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Abstract

One characteristic abnormality of lesional skin in psoriasis is the excessive production of

antimicrobial peptides and proteins (AMPs). AMPs typically are small (12–50 amino acids), have

positive charge and amphipathic structure, and are found in all living organisms including

mammals, insects, plants and invertebrates. These peptides are best known for their integral role in

killing pathogenic microorganisms; however, in vertebrates, they are also capable of modifying

host inflammatory responses by a variety of mechanisms. In psoriatic lesions, many AMPs are

highly expressed, and especially the associations between psoriasis and cathelicidin, β-defensins

or S100 proteins have been well studied. Among them, a cathelicidin peptide, LL-37, has been

highlighted as a modulator of psoriasis development in recent years. AMPs had been thought to

worsen psoriatic lesions but recent evidence has also suggested the possibility that the induction of

AMPs expression might improve aspects of the disease. Further investigations are needed to

uncover a previously under-appreciated role for AMPs in modulating the immune response in

psoriasis, and to improve disease without the risks of systemic immunosuppressive approaches.
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PSORIASIS AND ANTIMICROBIAL PEPTIDES

Psoriasis vulgaris is a common inflammatory skin disease with characteristic histological

changes including abnormal epidermal proliferation and a cellular infiltrate including

neutrophils and T cells.1 For a long time, psoriasis had been thought to be an epidermal

disease because psoriatic keratinocytes have an increase in cell proliferation rate and a

shortening of the duration of the cell cycle.2,3 However, since the effectiveness of T-cell

suppressive approaches for psoriasis treatment and animal experiments with severe

combined immunodeficiency mice indicated that CD4+ cells induce psoriatic eruptions, T

cells have been thought to be central players in the pathogenesis of psoriasis.4–7 Although

the pathogenesis of psoriasis is still unclear, abnormal T-cell-mediated immune responses

are critical to manifestation of the disease.1 This process includes the contribution of both T-

helper (Th)1 and Th17 cell subsets to inflammation by producing cytokines including tumor

necrosis factor (TNF)-α, interferon (IFN)-γ, interleukin (IL)-12, IL-17A, IL-22 and IL-23.1
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Clinical observations of exacerbations of disease and benefits realized by targeting in these

cytokines have strongly supported the role for these molecules in psoriasis and other

autoimmune inflammatory diseases.8–19

Despite the current focus on T cells in the pathogenesis of psoriasis, the keratinocytes within

the epidermis of psoriatic plaques are clearly abnormal in many respects and likely influence

immunocytes by production of inflammatory cytokines and chemokines.20 Among the

abnormalities in function of psoriatic keratinocytes is the excessive production of

antimicrobial peptides and proteins (AMPs). AMPs typically are small (12–50 amino acids

residues), have positive charge and amphipathic structure, and are found in all living

organisms including mammals, insects, plants and invertebrates.21 The structures of AMPs

are very similar between different species and divided into several classes such as α-helix,

β-sheet, extended or loop structure. These antimicrobial molecules are best known for their

integral role in killing pathogenic microorganisms such as Gram-positive and Gram-

negative bacteria, protozoa, fungi as well as some viruses; however, in vertebrates, AMPs

are also suspected of modifying host inflammatory responses by a variety of mechanisms

including action as chemotactic agents, angiogenic factors and regulators of cell

proliferation.21

Antimicrobial peptides and proteins are thought to have several mechanisms to activate

mammalian cells.21 First, AMPs directly bind to specific receptors, leading to the initiation

of receptor signaling. Second, AMPs alter the membrane microdomain of receptors and may

modify functions without a ligand, or make the receptors insensitive. Third, AMPs stimulate

the release of membrane-bound growth factors that consequently bind to high affinity

receptors such as epidermal growth factor receptors (EGFR).

Today, more than 1800 AMPs have been identified (Antimicrobial Peptides Database: http://

aps.unmc.edu/AP/main.php), and more than 20 AMPs have been found in skin.21 In

psoriatic lesions, many of them are highly expressed such as cathelicidin, β-defensins, S100

proteins, RNase 7, lysozyme, elafin, neutrophil gelatinase-associated lipocalin, and so

forth.22,23 Especially, many studies have focused on the association between psoriasis and

cathelicidin, β-defensins or S100 proteins. Among them, a cathelicidin peptide, LL-37, has

been highlighted as a modulator of psoriasis development in recent years.

