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a b s t r a c t

Epidermal keratinocytes produce proinflammatory cytokines/chemokines upon stimulation with cyto- 
kine milieus and Toll-like receptor ligands, which are considered to reflect epidermal environmen ts in 
inflamed skin. The human antimicrobial peptide LL-37, besides having microbicidal functions, plays mul- 
tiple roles as a ‘‘host defense pepti de’’ in the immune system. Here, we examined the effect of LL-37 on 
proinflammatory responses induced by double-stranded RN A (dsRNA) and cytokines in primary human 
keratinocyte s. LL-37 inhibite d dsRNA-induced production of thymic stromal lymphopoietin (TSLP), CCL5/ 
RANTES, CXCL10/IP-10, and CXCL8/IL-8, which was attributable to interaction between LL-37 and dsRNA, 
although LL-37 upregulated CXCL8 expression at an earlier time point (8 h). LL-37 inhibited the increase 
of CXCL10 and CCL5 induced by TNF- a- and/or IFN- c but enhanced that of CXCL8. LL-37 and Th17 cyto- 
kines (IL-17 and IL-22) synergistically upregulated the expression of CXCL8 and IL-6. LL-37 showed the 
effect s above at a high concentration (25 lg/ml, 5.6 lM). We also examined effects of a pep tide with a
scrambled LL-37 sequence, which has been frequently used as a negative control, and those of another 
peptide with the reversed LL-37 sequence, activities of which have not been well investigated. Interest- 
ingly, the reversed LL-37 had effects similar to LL-37 but the scrambled LL-37 did not. The modulation by 
LL-37 of the keratinocyte proinflammatory responses induced by cytokine milieus and dsRNA suggests 
novel roles for LL-37 in skin inflammation such as the promotion of IL17/IL-22/IL-6-associated psoriasis 
and suppression of TSLP-associated atopic dermatitis .

� 2013 Elsevier Inc. All rights reserved. 
1. Introduction explainin g why atopic dermatitis patients often demonstrat e in- 
The innate immune system in the skin and mucosal epithelia, 
the first line of defense against invading organisms, includes anti- 
microbial peptides such as the human cathelicidin hCAP18 (the
precursor of LL-37) and human b-defensins [1–5]. hCAP18 is prote- 
olysed to generate LL-37, a small mature C-terminal peptide of 37 
amino acid residues starting with two leucine residues [6–8]. High 
cathelicidin concentratio ns are typically found at sites of inflam-
mation and improper levels of LL-37 are associated with chronic 
respiratory diseases and autoimmune diseases. The expression of 
LL-37 and human b-defensins is augment ed in various skin disor- 
ders including psoriasis but downregulated in atopic dermatitis, 
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creased susceptibility to bacterial and viral infections in the skin 
[9]. Besides their antimicrobi al function, antimicrobial peptides 
play multiple roles as ‘‘host defense peptides ’’ in the immune sys- 
tem including chemotactic and immunomo dulatory effects, wound 
healing, angiogen esis, and modulation of apoptosis [1–7]. LL-37 af- 
fects the production of proinflammatory cytokines/chem okines in 
various types of cells through the activation of multiple receptors 
[6] and can modulate responses to Toll-like receptor (TLR) ligands 
by forming complexes with LPS [10,11] and nucleic acids [12–15]
or stimulating receptor expression [16].

