosomes. We also mapped the residues
from LL-37 that contact dsSRNA and found derivatives of LL-37
that can inhibit LL-37 enhancement of TLR3 signaling but
maintain the ability to inhibit TLR4 signaling.

MATERIALS AND METHODS

Cells and Reagents—The BEAS-2B cell line was from the
American Type Culture Collection and cultured in BEGM
media containing supplements (11, 59). Proteasome inhibitors
MG132 and lactacystin (both from Calbiochem) were dissolved
in ethanol and DMSO, respectively. Cathepsin inhibitor z-FA-
FMK (Santa Cruz Biotechnology) was dissolved in DMSO.
Endosome acidification inhibitors ammonium chloride and
chloroquine (Sigma) were dissolved in water. Bafilomycin A1
(Sigma) was dissolved in DMSO. Poly(I:C) and lipopolysaccha-
ride (LPS) were from Invivogen. Reovirus dsSRNA S4 was pre-
pared by in vitro transcription as described in Lai et al. (11). All
peptides, including ones with covalently attached fluorophores,
were custom-synthesized (AnaSpec) and purified to >95%
purity. Antibody to LL-37 (sc-166770) and siRNAs specific to
FPRLI1 (sc-40123), EGFR (sc-29301), or a nonspecific control
siRNA (sc-37007) were all from Santa Cruz Biotechnology.
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Fluorescence Polarization Assay—Fluorescence polarization
assays used a Synergy H1 microplate reader (BioTek). All reac-
tions were performed in phosphate buffers adjusted to the
desired pH. The polarization measurements were determined
as the ratio of the fluorescence intensity parallel to the excita-
tion plane versus the fluorescence intensity perpendicular to
the excitation plane. Calculations of polarization were per-
formed using the Gene 5 software (Biotek), and the results were
normalized to the starting polarization to account for possible
changes in the oligomerization states of fLL-37 as a function of
pH. Peptide binding to poly(I1:C) used fLL-37 (0.1 uMm), a version
of LL-37 with an N-terminal carboxyfluorescein. Poly(1:C) was
titrated added to a solution of fLL-37 to achieve a final volume
of 100 ul. A complementary assay used fluorescein-labeled
poly(L:C) (0.1 um) titrated with peptides to 100-ml reactions
that contained final concentrations of 10-500 nm unlabeled
peptides. Interactions between LL-37 and other peptides used
fLL-37 (0.1 M) and peptides added to final concentrations of
1-1000 nM.

Forster Resonance Energy Transfer (FRET) Assays—The abil-
ity of LL-37 and poly(I:C) to interact within cells was analyzed
by monitoring their ability to transfer energy, as measured by
FRET assays (17). Fluorophore-labeled LL-37 and poly(I:C)
were added to the cell culture media in the absence or presence
of endosome acidification inhibitors and incubated for 1 h. The
cells were then washed with PBS, fixed with 4% paraformalde-
hyde for 15 min at room temperature, and processed for
microscopy as reported previously (18). Fluorescein was
excited with a 488-nm laser, and emission was monitored with
a Leica TCS SP5 confocal inverted-base microscope. Data anal-
ysis used the Leica LAS AF software.

Dynamic Light Scatter Spectroscopy—The hydrodynamic
radii of LL-37 and other peptides was monitored by a Zetasizer
Nano-S instrument (Malvern Instruments). All measurements
were taken with 1 um peptide dissolved in phosphate buffer
adjusted to the desired pH at 22 °C.

Quantification of IL-6 —IL-6 production was quantified by
ELISA using the OptEIA™ kit (BD Biosciences). A typical
assay used 2 X 10* BEAS-2B cells/well grown for 24 h in flat-
bottom 96-well plates. Poly(I:C) was added to a final concentra-
tion of 0.13 pg/ml. Antimicrobial peptides were added to the
cell culture medium to a final concentration of 3 um unless
specified otherwise.

RNA Silencing Assays—BEAS-2B cells were seeded at 2 X 10°
cells per 6-well plate for 6 h before transfection with 30 nm a
mixture of three siRNAs. Transfections used Lipofectamine
2000 (Life Technologies). The level of target mRNA was ana-
lyzed using quantitative real-time-PCR and normalized to the
levels of GAPDH mRNA. The sequences of the primers will be
made available upon request. Poly(I:C) was added 48 h after
siRNA transfection, and IL-6 levels in the culture media were
collected 24 h later.

Confocal Microscopy—Cells were grown on poly-L-lysine-
coated coverslips to 60% confluency. After a 1-h incubation
with fluorophore-labeled peptides in the absence or presence of
poly(I:C), the cells were washed with PBS and fixed with 4%
paraformaldehyde for 15 min at room temperature. The cells
were washed with PBS and mounted on glass slides with anti-
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fade mounting medium and DAPI (Life Technologies), then
dried overnight in the dark. Micrographs were acquired with a
Leica TCS SP5 confocal inverted-base microscope with a 63X
oil objective. Images were analyzed by Leica LAS AF and Image
J software. Colocalization of fluorophores was quantified using
the Image ] plug-in tool JACoP (16).