DEFENSINS

Defensins are one type of cationic microbial peptide and contain six conserved cystein

residues that form three pairs of intramolecular disulfide bonds.21,22 These peptides are

separated into α-, β- and θ-defensins by amino acid sequences of cystein residues and

disulfide bonds alignment. In humans, six α-defensins (human neutrophil peptide [HNP]1–

6) have been identified and they are expressed by neutrophils (HNP1–4) and Paneth cells

(HNP5, 6). Of α-defensins, HNP1, HNP2 and HNP3 have been identified from lesional

psoriatic scale extracts.23 Four human β-defensins (HBD1–4) have broad-spectrum

antimicrobial activity and immune-modulating functions and are expressed in epithelia and

peripheral blood cells. HBD1 is constitutively expressed in epithelia but HBD2–4 are only

induced by stimulation with pro-inflammatory cytokines and microbial products. 21 HBD2

and HBD3 have been isolated from psoriatic scales by Harder et al.24,25 in 1997 and 2001,

respectively. Individual β-defensin copy numbers have been shown to be associated with

psoriasis.26 TNF-α and IFN-γ, which are highly expressed in psoriatic lesions, induce

HBD2 and HBD3 expression in keratinocytes.25,27 In addition, Th17 cytokines, IL-17A and

IL-22 are also inducers of HBD2.28 The mechanism of β-defensins’ expression induction

has been studied by many groups but the role for these peptides in the pathogenesis of
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psoriasis is not fully understood, although AMPs are thought to contribute to a low rate of

infection in psoriatic lesions.29

S-100 PROTEINS

S-100 proteins are a family of low molecular weight (9–13-kDa) proteins characterized by

the presence of two calcium binding sites of helix–loop–helix motifs.30 Twenty-one

different types of S-100 proteins have been identified and most S-100 protein genes are

located in the epidermal differentiation complex on chromosome 1q21. Among the 21 S-100

proteins, 13 S-100 proteins are expressed in normal or diseased epidermis. S-100 proteins

exist in cells as anti-parallel homo- or heterodimers consisting of the monomers held

together by non-covalent bonds. S-100 proteins are involved in regulation of protein

phosphorylation, transcription factors, intracellular Ca2+ signaling, cytoskeletal membrane

interaction, enzyme activities, cell cycle progression, differentiation and the inflammatory

response. In addition, S100A7 (psoriasin), S100A8 (calgranulin A), S100A9 (calgranulin B),

S100A12 (calgranulin C) and S100A15 have antimicrobial activity.22 These are all

abundantly expressed in psoriatic lesions or are elevated in serum from psoriatic patients.

Especially S100A7, psoriasin, has been well studied because this protein was first

discovered in psoriatic skin lesions as a new Ca2+-binding S-100 protein of unknown

biological function in 1991.31 This molecule is induced by calcium, vitamin D, retinoic acid,

microbial products, TNF-α, IL-17A and IL-22,28,30,32–34 and is thought to have a

chemotactic role in psoriasis.35

CATHELICIDIN

Cathelicidins are one of the major AMPs expressed in both invertebrates and vertebrates.21

In humans, only one cathelicidin gene, CAMP, has been identified as a coding region for the

18-kDa preproprotein hCAP18 although some mammals have multiple cathelicidin genes.

“Cathelicidin” is named from the highly conserved “cathelin” domain of the precursor

proteins. The precursor contains a signal peptide domain on its N-terminus. LL-37 is the C-

terminal peptide fragment derived from hCAP18 (Fig. 1). LL-37 is named from a 37-residue

peptide starting with a pair of leucines. This peptide is expressed by various types of cells

such as epidermal keratinocytes, intestine cells, respiratory epithelial cells, neutrophils, T

cells, natural killer cells, monocytes and mast cells.21,36 It is detectable in skin, trachea,

esophagus, intestine, stomach, liver, spleen and bone marrow. Sweat, saliva, wound fluid

and seminal plasma also contain this peptide. LL-37 needs to be released by enzymatic

cleavage such as kallikreins in keratinocytes and protease 3 in neutrophils (Fig. 1).21

