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Abstract: The aim of this review is to present findings on

expression of antimicrobial peptides (AMPs) in atopic dermatitis

(AD) skin, focusing only on in vivo studies, and to discuss

differences in results obtained using various skin sampling

techniques and different methodology for analysis of AMPs. The

review also includes a discussion of the effect of frequently used

treatments on AMP expression. Many studies have shown a

reduced level of AMPs in lesional AD skin when compared to

psoriatic skin, explaining the high frequency of AD-related

infections. Interestingly, however, non-lesional AD skin has shown

the same upregulation of AMPs after barrier disruption as non-

lesional psoriatic skin. Various methods have been used to analyse

AMP expression in the skin, and when comparing these methods,

differences are revealed in AMP expression depending on the

method used for sampling and analysis. Comparisons indicate that

analyses of mRNA levels of AMPs may find greater differences in

expression than analyses of protein levels. Few studies evaluate the

effect of topical treatments on the expression of AMPs, and these

indicate an inhibition of AMP expression, particularly after use of

corticosteroids. AMPs are important components of the skin as a

defense against infections, and despite much research, the clinical

importance of the effect of common treatments, including

systemic treatments for AD and the interplay between AMPs and

the skin microbiome, is still largely unknown.

Abbreviations: AD, Atopic Dermatitis; AMP, Antimicrobial Peptide;

ELISA, Enzyme-Linked Immunosorbent Assay; hBD-1, human Beta-

Defensin-1; hBD-2, human Beta-Defensin-2; hBD-3, human Beta-Defensin-

3; HC, Healthy Controls; MRSA, Methicillin Resistant S. aureus; mRNA,

messenger Ribonucleic Acid; PV, Psoriasis Vulgaris; RT-PCR, Real-time

Polymerase Chain Reaction; TEWL, Trans Epidermal Water Loss.
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Introduction
Atopic dermatitis (AD) affects up to 20% of children and 2–10%
of adults worldwide (1). It is a multifactorial skin disease, includ-

ing genetic, environmental, allergic and immunological elements,

associated with a defective skin barrier and an increased suscepti-

bility to skin infections (1,2). Despite extensive research, the

pathogenesis of AD is still unclear.

The discovery of filaggrin mutations has led to renewed interest

in the skin barrier as a key element in the pathogenesis of AD,

although only around 40% of AD patients with moderate/severe

disease carry filaggrin mutations (3–5). In AD, the skin barrier is

compromised in several ways by the following: decreased ceramides,

altered packaging of keratinocytes, decreased numbers of tight junc-

tion proteins, aberrant protease activity and altered antimicrobial

activity, thus leaving the patient susceptible to skin infections, aller-

gen sensitisation and continued inflammation (6). The increased

susceptibility to infections, in particular, may cause repeated flares

and sustained activity of the disease; therefore, attention has been

drawn to the antimicrobial skin barrier, and AMPs have been con-

sidered as a possible new element in AD treatment.

The first AMP was discovered in the 1920s by Alexander Flem-

ing, with the antimicrobial activity of lysozyme (7). Since then,

numerous AMPs have been classified, and today, more than 2000

are registered in the antimicrobial peptides database (APD, http://

aps.unmc.edu/AP/main.php). Most AMPs are small cationic pep-

tides with a broad antimicrobial activity, present in epithelial tis-

sue throughout the body (8). They play an important role in both

the innate and adaptive immune response and show direct antimi-

crobial activity as well as essential chemotactic and immune-

modulating properties (9–13). AMPs are believed to kill the

bacteria by binding with anionic components in the cell mem-

brane of microbes, resulting in disruption of the membrane and

cytoplasmic leakage (14,15).

Many studies have shown decreased levels of AMPs in AD skin

compared with psoriatic skin, which is attributed to elevated Th2

cytokines in AD skin (16,17). Animal studies of beagles with AD

have also shown altered AMP expression in AD skin (18–20).
The aim of this review is to summarise the literature on in vivo

expression of AMP in AD, focusing on human studies from a

clinical perspective, highlighting different sample techniques and

analytical methods in relation to findings.