Recent reports indicate critical roles for epidermal keratino- 
cytes (KCs) and mucosal epithelial cells in disorders and homeosta- 
sis at barrier tissues [1,17–20]. KCs produce cytokines and 
chemoki nes including a Th2-inducin g cytokine , thymic stromal 
lymphop oietin (TSLP) [19,21] upon stimulati on with TLR ligands 
such as double-stranded RNA (dsRNA) [19,22,23 ]. KCs also respond 
to cytokines such as TNF- a, IFN- c, IL-17, and IL-22, which are con- 
sidered to reflect epidermal cytokine milieus associated with skin 
inflammation; for example, psoriasis is a Th17-associ ated 
inflammatory condition [24]. Although LL-37 is an important 
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component in the epidermis and can act on KCs to induce produc- 
tion of proinflammatory cytokine s and chemoki nes [25,26], its ef- 
fect on KC responses to TLR ligands and cytokines has not been 
well investigated . In the present study, we examine the effects of 
LL-37 on proinflammatory responses induced by dsRNA (TLR3 li- 
gand) and cytokines in human KCs. We analyzed production of 
three representat ive KC-derived chemokines (CXCL8, CXCL10, and 
CCL5), dsRNA-induced production of a Th2-indu cing cytokine TSLP, 
and Th17 cytokine-induced production of IL-6, which contributes 
to psoriasis. 
Fig. 1. Modulation of dsRNA-induced keratinocyte responses by LL-37. (A) Release 
of chemokines (CXCL8/IL-8, CXCL10/IP-10, and CCL5/RANTES) and a Th2-inducing 
cytokine TSLP at 24 h after the stimulation with synthetic dsRNA, polyI:C. (B)
Release of CXCL8 at 8 h. (C) Gene expression of CXCL8, CXCL10, CCL5, total TSLP
transcripts, and Long TSLP at 8 h. ⁄P < 0.05 compared with polyI:C stimulation 
without LL-37 (among the groups stimulated with polyI:C) and #P < 0.05 compared 
with the control without LL-37 and polyI:C (among the groups without polyI:C) by 
ANOVA with Tukey’s multiple comparison test. Data shown are the means ± SDs for 
three wells and are representative of three independent experiments. Wild-type: LL- 
37. Reversed: the peptide with the reversed LL-37 sequence. Scrambled: the peptide 
with the scrambled LL-37 sequence. 
2. Materials and methods 

2.1. Reagents 

The following concentratio ns of polyI:C (GE Healthcare, Buck- 
inghamshire, United Kingdom), recombinant human cytokines 
(R&D Systems, Minneapol is, MN, USA) and synthetic peptides (Ab-
gent, San Diego, CA) with wild-type (#SP2321a: NH 2-LLGDFFRKS-
KEKIGKEFKR IVQRIKDFLRNLVP RTES-COOH ), reversed (#SP2407a:
NH2-SETRPVLNR LFDKIRQVIRKFEK GIKEKSKRFFD GLL-COOH), and 
scrambled (#SP2246a: NH 2-GLKLRFEFS KIKGEFLKTPEV RFRDIKLKD- 
NRISVQR-CO OH) amino acid sequences of LL-37 were used to stim- 
ulate KCs: 0.1–10 lg/ml polyI:C, 20 ng/ml TNF- a, 100 ng/ml IFN- c,
100 ng/ml IL-17A, 100 ng/ml IL-22, and 1–25 lg/ml (0.22–5.6 lM)
LL-37 derivatives .

2.2. Cell culture and stimulation of KCs 

Primary human KCs (Cascade Biologics, Portland, OR) were cul- 
tured in EpiLife KG2 (Invitrogen, Carlsbad, CA) with supplements 
including 300 nM hydrocortisone (Kurabo, Osaka, Japan). Cells 
were seeded at 25,000 and 10,000 cells/well in flat-bottomed 24- 
well and 96-well microcultur e plates, respectively . When the cell 
growth reached 90% confluence, the medium was changed to fresh 
medium without the hydrocortis one [27,28]. After further cultiva- 
tion for 24 h, cells were incubated with LL-37 in fresh medium 
without hydrocortis one for 10–15 min and stimulated by adding 
medium containing polyI:C and cytokines. Culture supernatants 
for ELISA and mRNA were recovered at the time points indicated 
in the figures.

2.3. ELISA and real-time quantitat ive PCR 

Concentrati ons of cytokine s and chemokines were measured 
with ELISA kits (DuoSet; R&D Systems). Total RNA was extracted 
from the cells and cDNA was synthesized as described previously 
[22,23]. Real-tim e quantitative PCR was performed using a Taqman 
method with an ABI7500 (Applied Biosystem s, Piscataway , NJ)
[29]. The mRNA levels of target genes were normalized to that of 
b-actin and are shown relative to the control group. 

2.4. Statistical analysis 

A one-way analysis of variance (ANOVA) with Tukey’s multiple 
comparison test was used. Values of P < 0.05 were regarded as sta- 
tistically significant.