Similarly to other AMPs, LL-37 has a positive charge, and forms an amphipathic and α-

helical structure. LL-37 not only has the capacity to kill a wide variety of microbes, but also

can modify host immune and growth responses. The host responses to cathelicidin are

complex and dependent on the disease. Observations of LL-37 action have included those

demonstrating pro-inflammatory activity,37,38 anti-inflammatory activity,39–41 promotion of

chemotaxis,42 angiogenesis43 and enhancing wound repair.44 LL-37 activates host cells

through formyl-peptide receptor-like 1 or G protein-coupled receptors, leading to

intracellular signaling pathways. EGFR transactivation by LL-37 is also one important

mechanism to activate the cells. LL-37 is further cleaved into smaller peptides such as

RK-31, KS- 30, LL-29, KS-22, KR-20, and so forth45 (Fig. 1). Different peptide forms have

different antimicrobial activities and pro-inflammatory functions.37

LL-37 IN THE PATHOGENESIS OF PSORIASIS

In 1997, Frohm et al.46 first reported that cathelicidin/LL-37 expression is upregulated in

psoriatic epidermis as well as other skin inflammatory disorders, and suggested that this

induction enhances the antimicrobial defense capacity of the disrupted barrier in the lesions.
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Our group has demonstrated that LL-37 was the exclusive detectable form of the peptide in

psoriasis by surface-enhanced laser desorption/ionization time-of-flight mass spectrometry

analysis. 47 The expression and processing of the cathelicidin precursor protein is somewhat

specific for the cell, tissue and disease state. Cathelicidin is found at low levels in normal

skin and is not in the form of LL-37.38 In contrast, excess cathelicidin is seen in the

inflammatory skin disease rosacea, but in contrast to normal skin these cathelicidin peptides

are found in several unique forms.38 In this way, psoriasis differs significantly with rosacea

where many cathelicidin peptide forms other than LL-37 can be detected or normal

uninflamed skin where LL-37 is absent. The significance of observing different processed

forms of the cathelicidin precursor protein is that different peptide forms have different

antimicrobial activities and pro-inflammatory functions.37 Thus, although psoriasis and

rosacea both have elevated cathelicidin expression, the balance of peptides with different

and potentially competitive actions may partially explain differences in phenotype.

In 2002, Ong et al.29 showed that the excess production of antimicrobial peptides including

LL-37 and HBD2 in psoriatic lesions is associated with a low rate of infection, and that

atopic dermatitis patients are susceptible to bacterial and viral infection because the

expression of AMPs are not induced sufficiently. In 2007, Lande et al.48 have shown

another important immune-modulatory function of LL-37 in psoriasis. The cathelicidin

antimicrobial peptide LL-37 has been hypothesized to drive inflammation in psoriasis

through its capacity to enable plasmacytoid dendritic cells (pDCs) to recognize self-DNA

through Toll-like receptor 9 (TLR9) (Fig. 2). This response is in contrast to the classical

concept that TLR9 recognizes unmethylated DNA sequences (CpG dinucleotides) found in

microbial DNA,49 and in turn serves as an innate warning system against infection. A

complex between LL-37 and DNA has been proposed to be necessary for activation of

TLR9 in pDCs.48 This activation induces a large amount of type I IFN production, leading

to myeloid dendritic cell (mDC) activation, Th1 /Th17 differentiation and keratinocytes

activation in turn (Fig. 2).1

Recently, we have observed that the activation of keratinocytes by LL-37 and DNA also

greatly increases type I IFN through TLR9 (Fig. 2).47 TLR9 expression is upregulated in

psoriatic keratinocytes and cultured keratinocytes express it in a weakly functional

form.50,51 However, TLR9 expression and function is greatly enhanced on keratinocytes

exposed to LL-37.47 Because the complex between LL-37 and DNA did not induce type I

IFN in keratinocytes, the synergistic induction of type I IFN by LL-37 and DNA in

keratinocytes is different to the mechanism of action previously reported in pDCs, and could

act either by enabling access of nucleic acid to TLR9 in the endosome, and /or by enhancing

the sensitivity of TLR9. The involvement of type I IFN in the pathogenesis of psoriasis has

been suggested by several studies,52–64 and this highlights the importance of our

observations that keratinocytes exposed to LL-37 and DNA will increase type I IFN

production. For example, type I IFN signaling is activated in psoriasis,53,61–63 and psoriasis

can be exacerbated by IFN-α52,54,56,58,60 or IFN-β treatment.57,59,64 Moreover, mice

deficient for IFN regulatory factor-2, a transcriptional repressor of IFN-α /β signaling,

develop psoriasis-like skin disease.55 In addition, type I IFN have been reported to activate

autoimmune T cells through the maturation of dendritic cells.65 pDCs are currently thought

to be major type I IFN-producing cells, and produce a large amount of IFN-α in psoriasis.66

