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Abstract

Our skin is constantly challenged by microbes but is rarely infected. Cutaneous production of
antimicrobial peptides (AMPSs) is a primary system for protection, and expression of some AMPs
further increases in response to microbial invasion. Cathelicidins are unique AMPs that protect the
skin through 2 distinct pathways: (1) direct antimicrobial activity and (2) initiation of a host response
resulting in cytokine release, inflammation, angiogenesis, and reepithelialization. Cathelicidin
dysfunction emerges as a central factor in the pathogenesis of several cutaneous diseases, including
atopic dermatitis, in which cathelicidin is suppressed; rosacea, in which cathelicidin peptides are
abnormally processed to forms that induce inflammation; and psoriasis, in which cathelicidin peptide
converts self-DNA to a potent stimulus in an autoinflammatory cascade. Recent work identified
vitamin D3 as a major factor involved in the regulation of cathelicidin. Therapies targeting control
of cathelicidin and other AMPs might provide new approaches in the management of infectious and
inflammatory skin diseases.
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Antimicrobial peptides (AMPs) were first thought to act as endogenous antibiotics whose
function was only to kill microbes. Today, although it is clear that AMPs act to form a chemical
shield on the surface of the skin, they are also thought to trigger and coordinate multiple
components of the innate and adaptive immune system. 12 Many cell types that permanently
reside in the skin produce AMPs, including keratinocytes, sebocytes, eccrine glands, and mast
cells.3-6 Circulating cells recruited to the skin, such as neutrophlls and natural Killer cells, are
also significant contributors to the total amount of AMPs present Cathelicidins and B-
defensins are the most well characterized of the AMPs found in the skin, but a list of the known
cutaneous AMPs can |dent|fy more than 20 individual proteins that have shown antimicrobial
activity (Table I) 8-39 This extensive list of skin-derived AMPs is complicated by the nature
of the experimental assays and the concentrations used to identify antimicrobial activity. Thus
many molecules better known for other biologic activity, such as a-melanocyte—stimulating
hormone or serine leukocyte protease inhibitor, can also be considered as functional AMPs in
the skin.8 Unfortunately, because adequate animal model systems do not always permit direct
testing of the AMP activity of many of these peptides, it remains difficult to determine the
primary function of a peptide that shows antimicrobial and additional biologic functions. In
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general, the AMPs are structurally extremely diverse but considered together only because of
their antimicrobial activity.

Cathelicidins are an important AMP family in the skin because they were the first AMP® found
in mammalian skin, and since then, the most compelling animal models that support their
antimicrobial function have been compiled.40‘42 Human cathelicidin is often referred to by
one of its peptide forms (LL-37) or by the nomenclature assigned to its precursor protein
(hCAP18).4 A4 Peptide processing has emerged as a critical element in the control of
cathelicidin activity. In its nascent form hCAP18 is thought to be inactive. On cleavage by
serine proteases, the generation of the mature peptide results in multiple potential activities.
45,46 The 37-amino-acid peptide LL-37 forms an a-helix in solution and can disrupt both
bacterial membranes and viral envelopes.8 In addition, cathelicidin LL-37 shows antifungal
activity.47 Furthermore, LL-37 can interact with mammalian cells to trigger a host response.
These functions have been called the alarmin activity of AMPs,48 and cathelicidin peptides
can act through multiple potential mechanisms. Alarmin functions include direct interactions
of LL-37 with cell-surface receptors, such as the formyl-peptide receptor-like 1 or G protein—
coupled receptors, resulting in direct effects on intracellular signaling pathways (Fig 1).8'49'

0 Furthermore, LL-37 was shown to influence Toll-like receptor (TLR) signaling in immune
cells through interaction with the cellular membrane and epidermal growth factor receptor
transactivation and to increase intracellular Ca2*mobilization.”1~55 Cathelicidin also
synergizes with endogenous inflammatory mediators to enhance the induction of specific
inflammatory effectors through a complex mechanism involving multiple pathways.56 As a
result, cathelicidin peptides increase cell migration and secretion of chemokines and other
signaling molecules from activated cells (Fig 1).2*50 All these activities complement the role
of the cathelicidins as direct antimicrobial agents, and they have established their role as
essential defense molecules in innate immune responses.