3. Results 

3.1. Modulation of dsRNA-induced KC responses by LL-37 

KCs were stimulated with a synthetic dsRNA, polyI:C, mimicking 
viral and self dsRNA in the presence or absence of LL-37 (Supple-
mentary Fig. S1 ). LL-37 at 25 lg/ml inhibited the polyI:C (1 and/or 
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10 lg/ml)-induced release of three chemoki nes (CXCL8/IL-8,
CXCL10/IP-1 0, and CCL5/RANTES) and TSLP at 24 h after the stimu- 
lation (Supplement ary Fig. S1A ) and CXCL10 and CCL5 at 8 h (Sup-
plementary Fig. S1B , CXCL10 and CCL5). At 8 h, LL-37 at 5 and 
25 lg/ml enhanced the polyI:C (0.1, 1, and 10 lg/ml)-induced re- 
lease of CXCL8 (Supplement ary Fig. S1B , CXCL8). In the absence of 
dsRNA, LL-37 at 25 lg/ml induced the release of CXCL8 (Supple-
mentary Fig. S1 , CXCL8), supporting a result obtained previousl y
using LL-37 at 13.5 lg/ml (3 lM) [25]. At 8 h, the release of TSLP 
did not reach the minimum detection limit of ELISA. 
Fig. 2. Modulation of TNF- a-induced keratinocyte responses by LL-37. (A) Release of chem
TNF- a. (B) Gene expression at 8 h. ⁄P < 0.05 compared with TNF- a stimulation without 
control without LL-37 and TNF- a (among the groups without TNF- a) by ANOVA with Tu
are representative of three independent experiments. Reversed: the peptide with the rev
We compared the effects of LL-37 (wild-type) and its deriva- 
tives, each of which has the reversed (reversed LL-37) or scrambled 
(scrambled LL-37) sequence as described in Section 2, at the con- 
centration of 25 lg/ml (Fig. 1). At 24 h, LL-37 and reversed LL-37 
inhibited the polyI:C-indu ced release of CXCL8, CXCL10, CCL5, 
and TSLP and induced the release of CXCL8 in the absence of dsRNA 
(Fig. 1A, wild-type and reversed). Scrambled LL-37 showed no 
(CXCL8 and CCL5) or small/moderat e (CXCL10 and TSLP) inhibition 
of the dsRNA-induced responses (Fig. 1A, scrambled). At 8 h, LL-37 
and reversed LL-37 induced the release of CXCL8 but reversed 
okines (CXCL8/IL-8, CXCL10/IP-10, CCL5/RANTES) at 24 h after the stimulation with 
LL-37 (among the groups stimulated with TNF- a) and #P < 0.05 compared with the 
key’s multiple comparison test. Data shown are the means ± SDs for three wells and 
ersed LL-37 sequence. Scrambled: the peptide with the scrambled LL-37 sequence. 



Fig. 3. Modulation of IFN- c- and IFN- c plus TNF- a-induced keratinocyte responses 
by LL-37. (A) Release of CXCL10/IP-10 at 24 h after the stimulation with IFN- c.
⁄P < 0.05 compared with IFN- c-stimulation without LL-37 by ANOVA with Tukey’s 
multiple comparison test. Data shown are the means ± SDs for three wells and are 
representative of three independent experiments. Reversed: the peptide with the 
reversed LL-37 sequence. Scrambled: the peptide with the scrambled LL-37 
sequence. (B) Gene expression at 3–9 h is presented as fold exchange relative to 
that in the control (Medium) at 3 h. Data shown are representative of three 
independent experiments. 
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LL-37 did not enhance the polyI:C-induced release of CXCL8. 
Scrambled LL-37 showed no induction or enhancem ent of the re- 
lease of CXCL8 (Fig. 1B). The gene expression results at 8 h
(Fig. 1C) supported the results regarding the release of the CXCL8 
protein at 8 h (Fig. 1B) and the others at 24 h (Fig. 1A). Two forms 
of TSLP transcripts (long and short) have been reported and long- 
form TSLP expression is responsible for the release of the TSLP pro- 
tein [29,30]. Long-form TSLP expression (Fig. 1C, Long TSLP mRNA)
was measured using the long-form-s pecific probe set along with 
the total level of the TSLP transcripts (Fig. 1C, Total TSLP mRNA)
analyzed by using the probe set, which does not distinguish be- 
tween the long and short forms [29].