Statistical Analysis—All data shown are the means and
ranges for 1 S.E. for a minimal of three independent samples.
Data sets were compared using Student’s ¢ test calculated with
GraphPad Prism 5 software.

Reversible Cross-linking, Peptide Fingerprinting—1137 was
incubated with poly(I:C) at the molar ratios indicated, then
cross-linked with the addition of 0.1% formaldehyde. After 15
min, formaldehyde was quenched by the addition of 2 M glycine,
and LL37 was digested with 1:20 (w/w) ratio of trypsin over-
night. Poly(I:C) was selectively precipitated with lithium chlo-
ride along with the covalently cross-linked peptides from LL37
as previously described (19). Protein-RNA cross-links were
reversed by heating the sample for 1 h at 72 °C. The eluted
peptides were analyzed using a Bruker Autoflex [l MALDI-TOF
mass spectrometer (Agilent Technologies).

Preparation of Necrotic DNA—BEAS-2B cells were grown to
saturation for 1 week. All cells were harvested by centrifugation
and subjected to 10 cycles of freezing and thawing. The cell
lysates were concentrated by centrifugation at 10,000 X g for
15 min at 4 °C and adjusted to the buffers for the DNA
extraction column and eluted as per the manufacturer’s
instructions (Qiagen). The DNA concentration was deter-
mined by spectrophotometry.

RESULTS

LL-37 Binding to Ligands in Vitro Is Dependent on pH—
LL-37 accompanies dsRNA to endosomes containing TLR3
(18). However, it is unknown whether LL-37 will release the
dsRNA in endosomes or participate in the signaling-competent
TLR3:dsRNA complex. We seek to determine whether LL-37
binding to dsRNA can be affected by pH. A fluorescent polar-
ization assay was performed with fLL-37, which has a 5" car-
boxyfluorescein coupled to the N terminus of LL-37 (Fig. 14;
Refs. 11 and 18). fLL-37 was previously demonstrated to
enhance TLR3 signaling by dsRNA and to suppress TLR4 sig-
naling by LPS (18). In a pH 7.4 phosphate buffer, the fluores-
cence polarization of fLL-37 increased in a concentration-de-
pendent manner upon the addition of poly(I:C), indicating that
the two molecules can interact (Fig. 1B). LL37 binding to
poly(I:C) significantly decreased when the pH of the buffer was
decreased. fSC37, which has a scrambled order of the residues
present in LL-37, did not interact with poly(I:C) titrated into
the solution at any of the pH values tested (Fig. 1C). These
results suggest that LL-37 can bind poly(I:C) in a pH-dependent
manner.

We determined whether fLL-37 binding to heteropolymeric
dsRNA was dependent on the solution pH. fLL-37 binding to
reovirus S4 dsRNA occurred in a concentration-dependent
manner at pH 7.4, but binding was markedly decreased at pH
6.4 (data not shown). To allow comparison of the binding, the
normalized fluorescence polarization at 10 um reovirus dsRNA
are shown in Fig. 1D. Other polyanionic molecules, including
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FIGURE 1. pH-dependent LL-37 binding to ligands. A, sequence of human antimicrobial peptide LL-37 and the scrambled peptide Sc-37. FAM denotes a
carboxyfluorescein attached to the N termini of the two peptides. B, fluorescent polarization assay for LL-37 binding to poly(l:C) in buffers at different pH values.
6-Carboxyfluorescein-labeled LL-37, fLL-37, was at 0.1 um. Poly(l:C) was titrated into the solution to form a final volume of fluorescence polarization assay with
fSc-37 (C). fSc-37 was present in the assay at 0.1 um and titrated with increasing concentrations of poly(l:C). D, binding LL-37 (0.1 uMm) to different ligands at pH
7.4 and pH 6.2.fSc-37 was used as control. The values represent the increase in fluorescence polarization of fLL-37 with 10 um concentrations of ligand at either
pH 7.4 and 6.2 relative to the reaction lacking ligand. All data are the means of at least three independent experiments. p values were determined using

Student’s t test.

LPS, the sense-strand of the S4 RNA, and also dsDNA were also
preferentially bound by fLL-37 at neutral pH values (Fig. 1D).
These results show that LL-37 binds anionic polymers in a pH-
dependent manner in vitro, although the difference in the rela-
tive degree of binding differed for the polyanionic polymers
(Fig. 1D). For the remainder of this study, we will use poly(I1:C)
as a dsRNA ligand for LL-37.