Search
Literature search performed in PubMed.

(‘Dermatitis, Atopic’[Mesh] AND ‘Antimicrobial Cationic Pep-

tides’[Mesh]) OR ((‘dermatitis, atopic’[Mesh Terms] OR (‘der-

matitis’[All Fields] AND ‘atopic’[All Fields]) OR ‘atopic

dermatitis’[All Fields] OR (‘atopic’[All Fields] AND ‘dermati-

tis’[All Fields])) AND ‘antimicrobial peptides’[All Fields] NOT

Medline [sb]).

Additional relevant papers selected from references.

Antimicrobial peptides of importance for atopic
dermatitis
In normal skin, the main source of AMP production is ker-

atinocytes, which produce a low constitutive level of many AMPs.
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Upon infection or injury, AMP synthesis in keratinocytes is

induced; however, infiltrating cells such as neutrophils and mast

cells will contribute to the majority of AMPs at the site of inflam-

mation (12,14,21–24). Many antimicrobial agents exist in the skin,

both from migrating cells and from resident cells, including elafin,

adrenomedullin, lysozyme as well as lipids (25–28) (S1). However,

in this review focusing on AMPs produced in keratinocytes, the

most commonly discussed and investigated AMPs in relation to

AD will be assessed for their in vivo expression: defensins, LL-37,

RNase7, psoriasin as well as dermcidin (29–32).
Defensins in humans are divided into two main classes a- and

b-defensins which both show immune-modulating properties

(10,33). b-defensins are vital for the antimicrobial defense of the

skin (34–40). Human beta-defensin-1 (hBD-1) is expressed con-

stitutively, whereas hBD-2 and hBD-3 are induced by infection,

pro-inflammatory cytokines and injury, and present in healthy

skin only in very low concentrations (16,38,41–43). Despite hBD-

1 showing weak antimicrobial activity on its own (Table S1),

studies have shown increased effect when hBD-1 acts in synergy

with LL-37 (34,44). Furthermore, in contrast to oxidised hBD-1,

reduced hBD-1 has shown potent activity against Candida albi-

cans (C. albicans) as well as anaerobic pathogens (45) (Figs 1

and 2).

In keratinocytes, LL-37 is expressed constitutively in low con-

centrations (46–48) and is induced by injury and inflammation

(49). In migrating cells such as neutrophils and mast cells, LL-37

is constitutively expressed as the precursor hCAP18 and stored in

granules, which can rapidly increase local concentration at the site

of inflammation (24). LL-37 has broad antimicrobial activity

(Table S1) (34,50–55) and demonstrates important chemotactic

properties by recruiting neutrophils, T cells, mast cells and mono-

cytes to sites of infection as well as promote angiogenesis

(11,12,33,56,57). Psoriasin is expressed constitutively in healthy

skin and induced by inflammatory conditions and barrier disrup-

tion (58–60). Psoriasin also has immune-modulating properties

and is an active agent against Escherichia coli (E. coli) and other

bacteria (61–63) (Table S1). RNase7 is also expressed constitu-

tively in healthy skin (58) and is induced by pro-inflammatory

cytokines (64). RNase7 is a highly potent agent against S. aureus

in micromolar concentrations (64–66) (Table S1). Dermcidin is

constitutively and specifically expressed in sweat glands, but unlike

the above mentioned, it is not found or induced in keratinocytes

(21,67). It is active against Staphylococcus aureus (S. aureus) and

C. albicans in an acidic environment resembling human sweat

(68) (Table S1).

Methods used for assessment of AMP expression in
AD skin
Sample techniques used for AMP quantification include full-thick-

ness skin biopsies, tape strips and washing fluid from the skin.

Analysing techniques include the following: immunohistochemical

staining detecting protein expression (skin biopsies), RT-PCR or

microarray analysis for mRNA expression (skin biopsies),

immunoassays (ELISA and Western blot) for protein expression in

skin from tape strips or skin washing fluid.