3.2. Modulatio n of TNF- a- and/or IFN- c-induced KC responses by LL- 
37

TNF-a stimulated KCs to release CXCL8, CXCL10, and CCL5. 
LL-37 and reversed LL-37 at 25 lg/ml upregulated the TNF- a-
induced release of CXCL8 (Fig. 2A, CXCL8) and at 5 and/or 25 lg/
ml inhibited the TNF- a-induced release of CXCL10 and CCL5 
(Fig. 2A, CXCL10 and CCL5). Scrambled LL-37 had no effect. The 
gene expression results (Fig. 2B) supported the results regarding 
the release of the proteins (Fig. 2A).

IFN-c stimulated KCs to release CXCL10. LL-37 and reversed 
LL-37 at 25 lg/ml, but not scrambled LL-37, inhibited the IFN- c-
induced release of CXCL10 (Fig. 3A). The gene expression results 
(Fig. 3B, CXCL10 mRNA, left panel) supported the results regarding 
the release of the CXCL10 protein (Fig. 3A). Stimulation with IFN- c
did not upregula te the release (our unpublished observations) or 
gene expression of CXCL8 and CCL5 (Fig. 3B, CXCL8 and CCL5, left)
but did enhance the TNF- a-induced gene expression of CXCL8,
CXCL10, and CCL5 (Fig. 3B, right). LL-37 at 25 lg/ml inhibited 
the gene expression of CXCL10 and CCL5 induced by TNF- a plus
IFN-c and enhanced that of CXCL8 (Fig. 3B, right).

3.3. Modulatio n of Th17 cytokine- induced KC responses by LL-37 

LL-37 at 25 lg/ml induced the release of CXCL8 and IL-6 
(Fig. 4A). IL-17 at 11, 33, and/or 100 ng/ml also induced the release 
of CXCL8 and IL-6 but the amounts released were less than that in- 
duced by LL-37. LL-37 (25 lg/ml) and IL-17 showed remarkable 
synergy in the release of CXCL8 and IL-6 (1.2–100 and 3.7–
100 ng/ml of IL-17 for the release of CXCL8 and IL-6, respectively)
(Fig. 4A). The gene expression results (Fig. 4C, left panels) sup- 
ported the results regarding the release of the proteins (Fig. 4A).
Reversed LL-37 showed synergy with IL-17 in the release of IL-6 
and CXCL8 but scrambled LL-37 did not (Fig. 4B). IL-22 is another 
Th17 cytokine , which is related to the pathogenes is of psoriasis 
along with IL-17 [24]. Th17 cytokine s (IL-17 and IL-22) synergisti- 
cally the enhanced gene expression of CXCL8 and IL-6 and addition 
of LL-37 further enhanced it (Fig. 4C).
4. Discussion 

Braff et al. [25] reported that stimulation of human KCs with LL- 
37 at 13.5 or 45 lg/ml (3 or 10 lM, respectively ) increased produc- 
tion of CXCL8 and IL-6 and secretion of IL-1 a, and Niyonsaba et al. 
[26] reported that LL-37 induced production of IL-18. Although the 
concentr ations of LL-37 in human body are not precisely known, it 
has been proven that the epithelial tissues contain high concentra- 
tions of LL-37, particularly at sites of infection or inflammation. For 
example, Ong et al. [9] reported an abundance of LL-37 in psoriatic 
skin lesions (median, 304 lM; range, 0–1605 lM). However, the 
effect of LL-37 on TLR ligand- and cytokine-induced KC responses 
had not been well investiga ted until recently when studies demon- 
strated that LL-37 enabled KC reactivity against TLR9 ligands [16]
and LL-37 and flagellin (TLR5 ligand) or IL-1 b synergistica lly 