Endosome Acidification Accompanies the Dissociation of the
LL-37-Poly(I:C) Complex—The localization of LL-37 com-
plexed with dsRNA to endosomes and to enhance TLR3 activity
have been previously characterized (18). We sought to deter-
mine whether the LL-37-poly(I:C) complex will dissociate in
acidified endosomes of BEAS-2B cells, a human lung epithelial
cell line that expresses endogenous FPLR-1, a receptor for the
LL-37-dsRNA complex and TLR3 (11). Rhodamine-labeled
poly(L:C) (rpIC) and fLL37 form a FRET pair and rpIC was pre-
viously shown to activate TLR3 signaling (11). Both fLL-37 and
rpIC localized to endosomes (Fig. 24). However, excitation of
the fluorescein-labeled LL-37 did not result in energy transfer
and fluorescence of the rhodamine on rpIC (Fig. 2A and 2C).
This result suggests that LL-37 and poly(I:C) were no longer in
physical contact in endosomes. However, cells treated with
either chloroquine or ammonium chloride, or bafilomycin Al
to inhibit endosome acidification before the addition of fLL-37
and rpIC exhibited Forster resonance energy transfer (Fig. 2B, 2C
and data not shown). These results suggest that endosome acidifi-
cation is associated with the dissociation of the LL-37-poly(1:C)
complex in cells. Inhibition of endosome acidification also
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reduced IL-6 production, consistent with endosome acidifica-
tion being required for the activation of signal transduction by
TLR3 (Fig. 2D; Refs. 20 and 21).

LL-37 Oligomerization in vitro Is affected by pH—LL-37
forms higher order oligomeric complexes (22, 23). We used
dynamic light scatter spectroscopy to determine whether pH
will affect the oligomerization state of LL-37 in solution. At pH
7.4 the average hydrodynamic radius of LL-37 was ~1 um.
However, a decrease in the buffer pH resulted in LL-37 disso-
ciating to <10 nm (Fig. 3A). Sc-37 also formed a higher order
complex of ~1 um, but this complex was not affected by acidi-
fication of the buffer (Fig. 3B). Pentamide, which had the five
acidic residues in LL-37 replaced with neutral-polar residues,
also failed to dissociate from a higher order complex as a func-
tion of pH.

The results with pentamide suggest that ionic interactions
between LL-37 peptides contribute to oligomer formation. To
address this we examined whether salt concentrations will
affect the hydrodynamic radii of LL-37. The reactions were per-
formed in a pH 7.4 buffer. In solutions with up to 50 mm NaCl,
LL-37 was in complexes with hydrodynamic radii of >1000 nm.
At ~100 mm NaCl, complexes of 4—10 nm were observed (Fig.
3C). With NaCl of 200 mm or higher, LL-37 only had a hydro-
dynamic radii of 2-5 nm. The sensitivity of higher order com-
plexes of LL-37 to salt is consistent with ionic interactions being
responsible for the association between LL-37 subunits.

LL-37 Oligomerization in Cells Is Affected by pH—To exam-
ine whether LL-37 forms higher order oligomers in cells, we
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FIGURE 2.LL-37 and poly(l:C) interaction in BEAS-2B cells is affected by endosome acidification. A, micrographs of the intracellular locations of fLL-37 and
rplC 60 min after their addition to BEAS-2B cells. fLL-37 is colored green, and rplC is red. Co-localization of the two fluorophores is shown in yellow. The
wavelength used to excite the fluorophores is shown to the left of the micrographs. Note that the signal for rhodamine-labeled poly(l:C) was not observed with
excitation at 488 nm (upper row, third panel from the left) due to the lack of FRET from fluorescein to rhodamine. B, micrographs of the intracellular locations of
fLL-37 and rpIC in BEAS-2B cells. fLL-37 and rplC were added to the medium of the cells and the cells that were pretreated with the endosome acidification
inhibitor chloroquine, ammonium chloride, or bafilomycin A1. Excitation of fluorescein was at 488 nm, and excitation of rhodamine was at 561 nm. Note that
excitation of fluorescein fluorescence in fLL37 at 488 nm resulted in fluorescence from rplC (third panel from the left, top row), indicating that FRET occurred
between fLL-37 and rplC. C, real-time monitoring of the fluorescence of the fLL-37 and rpIC in BEAS-2B cells treated or not treated with endosome inhibitors.
The wavelength(s) for excitation is shown in the upper right corner for each graph. Top panel, spectra from BEAS-2B cells treated to excite fluorescence of both
fLL-37 and rpIC. These results demonstrate that both molecules are present in cells. Second panel, spectra from BEAS-2B cells treated to excite fluorescence of
fLL37. Note that only minimal excitation the fluorescence of rplC was observed, likely due to the dissociation of fLL37 and rplC. Third panel, spectra from
BEAS-2B cells pretreated with bafilomycin A1 (Baf A1, 2.5 um final concentration) to inhibit endosome acidification and then subjected to excitation of the
fluorescence of fLL37. Note that energy was transferred to induce rhodamine fluorescence, suggesting that the fLL37 and rplC complexes were physically close
in space due to the lack of dissociation. Bottom panel, spectra from BEAS-2B cells pretreated with the endosome acidification inhibitor ammonium chloride (5
M final concentration) followed by excitation of the fluorescence of fLL37. All spectra in this panel were consistent in at least three independent measure-
ments. D, IL-6 ELISA results in the presence of endosomal acidification inhibitor, poly(l:C) and poly(l:C)/LL-37. Ammonium chloride and chloroquine (Chqg) were
used at final concentrations of 5 um and 2 pg/ml, respectively. All the data represented are the mean of experiments performed in triplicate, and p values were
calculated by using Student’s t test.