The use of skin biopsies (47,48) has been predominant

(Table S2) and has the advantage of ensuring enough material for

thorough analysis. However, biopsies also contain the deeper lay-

ers of the skin including capillaries and migrating cells, and the

expression of AMPs could therefore represent AMPs from migrat-

ing cells in the blood rather than AMPs locally present in the skin.

Tape stripping (69,70) has the advantages over skin biopsies of

collecting only stratum corneum and thereby minimising interfer-

ing substances from blood vessels and other cells. Isolating wash-

ing fluids derived from the surface of the skin is also a useful

corneum stratum-specific technique (58,59) (Table S2). Tape

stripping and washing fluid of the outer layers of the skin are

minimally invasive techniques and therefore enable multiple test-

ing of the same patient over time. The disadvantage of these

methods is the limited amount of material collected, which, in

turn, might make protein analysis difficult.

RT-PCR on skin biopsies (48,71) is a very sensitive and repro-

ducible method for quantitative assessment of the expressed

mRNA of a given AMP. However, measurements of mRNA may

not necessarily reflect the local protein environment in the stra-

tum corneum. Furthermore, results are normalised to different

housekeeping genes (48,55,72), making comparison between

reports more difficult. Microarrays allow for analysis of multiple
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Figure 1. AMPs are produced at low constitutive levels in healthy skin. Upon
injury, inflammation or infection, AMPs are generally upregulated to create a
sufficient antimicrobial defense as well as to attract immune cells to the site of the
infection/injury. In AD, altered upregulation of AMPs in lesional skin compared with
psoriasis may leave the patient more susceptible to skin infections. In psoriasis, the
levels of AMPs in lesional skin are induced. One study (68) has shown similar
upregulation of AMPs in non-lesional skin of AD and psoriasis, resembling healthy
skin.
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Figure 2. Expression of AMPs in healthy and injured skin. Basal constitutive AMP
expression is found for the majority in the stratum basale/spinosum and stratum
corneum. Dermcidin is expressed constitutively from sweat glands. Upon infection
or injury, resident keratinocytes will increase expression of AMPs, and migrating
cells like neutrophils and mast cell will contribute substantially with AMP stored in
lamellar bodies.

2 ª 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd, Experimental Dermatology

Clausen et al.



genes in a single sample; however, like RT-PCR, the presence of

mRNA does not necessarily directly reflect the current amount of

protein in the skin (73,74). Immunohistochemical staining of skin

biopsies illustrates the actual protein content in the skin at a given

point in time and furthermore indicates the localisation of AMPs

in the tissue. This method is only considered semiquantitative,

and the scoring of staining tends to be a subjective assessment.

AMP protein quantification by immunoassays (ELISA and Wes-

tern blot) have been used on tape strips and washing fluid

(69,70). ELISAs have high specificity and sensitivity and can quan-

tify the amount of protein present in a given sample, although

collecting sufficient material and retrieving the proteins from the

tape might be challenging. So far, tape strips and washing fluid

have only been used for protein quantification.

In brief, the results are influenced by sampling techniques

(biopsies, tape strips or washing fluid) as well as the method used

for analysis (whether it is of gene or protein expression) and this

may hamper direct comparison between studies.

Expression of antimicrobial peptides in AD skin
Expression of AMPs in AD skin has in most of the recent studies

been reported to be significantly lower in lesional AD skin com-

pared with lesional psoriatic skin (Table 1). Interestingly, the dif-

ferences in AMP quantity between AD and psoriasis appear to

vary depending on the method used. While studies using assess-

ment of mRNA expression reported a decrease of up to 20 times

in hBD-2 in AD (47,48,55), microarray studies found hBD-2 to be

4–8 times decreased (16,47), and studies using immunohistochem-

ical staining found hBD-2 levels 2–3 times decreased in AD com-

pared with psoriatic skin (47,55). When focusing on the protein

expression of hBD-2 in AD skin compared with psoriatic skin,

one study using Western blot analysis on tape strips from epider-

mis found no difference in protein expression (64). Another study

using washing fluid from epidermis found greatly decreased levels

of hBD-2 protein in AD (10-fold) compared with psoriatic skin

(58) (Table 1).