ROLE OF CATHELICIDIN IN INFLAMMATORY SKIN DISEASES

The presence of cathelicidin in the skin has been shown to offer increased protection against
bacterial and viral infections.40:57 In healthy skin keratinocytes express low amounts of
cathelicidin. On infection or barrier disruption, cathelicidin is strongly induced.9:°8,59
However, in several common skin diseases the normal barrier against infection is diminished
or the control of inflammation is abnormal. One example is atopic dermatitis. Here viral and
bacterial infections perpetuate cutaneous inflammation and complicate successful therapy.
Observations of the expression of AMPs of atopic patients demonstrated that the process of
AMP induction was greatly reduced in lesional skin.80 The resulting diminished antimicrobial
barrier correlated with an increased susceptibility of these patients to microbial superinfections.
57,61 biminished inducibility of cathelicidin and defensins in atopic dermatitis appears to be
partially a consequence of the altered cytokine micromilieu.%” In particular, T2 cytokines,
such as IL-4 and IL-13, suppress the induction of AMPs and contribute to a disturbed cutaneous
antimicrobial response. Thus in this disorder a decrease in the amount of AMPs released by
the skin barrier contributes to disease.

Other associations of AMPs with skin diseases appear to be a consequence of host stimulatory
effects rather than action as an antimicrobial agent. As discussed earlier, the cathelicidin
peptide LL-37 induces the expression of proinflammatorﬁl c%/tokines in keratinocytes,
chemotaxis of adaptive immune cells, and angiogenesis. 62 On the skin surface, LL-37 is
normally processed to smaller peptides with enhanced antimicrobial functions but lesser
inflammatory effects.53 Individuals with rosacea were studied because this disease is defined
by abnormal inflammation and vascular reactivity in facial skin, and these responses resembled
activities associated with cathelicidin. It was found that patients with rosacea express

abnormally high levels of cathelicidin in the LL-37 peptide form.64 In addition, proteolytically
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processed forms of cathelicidin found in patients with rosacea were found to be dramatically
different from those in healthy individuals, where LL-37 is rare and shorter forms predominate.
The cathelicidin peptides in patients with rosacea were a result of a posttranslational processing
abnormality associated with an increase in protease activity in the epidermis.64 In mice
increasing cutaneous protease activity or injection of the identified cathelicidin peptides
resulted in inflammation, erythema, and telangiectasia that mimicked the disease in human
subjects.64 The central role of cathelicidin was further supported in mice with a targeted
deletion of the cathelicidin gene Camp: in these mice increased serine protease activity did not
induce inflammation. Thus in patients with rosacea, too much AMP and abnormal processing
lead to disease.

A third example of a human inflammatory skin disease associated with abnormal AMP
expression and activity is psoriasis.GO!65 As mentioned earlier, cathelicidin is increased in
lesional skin in patients with psoriasis.aov66 Psoriasis is a chronic inflammatory skin disease,
and an autoimmune reaction is suspected to play a major role in the course of the disease. The
auto-antigens triggering inflammation in psoriasis remain unknown. In a recent study LL-37
isolated from lesional skin was shown to form complexes with human self-DNA to activate
plasmacytoid dendritic cells (pDCs).66 pDCs do not normally respond to self-DNA, but
binding to LL-37 converted DNA in a potent stimulus for pDC activation. LL-37/self-DNA
complexes signaled through TLR9 and elicited IFN-a, release from pDCs. IFN-o. subsequently
activated a T-cell response that can lead to cutaneous inflammation.86 Because cathelicidin
LL-37 expression is low in healthy skin but strongly induced after skin injury, binding of self-
DNA released from damaged or apoptotic cells to LL-37 might result in the creation of a potent
immune stimulus. Therefore in this third example of a human skin disease associated with
cathelicidin, the response of an AMP might be normal but critical to the amplification loop
that results in disease.