used a 1:1 mixture of fLL-37 and rhodamine-labeled LL-37 the absence or presence of poly(I:C) for 15 min, then washed

(rLL-37). When the two peptides were added to the medium of
BEAS-2B cells, they co-localized to endosomes within 30 min
(Fig. 3D). However, relatively little FRET was observed unless
cells were treated with ammonium chloride or chloroquine
to inhibit endosome acidification (Fig. 3, D and E). Identical
results were observed when the cells were treated with a 1:1
mixture of fLL-37 and rLL-37 added to cell culture media
along with poly(I:C) (data not shown). These results suggest
that the LL-37-poly(I:C) complex dissociates upon endo-
some acidification.

Endosome Acidification Is Associated with LL-37 Turnover—
Acidification of endosomes can activate cathepsins that can
cleave TLR3, -7, and -9 and increase signaling (24, 25). We
examined whether LL-37 would be subject to proteolysis, pos-
sibly by cathepsins. BEAS-2B cells were treated with LL-37 in

S,
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with phosphate-buffered saline and incubated with fresh
medium. The cells were harvested over time, lysed, and sub-
jected to Western blot analysis. LL-37 accumulation decreased
over time, with an estimated half-life of 1 h (Fig. 4, A and B).
Cells treated with ammonium chloride or the cathepsin inhib-
itor Z-FA-FMK had half-lives in excess of 12 h (Fig. 4, A and B).
These results suggest that endosome acidification can lead to
proteolysis of LL-37.

Residues in LL-37 That Contact Poly(I:C)—We seek to deter-
mine how residues in LL-37 contact poly(I:C) using a reversible
cross-linking peptide fingerprinting method (RCAP; Ref. 19).
RCAP fingerprinting has been used to map the RNA-contact-
ing regions within several protein'RNA complexes using form-
aldehyde, a bifunctional cross-linking agent that cross-links
primary amines that are within 2 A of each other (26).
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FIGURE 3. Oligomerization of LL-37 depends upon pH. A, LL-37 forms particles that dissociate when the pH is decreased. All assays were performed with
LL-37 at a concentration of 1 um in phosphate buffer. B, changes in the sequence of LL-37 can prevent pH-dependent dissociation. Peptides Sc-37 and
pentamide form particles that have decreased dissociation in acidic buffer. Pentamide has changes of the five acidic residues to neutral-polar ones. Its
sequence can be foundin Table 1. C, LL-37 particles will dissociate in the presence of salt. The hydrodynamic radius of ~1 um LL-37 was determined ina pH 7.4
phosphate buffer adjusted to contain the concentration of NaCl indicated. D, fLL37 and rLL-37 colocalize in endosomes of BEAS-2B cells. fLL-37, rLL-37, and
poly(l:C) were added to BEAS-2B cells that were either mock-treated or treated with ammonium chloride and imaged 60 min later by excitation at 488 nm or
at 561 nm. The micrograph images were then merged to show the co-localization of the two fluorescent peptides. E, co-localization of fLL-37 and rLL-37 in
BEAS-2B cells was quantified in the absence or presence of endosomal acidification inhibitors. To detect both peptides, the cells were excited with 488- and
561-nm lasers. To determine FRET between the two peptides, the cells were excited at 488 nm to activate fluorescence of fLL-37, and the emissions for both
fluorescein and rhodamine were determined. The data shown were quantified from 20 independent cells from three independently prepared samples. The p
values were calculated by using Student’s t test. Chg, chloroquine.
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FIGURE 4. LL-37 is degraded in endosomes of BEAS-2B cells. A, Western blot assessing the accumulation of LL-37 over time after its addition along with
poly(l:C) (0.13 ng/ml) to BEAS-2B cells. Upper panel, accumulation of LL-37 in untreated BEAS-2B cells. Middle panel, the accumulation of LL-37 in the presence
of endosomal acidification inhibitor NH,CI (5 um final concentration). Bottom panel, the accumulation of LL-37 in the presence of cathepsin inhibitor Z-FA-FMK
(5 um final concentration). In all three panels LL-37 was detected by a Western blot of cell lysates electrophoresed in NUPAGE 4 -12% Bis-Tris gels designed to
separate small proteins. Quantification of band intensity is calculated relative to that of the loading control (L.C.). B, half-life of LL-37 as measured by band
intensity of Western blots with and without endosomal acidification inhibitor or cathepsin inhibitor. A similar increase in LL-37 half-life was observed in two
independent experiments.