Fig. 4. Modulation of Th17 cytokine-induced keratinocyte responses by LL-37. (A and B) Release of CXCL8/IL-8 and IL-6 at 24 h after the stimulation with IL-17A. ⁄P < 0.05 
compared with stimulation without LL-37 and #P < 0.05 compared with stimulation without IL-17A by ANOVA with Tukey’s multiple comparison test. Data shown are the 
means ± SDs for three wells and are representative of three independent experiments. Reversed: the peptide with the reversed LL-37 sequence. Scrambled: the peptide with 
the scrambled LL-37 sequence. C, Gene expression at 3–24 h after the stimulation with IL-17A and/or IL-22 is presented as fold exchange relative to that in the control 
(Medium) at 3 h. Data shown are representative of three independent experiments. 
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stimulated CXCL8 production [31]. In the present study, we dem- 
onstrated that LL-37 at 25 lg/ml (5.6 lM) caused (i) inhibition of 
dsRNA (TLR3 ligand)-induced expression of CXCL8, CXCL10, CCL5, 
and TSLP (Supplement ary Fig. S1 and Fig. 1), (ii) synergistic 
enhancement of TNF- a/IFN-c-induced CXCL8 expression and 
unexpected inhibition of TNF- a/IFN-c-induced expression of 
CXCL10 and/or CCL5 (Figs. 2 and 3), and (iii) remarkabl e, synergis- 
tic enhancement of IL-17/IL-22-i nduced expression of CXCL8 and 
IL-6 (Fig. 4), and that (iv) reversed LL-37 had the similar effects 
to LL-37 (Figs. 1, 2, 3A, and 4B, reversed) in human KCs. 

Recent studies have shown that LL-37 inhibits dsRNA-med iated 
response in macrophages, microglial cells, and dendritic cells [14]
but enhances that in bronchial epithelial cells and peripheral blood 
mononuclea r cells [15], indicating that effects of LL-37 on dsRNA- 
mediated response differ among cell types and/or experimental 
conditions. In primary human KCs, LL-37 inhibited dsRNA-induced 
expression of CXCL8, CXCL10, CCL5, and TSLP (Supplement ary 
Fig. S1 and Fig. 1). Interaction between LL-37 and dsRNA [14,15]
might prevent the stimulation of KCs with dsRNA and/or unknown 
mechanism s might be involved . The upregulation of dsRNA- 
induced CXCL8 expression at an earlier time point (8 h) in the pres- 
ence of LL-37 (Supplementary Fig. S1B , CXCL8; and Fig. 1B, CXCL8)
might have resulted from synergy between the early signaling by 
dsRNA, which could not be quickly neutralized with LL-37, and 
the stimulation with free LL-37, which itself can stimulate KCs 
(Supplement ary Fig. S1B , Figs. 1B and C and 2–4, CXCL8 and CXCL8
mRNA). Interestingly, expression of LL-37 is downregulated [9] and
TSLP is overexpressed [19,21] in the skin of atopic dermatitis pa- 
tients, suggestin g the possible involvement of LL-37 in the sup- 
pression of Th2 skin inflammation induced by viral or self dsRNA, 
the latter of which can be released from damaged cells [32,33].
LL-37 induced CXCL8 and IL-6 expression ([25] and Fig. 4A) and 
LL-37 and cytokine s synergistically induced the expression of 
CXCL8 and IL-6 (Figs. 2–4), while LL-37 downregul ated the TNF- 
a/IFN-c-induced expression of CXCL10 and CCL5 via unknown 
mechanis ms (Figs. 2 and 3). Interestingly, Th17 cells, IL-17, IL-22, 
IL-6, and LL-37 are highly accumulate d/expressed in skin lesions 
in patients with psoriasis [1,24]. Moreover, IL-17 enhances vitamin 
D3-induced expression of hCAP18, the precursor of LL-37, in hu- 
man KCs [34]. We demonstrat ed remarkable synergy between 
LL-37 and Th17 cytokines in the induction of IL-6 and CXCL8 
expression (Fig. 4). Taken together, the results suggest that IL-17 
contributes to the induction of LL-37 expression and, in turn, LL- 
37 and Th17 cytokines (IL-17 and IL-22) show synergy in inducing 
the production of IL-6 and CXCL8, which contribute to skin inflam-
mation in psoriasis , and this amplifies the capacity for host defense 
against invading organisms. 