CONTROL OF AMP EXPRESSION IN THE SKIN

The disorders associated with AMP expression all highlight the importance of understanding
mechanisms that control their expression. Cathelicidins, like most AMPs, are produced in
keratinocytes, neutrophils, and many other cell types.7767 In initial observations cathelicidin
expression in skin followed a pattern that was expected for a molecule involved in defense
function. Cathelicidin expression is high in bacterial skin infection and induced by cutaneous
barrier disruption, such as in invasive bacterial infection or physical injury of the skin.998
Still, the molecular regulation of cathelicidin transcription was long unclear because classic
mediators of inflammation or infection did not influence expression.

A breakthrough in the understanding of cathelicidin expression in the skin came with the
identification of a vitamin D response element in the cathelicidin promoter.69 In the meantime,
several research groups confirmed that cathelicidin is a direct target of vitamin D3 in
kera1tinocytes.69‘71 Additional elements of the vitamin D3 signaling cascade have been
identified that lead to increased cathelicidin expression, such as recruitment of coactivators or
epigenetic changes.72 Still, it was unclear how cathelicidin is induced in bacterial infections
or in wounds, situations in which a sudden change in vitamin D3 levels seemed unlikely. The
solution to this dilemma came with recognition that 1a-hydroxylase (CYP27B1) executes a
hydroxylation step in the skin that generates the most biologically active form of vitamin D3
(1,25D3).73 This activation step for vitamin D3 occurs in monocytes and keratinocytes bg
CYP27B1 and is under the control of inflammatory stimuli combined with TLR2 (Fig 2). 9,
73,74 On skin injury or bacterial infection, there is a local increase in expression of CYP27B1,
and as a direct consequence, more vitamin D3 is activated to induce cathelicidin expression
and function.5973
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VITAMIN D3 AND SKIN IMMUNE DEFENSE

Vitamin D3 has been well studied as an essential factor for calcium homeostasis and bone
metabolism but is less known as a regulator of immunity.75 In particular, vitamin D3 has been
suggested to enable efficient antimicrobial defense at epithelial surfaces, such as airways or
skin.88,76 These data are epidemiologically relevant because vitamin D3 deficiency is
common, especially in the elderly, and might contribute to increased morbidity and mortality.
77,78 |_ow vitamin D3 levels are suggested to arise mainly from insufficient dietary intake and
a predominant indoor lifestyle. Recommendations to limit sun exposure to prevent skin cancer
further complicate the ongoing debate about the health benefits of vitamin D3.78 vitamin D3
or cholecalciferol is added in food fortification, and it is suggested that people in industrialized
countries maintain their vitamin D3 needs through the intake of such fortified foods. However,
the human body is able to produce sufficient vitamin D3 provided that there is adequate vitamin
D3 precursor and minimal UVB exposure.75 Several human cell types are involved in
synthesizing and activating vitamin D3. Synthesis of previtamin D3 from 7-dehydrocholesterol
occurs in the skin and involves UVB radiation that penetrates the epidermis. 7-
Dehydrocholesterol absorbs UV light most effectively at wavelengths between 270 and 290
nm, and thus the production of vitamin D3 will occur at those wavelengths. Calciol, which is
the product of the transformation of 7-dehydrocholesterol, is an inactive, unhydroxylated form
of vitamin D3. Caciol must be hydroxylated twice to form calcidiol (25 hydrox vitamin D3
[25D3]) and finally active calcitriol (1,25D3; Fig 2) to form active prohormone vitamin D3.
The 2 enzymes responsible for activating vitamin D3, vitamin D 25-hydroxylase (CYP2R1)
and 25-hydroxyvitamin D3 la-hydroxylase (CYP27B1), were initially identified in the liver
and kidney.79 Also, keratinocytes express both enzymes and are capable of producing active
1,25D3 independent of renal and hepatic hydroxylation steps (Fig 2). 41nskinthisis important
because the presence of vitamin D3 is essential for normal keratinocyte development and
function.80 In an autocrine fashion 1,25D3 regulates keratinocyte proliferation, differentiation,
and the formation of an intact epidermal barrier. Alterations in local vitamin D3 concentrations,
activation, or both will likely affect normal keratinocyte function and formation of the
antimicrobial barrier.80-82

THERAPEUTIC TARGETING OF CATHELICIDIN THROUGH THE VITAMIN D3
PATHWAY

Understanding the molecular elements of cathelicidin expression might lead to new treatments
for inflammatory skin diseases (and help explain mechanisms of current therapies). As
mentioned above, cathelicidin expression is regulated through the vitamin D3 pathway and
involves epigenetic changes, such as histone acetylation.72 Targeting vitamin D3 metabolism
and signaling might be beneficial in atopic dermatitis, rosacea, and psoriasis. Several possible
clinical applications are conceivable.