Cross-linked LL-37-poly(I1:C) were extensively digested with  selectively precipitated with lithium chloride. The cross-linked
trypsin to cleave C-terminal of lysines and arginines (Fig. 54).  peptides co-purified with poly(I:C) were reversed and subjected
Poly(I:C) and peptide fragments cross-linked to poly(I:C) were to mass spectrometric analysis. Control reactions performed
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1349.932 1349.790 -0.142 SKEKIGKEFKR 9-19 + o+
1846.026 1846.102 0.076 SKEKIGKEFKRIVQR 9-23 +
1134.688 1134.663 0.025 EKIGKEFKR 11-19 + o+
1631.117  1630.975 -0.142 EKIGKEFKRIVQR 11-23 + +
877.470 877.525 0.055 IGKEFKR 13-19 * + o+
1373.978 1373.838 -0.140 IGKEFKRIVQR 13-23 + +
1287.651 1287.790 0.139 IVQRIKDFLR 20-29 + + + o+
1370.665 1370.827 0.162 IKDFLRNLVPR 24-34  + +
1687.723 1687.949 0.226 IKDFLRNLVPRTES 24-37 + +
915.430 915.489 0.059 NLVPRTES 30-37 + +

FIGURE 5. Mapping LL-37 residues that contact poly(I:C) and double-stranded DNA. A, schematic of the RCAP fingerprinting protocol. B, sample mass
spectra from the RCAP fingerprinting assay detecting peptides from LL-37 that can be cross-linked to poly(l:C). The negative control was performed with an
assay containing all of the components but not treated with formaldehyde. C, summary of the peptides from LL-37 found to contact poly(l:C) of ~500 bp and
a DNA molecule of 100 bp. The peptides identified by mass spectrometry within an accuracy of 0.5 Da of the theoretical masses are denoted with a + symbol.

without formaldehyde did not identify peptides, indicating that
the washing conditions are stringent (Fig. 5B). Several peptides
derived from LL-37 were observed with the LL-37-poly(I:C)
cross-linked complex at both a 1:1 and a 10:1 molar ratio of
LL-37 to poly(I:C) fractionated to have an average length of 500
bp. All peptides matched to within 0.5 daltons of the expected
LL-37 tryptic fragments (Fig. 5C). Both the N- and C-terminal
portions of LL-37 were found to be in contact with poly(I1:C),
but a higher concentration of peptide resulted in a decreased
cross-linking to residues 18, 19, and 23 of LL-37 (Fig. 5C).
Overlapping peptides were observed, suggesting that some
lysine and arginine residues were only partially cross-linked
to poly(I:C), as some sites remained accessible to trypsin
cleavage (Fig. 5C).

The RCAP fingerprinting assay was also used to map LL-37
interaction with a 100-bp DNA. RCAP fingerprinting has been
validated for protein-DNA interaction (27). Again, the back-
ground was minimal, and peptides from LL-37 from the cross-
linked samples were easily identified. At a 1:1 molar ration of
LL-37 to DNA the N-terminal region of LL-37 also contacted
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the DNA. In addition, up to residues 29 of LL-37 were observed
to be cross-linked to DNA (Fig. 5C) An interesting difference
from the cross-link to poly(l:C) is that the middle region of
LL-37 appears to be less in contact with DNA when a 10:1 molar
ratio of LL-37 and DNA was analyzed. It is possible that stiff-
ness of dsDNA could prevent it from properly adjusting the
contacts with LL-37.

Residues in LL-37 Required for Function—To better define
how residues in LL-37 contribute to function, several variants
derived from LL-37 were tested for 1) repression of TLR4 sig-
naling by LPS, 2) enhancement of TLR3 signaling by poly(1:C),
and 3) binding to LL-37. Signaling by TLR3 and TLR4 was mon-
itored using ELISA to detect IL-6 secreted into the medium of
BEAS-2B cells.

N- and C-terminal truncations in LL-37 retained the ability
to suppress TLR4 signaling (Table 1). Pentamide, which had all
acidic residues in LL-37 replaced with neutral-polar residues,
was the only one that failed to suppress TLR4 signaling. These
results suggest that multiple regions of LL-37 can interact with
LPS to suppress TLR4 signaling.
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TABLE 1
Summary of the activities of LL-37 and variants
IL-6 production (%)2 Hydrodynamic Binding
Peptide Sequence1 Radius (nm)3 f-LL-37*
LPS poly(l:C) pH7.4 pH5.8

mCRAMP GLLRKGGEKIGEKLKKIGQKIKNFFQKLVPQPEQ 82+29 32+3 1718 1106 2.6 +0.3
LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 100 + 14 100 + 3 1356 4 6.0+ 0.1
Pentamide ILL.GNFFRKSKQKIGKQFKRIVQRIKNFLRNLVPRTQS 400+ 32 31+0 1106 1990 ND
Peptide A LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPQPEQ 161+ 11 41+6 1990 956 50+0.2
LL-29 LLGDFFRKSKEKIGKEFKRIVQRIKDFLR-—————— 143 +18 47+ 3 1106 4 6.2+ 0.1
LL-9-29  ———--—- SKEKIGKEFKRIVQRIKDFLR--————— 196 +11 31+3 447 1281 2.6 +0.2
LL-9-37 ———————- SKEKIGKEFKRIVQRIKDFLRNLVPRTES 239 +21 38+ 3 825 615 ND

! Amino acid residues changed from LL-27 are in bold. The residues deleted from LL-37 are shown with a dash.