The scrambled LL-37 (see Section 2) used as a control, which did 
not influence KC proinflammatory responses (Figs. 1–4), had the 
same charge and net amino acid compositi on as LL-37 but lacked 
a significant a-helical structure [35]. The same scrambled se- 
quence has been shown to lack activities that LL-37 can exhibit 
(for example, internalizat ion into human dendritic cells [36] and
inhibition of biofilm production by Staphyloc occus aureus [35]).
We also examined effects of another peptide with the reversed 
LL-37 sequence, activities of which have not been well investi- 
gated. Interestingly, the reversed LL-37 showed modulatory effects 
similar to LL-37 (Figs. 1–4). Many of the effects of LL-37 can be 
attributed to the cationic and hydrophobic nature of its linear 
a-helical structure [6]. Given that the reversed LL-37 formed the 
linear a-helical structure, it could retain the characteri stic, cationic 
amphipathi c a-helical structure essential to the function of LL-37 
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[6–8]. The reversed LL-37 sequence along with the wild-type se- 
quence could be used as a template for developing new host defen- 
sive peptides or peptide-bas ed antibiotics [37]. The results that the 
scrambled LL-37 showed moderate/sma ll inhibition of the dsRNA- 
induced production of TSLP and CXCL10 (Fig. 1AC, Scrambled) sug- 
gest that the scrambled sequence might have a weak activity to 
interact with dsRNA and/or act on KCs. 

In summary , we demonstrated that LL-37 modulates proinflam-
matory responses induced by cytokines (TNF-a, IFN- c, IL-17, and/ 
or IL-22) and dsRNA in human KCs. The results suggest greater 
involvement of LL-37 than expected in regulation of skin inflam-
mation, for example, the vicious cycle of psoriasis, amplification
of the capacity to defend against invading organisms, and suppres- 
sion of dsRNA-indu ced Th2 inflammatory conditions such as atopic 
dermatitis. Additionally, we found that the reversed LL-37 se- 
quence exhibited effects similar to LL-37. 

Acknowled gments 

We thank Shigaku Ikeda, Anh Tuan Vu, Xiao-Ling Wang, 
Mutsuko Hara, and Seiji Kamijo for comments, technical advice, 
and encourag ement and Michiyo Matsumoto for secretarial 
assistance. The Ministry of Education, Culture, Sports, Science 
and Technology (MEXT)-supported Program for Strategic Research 
Foundation at Private Universit ies; and a Grant-in-Aid for Scientific
Research from MEXT supported this work. 

Appendix A. Supplemen tary data 

Supplement ary data associated with this article can be found, in 
the online version, at http://dx .doi.org/10.1016/j .bbrc.2013.03.024 .

References

[1] R.L. Gallo, L.V. Hooper, Epithelial antimicrobial defence of the skin and 
intestine, Nat. Rev. Immunol. 12 (2012) 503–516.

[2] T. Nakatsuji, R.L. Gallo, Antimicrobial peptides: old molecules with new ideas, 
J. Invest. Dermatol. 132 (2012) 887–895.

[3] M. Doss, M.R. White, T. Tecle, et al., Human defensins and LL-37 in mucosal 
immunity, J. Leukocyte Biol. 87 (2010) 79–92.

[4] F. Niyonsaba, I. Nagaoka, H. Ogawa, et al., Multifunctional antimicrobial 
proteins and peptides: natural activators of immune systems, Curr. Pharm. 
Des. 15 (2009) 2393–2413.

[5] F. Ni yon sab a, H. Oga wa , Pr ot ec ti ve ro le s of th e sk in aga in st in fec ti on :
im pli cat io n of nat ur al ly oc cu rri ng hu ma n ant imi cr ob ia l ag ent s be ta -d efe ns in s, 
ca th el ic idi n LL- 37 and ly soz yme , J. Der ma to l. Sc i. 40 (200 5) 15 7–168 .

[6] D. Vandamme, B. Landuyt, W. Luyten, et al., A comprehensive summary of LL- 
37, the factotum human cathelicidin peptide, Cell. Immunol. 280 (2012) 22–
35.