In the treatment of atopic dermatitis, UVB therapy is frequently used. Currently, the effect of
UVB irradiation is attributed to its effects on T cells and T cell-mediated immune responses.
83 As outlined above, the underlying beneficial effect of UVB therapy could also be a result
of the activation of cutaneous vitamin D3 synthesis.84 Oral supplementation of 1,25D3 or
vitamin D3 precursors might be beneficial in atopic dermatitis as well. 1,25D3 increases
cathelicidin expression and antimicrobial activity in keratinocytes in vitro.68,69 Increasing
vitamin D3 metabolism or increasing vitamin D3 serum levels could contribute to the
restoration of an effective barrier in atopic dermatitis. However, because topical 1,25D3 has
been reported to induce skin irritation and an atopic dermatitis—mimicking phenotype in mice,
further clinical and experimental studies have to be performed to prove its benefits.
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1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schauber and Gallo

Page 5

Patients with rosacea might benefit from therapies blocking cathelicidin expression and
processing. Polymorphisms in the vitamin D receptor gene have been described in patients
with severe rosacea, indicating that vitamin D3 signaling is involved in pathogenesis.86
Blocking cathelicidin expression by targeting the vitamin D3 pathway might represent a novel
therapeutic approach in rosacea. As an example, vitamin D3 analogs without intrinsic activity
at the vitamin D receptor have been shown to inhibit 1,25D3-induced cathelicidin in
keratinocytes in vitro.29 Blocking protease activity in the skin of patients with rosacea might
serve as an alternative approach. Interestingly, tetracyclines, which are commonly used in the
treatment of rosacea, can inhibit metal Io-proteases.64 Itis conceivable that tetracyclines exhibit
beneficial effects in patients with rosacea by inhibiting cathelicidin processing and thereby
blocking the alarmin functions of this AMP.

Finally, in psoriasis blocking cathelicidin peptide could break the vicious cycle of increased
LL-37 expression, pDC activation, and cutaneous inflammation. Again, strategies to decrease
cathelicidin expression in keratinocytes could target vitamin D3 signaling. Paradoxically, for
along time, vitamin D3 analogs have been used in the therapy of psoriasis. Vitamin D3 analogs
bind to and activate the vitamin D receptor and should therefore increase cathelicidin
expression in keratinocytes, presumably worsening inflammation in patients with psoriasis.
However, the opposite is true: vitamin D analogs resemble one of the pillars of topical psoriasis
treatment. They ameliorate cutaneous inflammation and reverse morphologic changes within
lesional skin.8 Understanding the molecular effects of vitamin D3 analogs on cutaneous
innate immune function will eventually also lead to better treatment.

In summary, influencing cathelicidin expression through vitamin D3 signaling might offer a
new approach in the therapy of very common skin diseases. However, until the “sunshine
vitamin” can be targeted, additional experimental work and clinical studies have to be
performed to prove its safety and benefits. Overall, current data overwhelmingly support the
importance of AMPs to healthy human skin, but the key steps to put this information to
therapeutic use remain to be examined.

Abbreviations

AMP

Antimicrobial peptide
1,25D3

1,25 dihydroxy vitamin D3
25D3

25 hydroxy vitamin D3
pDC

Plasmacytoid dendritic cell
TLR

Toll-like receptor
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Models for cell activation by cathelicidins. Multiple mechanisms have been proposed for
cathelicidins to stimulate a cellular response. Responses are dependent on activation of G
protein—coupled receptors and transactivation of the epidermal growth factor receptor or
secondary to intracellular Ca2* mobilization or a change in cell membrane function, leading
to alterations in receptor responses. Finally, cathelicidins can influence the function of TLRs
through both direct and indirect pathways. EGF-R, Epidermal growth factor receptor; 1P-10,
IFN-y—inducible protein 10; MCP-1, monocyte chemoattractant protein 1; MIP3a, macrophage

inflammatory protein 3a; ERK, extracellular signal-regulated kinase; MAPK, mitogen-
activated protein kinase; STAT, signal transducer and activator of transcription.