2 IL-6 production in BEAS-2B cells induced with 1.0 wg/ml LPS or 130 ng/ml poly(L:C).

3 Dynamic light spectroscopy results were determined with 1.0 uMm concentrations of the peptide in phosphate buffer adjusted to pH 7.4 or 5.8.

% Fold change in the fluorescence anisotropy values of f-LL-37 between 1.0 nm and 1000 nm concentrations of added peptide.

Poly(l:C) LPS

In contrast, all LL-37 truncations negatively affected TLR3
signaling. Peptides LL9 —29, pentamide, and mCRAMP failed to
enhance TLR3 signaling. Removal of the N-terminal eight resi-
dues, the C-terminal eight residues of LL-37, or the replacement of
the C-terminal four residues with those from mCRAMP resulted
in peptides that retained partial activity for enhancing TLR3 sig-
naling. These results suggest that both terminal regions of LL-37
are required for wild-type level of interaction with poly(L:C) to
activate TLR3 signaling (Fig. 5, Table 1).

We tested whether the LL-37 variants dissociate in a pH-de-
pendent manner using dynamic light scatter spectroscopy.
LL-29, which lacks the C-terminal eight residues, dissociated
into nanometer-sized particles (Table 1). Peptide A, with only
the C-terminal four residues of LL-37 replaced with mCRAMP
residues, was also reduced for the ability to dissociate under
acidic pH conditions (Table 1). Therefore, although the termi-
nal eight residues of LL-37 are not required for oligomer disso-
ciation, their replacement may allow the peptides to form alter-
native complexes that do not respond to pH. Peptide LL9 -29,
that lacked both the C- and N-terminal regions, also failed to
dissociate (Table 1).

Because LL-29 retains the ability to change its oligomeriza-
tion state in a pH-dependent manner, we examined whether it
can bind wild-type LL-37. In a fluorescence polarization assay,
LL-29 interacted with fLL-37 to the same degree as LL-37
(Table 1). Peptide A retained partial interaction with fLL-37 in
this assay, whereas LL9 -29, which lacks the N-terminal eight
residues of LL-37, did not (Table 1). The N-terminal 29 residues
of LL-37 thus retain the ability to interact with LL-37 as well as
to contact nucleic acids.

LL-29 Can Inhibit LL-37-enhanced TLR3 Signal Transduction—
We examined whether LL-29 could affect the enhancement of
TLR3 signaling by WT LL-37-poly(I:C). An increasing amount
of LL-29 along with a constant amount of LL-37-poly(I:C) was
used to assess IL-6 production in BEAS-2B cells. The presence
of LL-29 reduced the enhancement of TLR3 signaling by LL-37
in a concentration-dependent manner (Fig. 6). At a 4 M excess
of LL-29 relative to LL-37, IL-6 levels were comparable with
those observed in the absence of LL-37 (Fig. 6). That is, LL-29
abrogated the ability of LL-37 to enhance TLR3 signaling. Pep-
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FIGURE 6. Activities of truncated LL-37 peptides on LPS- and poly(l:C)-
induced signaling. IL-6 production induced by LPS or poly(l:C) in BEAS-2B
cells after the addition of LL-37 in the presence or absence of LL-29. The final
concentrations of the peptides are shown below the graph. Where added,
poly(l:C) was to 130 ng/ml and LPS was to 1 pg/ml. All samples were per-
formed in at least triplicates, and the results are representative of three inde-
pendent experiments.

ola 0 f

tide A also antagonized LL-37 enhancement of TLR3 signaling
but to a lesser degree than LL-29 (Table 1).

Interestingly, LL-29 added along with LL-37 to BEAS-2B
cells retained the ability to suppress TLR4 signaling in response
to LPS (Fig. 6). A 2 M excess of LL-29 relative to LL-37 did not
reduce TLR4 signaling (Fig. 6A4). At a 4 M excess of LL-29 to
LL-37, IL-6 production in response to LPS was still at 64% that
of the control without either of the two peptides. These results
suggest that LL-29 can preferentially antagonize the LL-37
enhancement of TLR3 signaling while retaining the ability to
suppress TLR4 signaling.

LL-29 Can Affect LL-37-Poly(I:C) Trafficking—LL-37 enhance-
ment of TLR3 signaling required trafficking of LL-37-poly(I:C) to
endosomes via the formyl peptide receptor-like 1 (FPRL-1)
receptor (18). Therefore, we examined whether LL-29 used the
FPRL-1 receptor to enter cells. siRNA was used to knock down
the expression of either FPRL-1, EGFR, or TLR3. Quantitative
RT-PCR analysis showed that the FPRL-1 message was reduced
to ~20% of the control siRNA-treated samples (data not
shown). Co-localization of fLL-37 and rpIC was reduced to <¥3
of the control. Cells knocked down for TLR3 expression had
reduced IL-6 production in response to poly(I:C) both in the
absence and presence of LL-37, demonstrating that IL-6 pro-
duction requires TLR3 (Fig. 7A). Knockdowns performed with
siRNAs to a nonspecific control or to EGFR had no effect on the
enhancement of IL-6 production. Pentamide, LL9-37, or
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FIGURE 7. LL-29 does not enhance TLR3 signaling through the FPRL-1 receptor. A, enhancement of poly(l:C)-induced TLR3 signaling by LL-37, LL-29, and
pentamide. TLR signaling was assessed by measuring IL-6 secreted by BEAS-2B cells into the cell culture media 24 h after induction with poly(l:C). The cells were
knocked down with TLR3, FPRL-1, EGFR, or control siRNAs 48 h before the addition of the poly(l:C) or poly(l:C) and peptides. B, effect of truncated peptides in
poly(l:C)-mediated IL-6 production in the presence of LL-37. The effects of the peptides were determined in BEAS-2B cells knocked down for either a nonspecific

control or for FPRL-1.