[7] U.H. Durr, U.S. Sudheendra, A. Ramamoorthy, LL-37, the only human member 
of the cathelicidin family of antimicrobial peptides, Biochim. Biophys. Acta 
1758 (2006) 1408–1425.

[8] F. Porcelli, R. Verardi, L. Shi, et al., NMR structure of the cathelicidin-derived 
human antimicrobial peptide LL-37 in dodecylphosphocholine micelles, 
Biochemistry 47 (2008) 5565–5572.

[9] P.Y. Ong, T. Ohtake, C. Brandt, et al., Endogenous antimicrobial peptides and 
skin infections in atopic dermatitis, N. Engl. J. Med. 347 (2002) 1151–1160.

[10] I. Nagaoka, S. Hirota, F. Niyonsaba, et al., Augmentation of the 
lipopolysaccharide-neutralizing activities of human cathelicidin CAP18/LL- 
37-derived antimicrobial peptides by replacement with hydrophobic and 
cationic amino acid residues, Clin. Diagn. Lab Immunol. 9 (2002) 972–982.

[11] Y. Rosenfeld, N. Papo, Y. Shai, Endotoxin (lipopolysaccharide) neutralization by 
innate immunity host-defense peptides. Peptide properties and plausible 
modes of action, J. Biol. Chem. 281 (2006) 1636–1643.
[12] R. Lande, J. Gregorio, V. Facchinetti, et al., Plasmacytoid dendritic cells sense 
self-DNA coupled with antimicrobial peptide, Nature 449 (2007) 564–569.

[13] D. Ganguly, G. Chamilos, R. Lande, et al., Self-RNA-antimicrobial peptide 
complexes activate human dendritic cells through TLR7 and TLR8, J. Exp. Med. 
206 (2009) 1983–1994.

[14] M. Hasan, C. Ruksznis, Y. Wang, et al., Antimicrobial peptides inhibit 
polyinosinic-polycytidylic acid-induced immune responses, J. Immunol. 187 
(2011) 5653–5659.

[15] Y. Lai, S. Adhikarakunnathu, K. Bhardwaj, et al., LL37 and cationic peptides 
enhance TLR3 signaling by viral double-stranded RNAs, PLoS ONE 6 (2011)
e26632.

[16] S. Morizane, K. Yamasaki, B. Muhleisen, et al., Cathelicidin antimicrobial 
peptide LL-37 in psoriasis enables keratinocyte reactivity against TLR9 ligands, 
J. Invest. Dermatol. 132 (2012) 135–143.

[17] I.H. Kuo, T. Yoshida, A. De Benedetto, et al., The cutaneous innate immune 
response in patients with atopic dermatitis, J. Allergy Clin. Immunol. 131 
(2013) 266–278.

[18] K. Golebski, K.I. Roschmann, S. Toppila-Salmi, et al., The multi-faceted role of 
allergen exposure to the local airway mucosa, Allergy 68 (2013) 152–160.

[19] T. Takai, TSLP expression: cellular sources, triggers, and regulatory 
mechanisms, Allergol. Int. 61 (2012) 3–17.

[20] T. Takai, S. Ikeda, Barrier dysfunction caused by environmental proteases in 
the pathogenesis of allergic diseases, Allergol. Int. 60 (2011) 25–35.

[21] V. Soumelis, P.A. Reche, H. Kanzler, et al., Human epithelial cells trigger 
dendritic cell mediated allergic inflammation by producing TSLP, Nat. 
Immunol. 3 (2002) 673–680.

[22] H. Kinoshita, T. Takai, T.A. Le, et al., Cytokine milieu modulates release of 
thymic stromal lymphopoietin from human keratinocytes stimulated with 
double-stranded RNA, J. Allergy Clin. Immunol. 123 (2009) 179–186.

[23] A.T. Vu, X. Chen, Y. Xie, et al., Extracellular double-stranded RNA induces TSLP 
via an endosomal acidification- and NF- jB-dependent pathway in human 
keratinocytes, J. Invest. Dermatol. 131 (2011) 2205–2212.