J Allergy Clin Immunol. Author manuscript; available in PMC 2009 February 11.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuely Joyiny vd-HIN

Schauber and Gallo

Page 12

uvB

Infection

Pro vitamin D3 —

Keratinocyte

FIG 2.

Mechanisms of vitamin D3 activation and cathelicidin response. Extrarenal metabolism of
vitamin D3 by keratinocytes provides a system for rapid control of cathelicidin expression.
Activation of 25D3 to 1,25D3 requires 2 hydroxylation steps that occur sequentially in the
liver and kidney. However, keratinocytes also express CYP27B1, a 1a-hydroxylase that
activates 1,25D3. CYP27B1 expression in keratinocytes is controlled by danger signals during
skin infection and tissue damage.
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TABLE |

Mammalian peptides with antimicrobial activity in skin (AMPs)”

AMP

Reference

AMPs identified in resident cells

Cathelicidins

-Defensins

Bactericidal/permeability-increasing protein (BPI)
Lactoferrin
Lysozyme

Dermcidin

Histones
S100A15
RNase 7
AMPs identified in infiltrating cells

Cathelicidins

a-Defensins

Lactoferrin

Granulysin

Perforin

Eosinophil cationic protein (ECP)/RNase 3
Eosinophil-derived neurotoxin (EDN)/RNase 2
RANTES

AMPs identified as proteinase inhibitors

hCAP18/LL-37 prosequence (cathelin-like domain)
Secretory leukocyte proteinase inhibitor (SLPI)/antileukoprotease

Elafin/skin-derived antileukoprotease (SKALP)

P-cystatin A
Cystatin C
AMPs identified as chemokines
Psoriasin
Monokine induced by  IFN-y (MIG/CXCL9)
IFN-y-inducible protein of 10 kd (IP-10/CXCL10)
IFN-y—inducible T cell a chemoattractant (ITAC/CXCL11)
AMPs identified as neuropeptides
a-Melanocyte—stimulating hormone (a-MSH)

Substance P

Frohm et al (1997)9
Marchini et al (2002)1°
Harder et al (:L997)11
Liu et al (1998)12
Takahashi et al (2004)13
Cumberbatch et al (2000)14
Marchini et al (2002)10
Schittek et al (2001)1°
Murakami et al (2002)6
Rose et al (1998)16
Biichau et al (2007)17
Harder et al (2002)18

Gallo et al (1994)19
Marchini et al (2002)10
Harwig et al (1993)20
Caccavo et al (2002)21
Stenger et al (1998)22
Stenger et al (1998)22
Domachowske et al (1998)23
Domachowske et al (1998)24
Tang et al (2002)25

Zaiou et al (2003)26
Wingens et al (1998)27
Simpson et al (1999)28
Meyer-Hoffert et al (2003)29
Takahashi et al (2004)13
Blankenvoorde et al (:I.998)30

Glaser et al (2005)31
Cole et al (2001)32
Coleetal (2001)32
Cole et al (2001)32

Cutuli et al (2000)33
Kowalska et al (2002)34
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AMP

Reference

Bradykinin

Neurotensin

Vasostatin-1 and chromofungin (chromogranin A)
Secretolytin (chromogranin B)

Enkelytin and peptide B (proenkephalin A)
Ubiquitin

Neuropeptide Y

Polypeptide Y'Y/skin-polypeptide Y

Catestatin

Adrenomedullin

Kowalska et al (2002)34
Kowalska et al (2002)34
Tasiemski et al (2002)35
Tasiemski et al (2002)3°
Tasiemski et al (2002)35
Kieffer et al (2003)30
Lambert et al (2002)37
Lambert et al (2002)37
Radek et al (2008)38
Allaker et al (1999)3°

*
References are limited because of space restrictions.
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