LL-29 added to cells along with poly(I:C) also did not enhance
IL-6 production with knockdown of either FPRL-1 or EGFR
(Fig. 7A). These results suggest that multiple activities of LL-37
are needed to engage the FPRL-1 receptor, including LL-37
oligomerization and binding to poly(L:C).

Will the addition of LL-29 affect the use of the FPRL-1 recep-
tor by the LL-37-poly(I:C) complex? BEAS-2B cells knocked
down for FPRL-1 were treated with LL-37 along with additional
concentrations of LL-37, pentamide, LL-29, Peptide A, or
LL9-37 (Fig. 7B). Signaling by TLR3 was determined by quan-
tifying the IL-6 secreted in the cell culture media. Knockdown
of the FPRL-1 decreased LL-37, whereas a control siRNA had
no effect on WT LL-37-poly(I:C) enhancement of IL-6 produc-
tion. Pentamide or LL9-37 added along with LL-37 had no
effect on IL-6 production. Interestingly, the addition of Peptide
A and LL-29 along with LL-37 resulted in a reduction in IL-6
levels whether the cells were treated with a siRNA to FPRL-1 or
anonspecific control. These results suggest that LL-29 and Pep-
tide A can antagonize LL-37 enhancement of TLR3 signaling in
response to poly(L:C).

LL-29 Can Affect LL-37-poly(I:C) Co-localization with TLR3 in
BEAS-2B Cells—LL-29 does not use FPRL-1 to affect TLR3 signal-
ingbut can bind LL-37 in vitro (Fig. 7A and Table 1). We wondered
whether it could prevent the trafficking of LL-37-poly(l:C) to
endosomes that harbor TLR3. Confocal microscopy was used
to examine the effect of LL-29 on the colocalization of
LL-37-poly(L:C) with TLR3 in BEAS-2B cells. As expected,
fL.LL-37 was found to colocalize with TLR3, whereas Sc-37 did
not (Fig. 8). However, the addition of LL-29 reduced the co-lo-
calization between fLL-37 and TLR3 in endosomes containing
TLR3 (Fig. 8).
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DISCUSSION

LL-37 can suppress the production of proinflammatory
cytokines in response to the bacterial lipopolysaccharides.
Intriguingly, LL-37 can also enhance the production of pro-
inflammatory cytokines by dsRNAs that activate TLR3. In
this work we determined that the pH could affect LL-37
interaction with dsRNA both in solution and in cells. LL-37
binds to poly(I:C) at neutral pH values in vitro and releases it
upon endsome acidification. Within cells, dsSRNA release
was determined by a loss of the Forster resonance energy
transfer between fluorescently labeled LL-37 and poly(L:C).
Importantly, cells inhibited for endosome acidification
retained the interaction between LL-37 poly(I:C). LL-37 also
exists in solution as a higher order complex that can disso-
ciate upon acidification of the solution. Johansson et al. (15)
reported that the oligomeric state of LL-37 and a neutral pH
are needed for its function in suppressing the proinflamma-
tory response to LPS. Our results show that the pH of the
environment and LL-37 oligomerization state are also
important factors for the LL-37 enhancement of signal
transduction by TLR3. A schematic for the effects of LL-37
on dsRNA signaling by TLR3 is presented in Fig. 9.

The pH-dependent binding and release of dsRNA by LL-37
explains the differential effects of LL-37 on TLR3 and TLR4
signaling. Due to interactions between LL-37 and LPS taking
place in the extracellular media or in the cell cytoplasm where
the pH is near neutral, LL-37 does not readily release LPS. Thus,
LL-37 sequesters LPS to prevent TLR4 signaling. In contrast,
LL-37 bound to dsRNA traffics to endosomes where acidifica-
tion can take place due to the action of proton pumps (28). The
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FIGURE 8. LL-29 can decrease the co-localization of fLL-37 and TLR3 in
BEAS-2B cells. A, fluorescent micrographs of the locations of LL-29 or Sc-37
added to cells along with LL-37 and poly(l:C). LL-37 was added to a final con-
centration of 1.0 um and poly(l:C) to a final concentration of 130 ng/ml. TLR3
was detected with goat anti-TLR3 antibody and a Alexa-488-labeled anti-goat
secondary antibody. B, quantification of the percent co-localization of LL-37
and TLR3. fSc-37 was used as a control. Quantitative co-localization data are
the mean values for 20 cells assessed from three independently prepared
samples. The p values were calculated by using Student’s t test.

acidification of the endosome induces LL-37 to release of
dsRNA where it acts as agonist for TLR3 signaling.