However, LL-37 can enable keratinocytes to also enhance production of type I IFN, an

observation likely to have significance in modulating skin inflammatory phenomena. These

findings suggest that the relative contribution of keratinocytes compared to pDCs in the

inflammatory milieu of the psoriatic epidermis needs to be reexamined. This conclusion is

particularly true in light of the much greater abundance of keratinocytes in the skin

compared to pDCs, and the location of keratinocytes placing them in a more superficial site

with greater direct contact to genomic DNA and other external stimuli known to exacerbate
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inflammation. The observation that minor superficial injury of the epidermis leads to

exacerbation of disease at that site, a process known as the Köbner phenomenon, further

supports this conclusion that epidermal cells also play a critical role in this disease.

Furthermore, LL-37 has been reported to form a complex with self-RNA, leading to the

activation of TLR7 in pDCs and TLR8 in mDCs in psoriasis (Fig. 2).67 Self-RNA–LL37

complexes have been shown to be present in psoriatic skin lesions and be associated with

mature mDCs in vivo. Recently, human slan DCs, a rich source of TNF-α, also have been

reported to respond to complexes formed of LL-37 and self-RNA in psoriasis.68 They have

shown that slan DCs are more powerful in programming Th1 /Th17 cells that produce IL-17,

IL-22, TNF-α and IFN-γ compared to classic CD1c+ DCs, and LL-37–self-RNA complexes

activate slan DCs via TLR7 signaling.

Peric et al.17 have shown that IL-17A enhances cathelicidin expression induced by vitamin

D3 in keratinocytes. They have demonstrated that IL-17RA expression is upregulated in

psoriatic lesions and increased IL-17A in psoriatic skin increases cathelicidin through a

vitamin D3, Act1- and MEK–ERK-dependent mechanism. Chamorro et al.69 have reported

that LL-37 suppresses apoptosis in keratinocytes via a Cox-2-dependent mechanism

including IAP-2, suggesting that this peptide might contribute to the resistance to apoptosis

of dermal endothelial cells in psoriasis. Kanda et al.70 have focused on the serum LL-37

level in psoriasis and shown that it was higher than in a normal control, and was reduced by

cyclosporin A treatment.

LL-37 AND VITAMIN D3

Vitamin D is an essential hormone for the maintenance of calcium homeostasis and bone

health.71 The active form of vitamin D, 1α,25-dihydroxyvitamin D3 (1,25[OH]2D3), is

synthesized in the skin, liver and kidneys in turn.72 In the skin, 7-dehydrocholesterol, a

derivative of cholesterol is produced by ultraviolet (UV)-B irradiation. This previtamin D3 is

converted to 25-hydroxyvitamin D3 (25[OH]D3) by CYP27A1 in the liver, and then

25(OH)D3 is converted to 1,25(OH)2D3 by CYP27B1 in the kidneys. Because keratinocytes

express both CYP27A1 and CYP27B1, they can activate vitamin D3 independently of renal

and hepatic hydroxylation steps.73 Nowadays, many studies have demonstrated additional

roles for vitamin D3 in the immune system, cardiovascular system and cancer prevention.74

Vitamin D analogs have been used in the topical treatment of psoriasis for a long time. They

are known to show clinical improvement on psoriatic plaques, and have been speculated to

act through the stimulation of cellular differentiation and inhibition of proliferation. 75

Topical calcipotriol has been reported to suppress the expressions of HBD2, HBD3, IL-17A,

IL-17F and IL-8 in psoriatic plaques.33 In addition, a recent study has demonstrated that

CD4+CD25+ regulatory T cells are induced by both topical calcipotriol treatment.76 These

immunosuppressive functions are also thought to lead to decreased inflammation and

clinical improvement. On the other hand, Vitamin D3 is only a strong inducer of cathelicidin

expression in keratinocytes and monocytes.77 Because LL-37 had been considered to trigger

the development of psoriasis, this paradoxical phenomenon remains to be clarified.