These differences suggest that the applied methodology plays a

crucial role, and should be considered when interpreting the

results of AMP expression in the skin. However, the overall ten-

dency is clearly a decreased level of AMPs in AD skin as compared

to psoriatic skin.

When comparing AMPs in AD skin with skin from healthy

controls, data are based mostly on mRNA assessments and

immunohistochemical staining (17,46,48,75,76), while only two

studies provide data of protein expression in the stratum corneum

(Table 2) (70,77). Most studies show increased levels of AMPs in

lesional AD skin as compared to healthy skin (48,58,59,78), while

in non-lesional AD skin, AMP levels do not seem to differ signifi-

cantly from healthy skin (46,58,71,78).

Skin barrier disruption
In general, barrier disruption causes increased expression of AMPs

(hBD-2, hBD-3, LL-37, psoriasin) in both non-lesional AD skin

and healthy skin (Table 3) (58,79). A similar response is seen in

animal studies with increased AMP expression after tape stripping,

which was reduced by occlusion (80). Interestingly, upregulation

of hBD-2, hBD-3 and psoriasin mRNA in non-lesional skin after

skin barrier disruption (tape stripping) shows a similar response

in AD and psoriasis (79), indicating that non-lesional AD skin has

the same capacity as non-lesional psoriatic skin for producing

AMPs when induced by barrier disruption alone. This is sup-

ported by another study, which showed upregulation of the LL-37

precursor hCAP18 mRNA after injury in non-lesional AD skin

(81), whereas this upregulation was inhibited in lesional skin. In

psoriasis, upregulation of LL-37 is found to be higher in lesional

injured skin, than non-lesional injured skin (82). These two latter

studies indicate that cytokine differences between AD and psoriasis

and local inflammatory milieu of lesional AD skin might inhibit

sufficient AMP production in AD.

AMPS and disease severity
Whether AMPs can be used as biomarkers for disease severity is

still unclear. Analysis of stratum corneum collected by tape strips

showed a positive correlation between hBD-2 protein expression

and disease severity as assessed by SCORAD (69,70), and a posi-

tive correlation between serum levels of hBD-2 and SCORAD was

also reported (83,84). This correlation was, however, not con-

firmed in other studies where no correlation was found when

examining skin washing fluid (51) and skin biopsies (17,78).

AMPS and infection
The clinical significance of AMPs on skin infections is still not

completely established, but hBD-3 and RNase7, in particular, have

been shown to be of importance in the protection and clearance

of S. aureus infections (85,86). From in vitro studies, it is docu-

mented that S. aureus and Staphylococcus epidermidis (S. epider-

midis) both upregulate the expression of hBD-2, hBD-3, LL-37

and partly hBD-1 (44,87,88).

Few in vivo studies exist and these comprise healthy individuals.

Zanger et al. (85,86) performed two studies on mRNA expression

Table 1. AMP expression in AD skin compared with psoriasis, lesional (ls) and non-lesional (nls) skin

mRNA (biopsies) Protein staining (biopsies) Gene (biopsies) Protein (tape strips) Protein (washing fluid)

hBD-1 no difference ls(47,48) n.d. ↓ in AD ls (16,47) n.d. n.d.
hBD-2 ↓ in AD ls (17,47,48,55)

no difference nls (10)
↓ in AD ls (47,55,58) ↓ in AD ls (16,47) no difference ls (69) ↓ in AD ls + nls (58)

hBD-3 ↓ in AD ls (16,53)
no difference ls (47,48,76)

↓ in AD ls (16,58)
no difference ls (47)

no difference ls (47) n.d. not detectable ls (58)

LL-37 ↓ in AD ls (17,55,81)
no difference ls (47,48)
no difference nls (76,81)

n.d. no difference ls (47) n.d. n.d.