It is important to note that dsRNA can traffic to endosomes
independent of LL-37 through scavenger receptors (29). Indeed,
TLR3 can signal in response to poly(I:C) even in the absence of
LL-37 (30). In the presence of LL-37, TLR3 signaling may be
enhanced due to the increased concentrations of the dsRNA in
endosomes where TLR3 is resident.

Thus, pH likely coordinates a number of consequential events
for signaling by TLR3. Endosome acidification can also activate
cathepsins, proteases to enhance the stability of signaling-compe-
tent TLR3 (31, 32) and trigger the degradation of LL-37 (Fig. 4).
Notably, inhibition of endosome acidification, cathepsins B, L,
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FIGURE 9. Amodel for LL-37 enhancement of dsRNA-induced TLR3 signal-
ing. A, sequence of LL-37 and summary of residues involved in LPS binding,
poly(l:C) binding, pH-dependent dissociation, and oligomerization. We note
that the region in LL-37 delineated for a particular activity represents a mini-
mal requirement interpreted from results in this work; it is possible and likely
that other regions within LL-37 will contribute to an activity. B, schematic of
LL-37-mediated poly(l:C) signaling. LL-37 binds to dsRNA and is internalized
to endosomes through the FPRL-1 receptor. After maturation, the acidic envi-
ronment of endosomes dissociates dsRNA and LL-37. The dsRNA is then rec-
ognized by TLR3 for signaling, whereas LL-37 is transferred to lysosomes and
degraded.

and/or S (33), with the inhibitor Z-FA-FMK increased the half-
life of LL-37 from 1 h to an excess of 12 h (Fig. 4B).

Despite its small size, LL-37 has numerous activities: binding
to RNA, DNA, and LPS, dissociation with pH, and trafficking to
endosomes via the FPRL-1 receptor. Our characterization of
LL-37 and variants contributes to how LL-37 residues partici-
pate in these activities. For RNA binding, the overall positive
charge of LL-37 (11 positive residues of 37) is not sufficient;
both mCRAMP (9 positively charged residues out of 34) and
pentamide (11 positively charged residues of 37) failed to bind
dsRNA in our fluorescent polarization assay and failed to
enhance TLR3 signaling (Table 1). Results from mapping stud-
ies suggest that the residues at the terminal regions of LL-37
preferentially contact both dsSRNA and DNA (Fig. 5B). It is also
likely that significant conformational changes in both LL-37
and the nucleic acid will take place upon complex formation, as
the contacts changed with a higher ratio of LL-37 to poly(L:C).
These conformational changes could be affected by the stiffness
of the nucleic acid.

The truncated peptides derived from LL-37 were also
informative for the interaction between LL-37 subunits. LL-29
can bind to LL-37 to the same extent as LL-37, indicating that
the C-terminal eight residues of LL-37 are not required for the
interaction between LL-37 peptides. We propose that the central
~20residues of LL-37 likely anchor the interaction between LL-37
subunits. The N-terminal residues, at least some subunits of which
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contact dsRNA, likely contribute to subunit interaction as a dele-
tion of the N-terminal eight residues significantly reduced interac-
tion with LL-37 (Table 1).

The interaction between LL-37 and FPRL-1 has more com-
plex requirements. FPRL-1 traffics the LL-37 molecules that are
complexed to dsRNA (18). Therefore, LL-37 derivatives that
are defective for dsSRNA binding will not endocytose using the
FPRL-1 receptor. Interestingly, cells treated with LL-29 along
with LL-37 and poly(I:C) were reduced for the enhancement of
dsRNA signaling from the FPRL-1 receptor (Fig. 6). Further-
more, LL-37 co-localization with TLR3 in endosomes was
decreased by the presence of LL-29 (Fig. 7). Given that LL-29
can interact with LL-37, it is likely that a heterocomplex of
LL-37 and LL-29 prevents trafficking of the LL-37-dsRNA from
use of the FPRL-1 receptor. The decrease in dsRNA concentra-
tion in endosomes likely abrogates the LL-37 enhancement of
signal transduction by TLR3.

The ability of LL-29 to antagonize the activity of LL-37 could
be developed to generate agents that can reduce the elevated
immune responses associated with high levels of LL-37. Ele-
vated levels of LL-37 are associated with the inflammatory
response to self-DNA by TLR9 (34) and to viral dssRNAs that are
the agonists for TLR3 (10, 11). Truncated parathyroid peptides
are currently in use to promote bone morphogenesis with
reduced ability to promote bone resorption (35). Notably,
LL-29 can antagonize LL-37 activation of TLR3 signaling while
retaining the ability to suppress TLR4 signaling (Table 1). It is,
therefore, possible that antagonists of LL-37 derived from
LL-29 can remain competent as antimicrobial peptides that can
suppress the inflammatory response associated with bacterial
infections.
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