However, Dombrowski et al.78 have recently reported that LL-37 also serves as an anti-

inflammatory agent by blocking activation of the DNA-sensing inflammasomes, which

might be a mechanistic explanation why vitamin D3 is effective for psoriasis. They have

shown that intracellular or cytosolic LL-37 blocks the DNA-triggered formation of AIM2

inflammasomes in keratinocytes, inhibiting IL-1β release (Fig. 3). Because our recent study

has shown that extracellular or endosomal LL-37 enhances TLR9 expression and function in

keratinocytes, leading to increased IFN-α/β production (Fig. 3), the location of LL-37 and

DNA might be crucial for their pro- or anti-inflammatory effect.47 Thus, LL-37–DNA
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complex formation may be important because it is required for the anti-IL-1β effect but

sequential exposure leads to a pro-IFN-α/β effect in keratinocytes.

Several studies have focused on the associations between cathelicidin /LL-37 and other

therapies of psoriasis.33,79,80 For example, Vahavihu et al.80 have reported that narrowband

UV-B treatment induces cathelicidin expression by correcting vitamin D insufficiency in

psoriasis. In addition, Gambichler et al.79 have shown LL-37 expression is downregulated

by etanercept, a biologic which blocks the pro-inflammatory cytokine TNF-α, in psoriasis,

suggesting that this mechanism might be associated with the clinical improvement.

CONCLUSION

Herein, we reviewed the roles hypothesized for AMPs in the pathogenesis of psoriasis.

Many AMPs are highly upregulated in psoriatic lesions and most of them have not only

antimicrobial activities but also immune-modulatory functions. AMPs had been thought to

worsen psoriatic lesions but recent evidence has also suggested the possibility that the

induction of AMPs expression might improve the aspects of the disease. Thus, further

investigations are needed to uncover the role for AMPs in modulating the immune response

in psoriasis, and to improve disease without the risks of systemic immunosuppressive

approaches.
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Figure 1.
Structure of human cathelicidin. Human cathelicidin precursor protein hCAP18 contains a

signal peptide domain on its N-terminus. LL-37 is the C-terminal peptide fragment derived

from hCAP18, and needs to be released by enzymatic cleavage such as kallikreins in

keratinocytes and protease 3 in neutrophils. LL-37 is further cleaved into smaller peptides

such as RK-31, KS-30, LL-29, KS-22 and KR-20.

Morizane and Gallo Page 11

J Dermatol. Author manuscript; available in PMC 2012 December 20.

$
w

aterm
ark

-tex
t

$
w

aterm
ark

-tex
t

$
w

aterm
ark

-tex
t



Figure 2.
Proposed role for LL-37 in the pathogenesis of psoriasis. Stressed cells stimulated by trauma

or bacterial products release LL-37, self-RNA and self-DNA. Self-RNA and self-DNA form

complexes with LL-37 and the complexes are then recognized by Toll-like receptor (TLR)7

or TLR9 in plasmacytoid dendritic cells (pDCs) or TLR8 in myeloid dendritic cells (mDCs).

On the other hand, LL-37 induces TLR9 expression in keratinocytes (KCs) and greatly

enhances type I IFN production induced by TLR9 signaling. Stimulated mDCs induce the

differentiation of naïve T cells into Th1 cells or Th17 cells. Interleukin (IL)-17A, IL-17F

and IL-22 are produced by Th17 cells and IFN-γ and tumor necrosis factor (TNF)-α are

produced by Th1 cells. These mediators act on keratinocytes, leading to the activation,

proliferation and production of antimicrobial peptides and proteins (AMPs) or chemokines.
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Figure 3.
Different interactions between LL-37 and DNA in keratinocytes. In keratinocytes,

extracellular or endosomal LL-37 enhances DNA recognition by Toll-like receptor (TLR)9,

leading to type I interferon (IFN) production. The mechanism of TLR9 induction by LL-37

is unclear. Another mechanism may enhance TLR9 sensitivity rather than the upregulation

of TLR9 expression and complex formation in keratinocytes. Intracellular or cytosolic

LL-37 binds to DNA and inhibits interleukin (IL)-1β production through AIM2

inflammasome.
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