[24] P. Miossec, J.K. Kolls, Targeting IL-17 and TH17 cells in chronic inflammation,
Nat. Rev. Drug Discov. 11 (2012) 763–776.

[25] M.H. Braff, M.A. Hawkins, A. Di Nardo, et al., Structure-function relationships 
among human cathelicidin peptides: dissociation of antimicrobial properties 
from host immunostimulatory activities, J. Immunol. 174 (2005) 4271–4278.

[26] F. Niyonsaba, H. Ushio, I. Nagaoka, et al., The human beta-defensins 
(�1,�2,�3,�4) and cathelicidin LL-37 induce IL-18 secretion through p38 
and ERK MAPK activation in primary human keratinocytes, J. Immunol. 175 
(2005) 1776–1784.

[27] T.A. Le, T. Takai, A.T. Vu, et al., Glucocorticoids inhibit double-stranded RNA- 
induced thymic stromal lymphopoietin release from keratinocytes in atopic 
cytokine milieu more effectively than tacrolimus, Int. Arch. Allergy Immunol. 
153 (2010) 27–34.

[28] T.A. Le, T. Takai, H. Kinoshita, et al., Inhibition of double-stranded RNA-induced 
TSLP in human keratinocytes by glucocorticoids, Allergy 64 (2009) 1231–1232.

[29] Y. Xie, T. Takai, X. Chen, et al., Long TSLP transcript expression and release of 
TSLP induced by TLR ligands and cytokines in human keratinocytes, J. 
Dermatol. Sci. 66 (2012) 233–237.

[30] M. Harada, T. Hirota, A.I. Jodo, et al., Functional analysis of the thymic stromal 
lymphopoietin variants in human bronchial epithelial cells, Am. J. Respir. Cell. 
Mol. Biol. 40 (2009) 368–374.

[31] N.C. Filewod, J. Pistolic, R.E. Hancock, Low concentrations of LL-37 alter IL-8 
production by keratinocytes and bronchial epithelial cells in response to 
proinflammatory stimuli, FEMS Immunol. Med. Microbiol. 56 (2009) 233–240.

[32] K.A. Cavassani, M. Ishii, H. Wen, et al., TLR3 is an endogenous sensor of tissue 
necrosis during acute inflammatory events, J. Exp. Med. 205 (2008) 2609–
2621.

[33] Y. Lai, A. Di Nardo, T. Nakatsuji, et al., Commensal bacteria regulate Toll-like 
receptor 3-dependent inflammation after skin injury, Nat. Med. 15 (2009)
1377–1382.

[34] M. Peric, S. Koglin, S.M. Kim, et al., IL-17A enhances vitamin D3-induced 
expression of cathelicidin antimicrobial peptide in human keratinocytes, J. 
Immunol. 181 (2008) 8504–8512.

[35] S.N. Dean, B.M. Bishop, M.L. van Hoek, Natural and synthetic cathelicidin 
peptides with anti-microbial and anti-biofilm activity against Staphylococcus
aureus, BMC Microbiol. 11 (2011) 114. 

[36] L. Bandholtz, G.J. Ekman, M. Vilhelmsson, et al., Antimicrobial peptide LL-37 
internalized by immature human dendritic cells alters their phenotype, Scand. 
J. Immunol. 63 (2006) 410–419.

[37] R.E. Hancock, H.G. Sahl, Antimicrobial and host-defense peptides as new anti- 
infective therapeutic strategies, Nat. Biotechnol. 24 (2006) 1551–1557.

http://dx.doi.org/10.1016/j.bbrc.2013.03.024

	Human antimicrobial peptide LL-37 modulates proinflammatory responses  induced by cytokine milieus and double-stranded RNA in human keratinocytes
	1 Introduction
	2 Materials and methods
	2.1 Reagents
	2.2 Cell culture and stimulation of KCs
	2.3 ELISA and real-time quantitative PCR
	2.4 Statistical analysis

	3 Results
	3.1 Modulation of dsRNA-induced KC responses by LL-37
	3.2 Modulation of TNF-α- and/or IFN-γ-induced KC
	3.3 Modulation of Th17 cytokine-induced KC responses by LL-37

	4 Discussion
	Acknowledgments
	Appendix A Supplementary data
	References