RNase7 ↑ in AD ls (48) no difference AD ls (58) n.d. n.d. no difference ls + nls (58)
Psoriasin ↓ in AD (47)

no difference ls (48)
↓ in AD ls (58) ↓ in AD ls (47) n.d. ↓ in AD ls (58)

↑ in AD nls
Dermcidin n.d. Not expressed in keratinocytes, (21) n.d. n.d. n.d.

AD, Atopic dermatitis; ↑, induced; ↓, reduced; n.d., not determined.

ª 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd, Experimental Dermatology 3

AMPs in atopic dermatitis



in skin biopsies of healthy volunteers. One study examined the

levels of AMP mRNA in S. aureus-infected skin compared with

non-infected skin of matching controls (85), and the other study

related levels of AMPs in the skin to the severity of the infection

(86). Low basal expression of RNase7 was associated with S. au-

reus skin infections, an association not seen for hBD-2 or hBD-3

which, nevertheless, were both significantly increased in infected

skin. Regarding the clinical outcome, participants with low

increase in hBD-3 had more recurrences and greater frequency of

skin infections in contrast to individuals with a high increase in

hBD-3 who had a better recovery rate and less severe symptoms.

HBD-2 mRNA showed a remarkable induction in response to

S. aureus on skin; however, no correlation was found between

hBD-2 and clinical outcome of skin infections (86). These findings

support in vitro studies (39,65,89,90) that hBD-3 and RNase7 are

particularly important in the protection against S. aureus.

In relation to viral infections, AD is associated with eczema vacci-

natum, an adverse reaction to vaccinia virus vaccination. One study

analysed non-lesional skin biopsies from AD and found enhanced

replication of vaccinia virus and decreased LL-37 expression com-

pared with biopsies from psoriatic and healthy skin (91). When neu-

tralising IL-4/IL-13 in AD skin biopsies, the authors found

increased LL-37 together with inhibited vaccinia virus replication,

indicating an important role for LL-37 in fighting vaccinia virus.

AMPs also show antifungal activity (S1). The clinical signifi-

cance of this in relation to AD patients and fungal infections is

greatly warranted and needs to be addressed in future studies.

There is no doubt that AMPs are essential in keeping skin free

of infections and play a key role in the defense against invading

pathogens. As bacteria such as S. aureus and S. epidermidis both

upregulate the expression of AMPs (42,92,93), it would seem that

a symbiosis between AMPs and the microflora of the skin is

important in balancing an AMP response as well as regulating a

constitutive level of AMP defense (94). Future studies in the

microbiome of diseased skin and AMPs will deepen our under-

standing of the important relationship between commensal bacte-

ria and innate antimicrobial defense.

Effect of treatment
Common topical treatments for AD include corticosteroids, cal-

cineurin inhibitors and UV irradiation, which have all been shown

to influence the expression of AMPs. So far, no studies of the

effect of systemic treatments on AMPs have been undertaken.

Topical corticosteroids
Corticosteroids reduce the level of AMPs; however, the clinical

importance of this is not known. Treatment with corticosteroids

for a 3-week period significantly reduced mRNA of hBD-2, hBD-

3, LL-37, RNase7 and psoriasin, as measured by RT-PCR in skin

biopsies of AD skin, to levels significantly lower than found in

healthy skin. The effect was most profound for hBD-2 and psori-

asin (95).

Topical calcineurin inhibitors
Pimecrolimus treatment over a 3-week period was found to

reduce mRNA of hBD-2, hBD-3, LL-37 and psoriasin in AD skin

biopsies compared with untreated skin; however, AMP levels were

Table 2. AMP expression in AD skin compared with healthy controls

mRNA (biopsies) Protein staining (biopsies) Gene (biopsies) Protein (tape strips) Protein (washing fluid)

hBD-1 ↓ in AD ls (75)
↑ in AD ls (48)

n.d. n.d. n.d. n.d.

hBD-2 ↑ in AD ls (48,75)
no difference ls (17)
no difference nls (46,71)

↑ in AD ls (58)
no difference nls (46,58)

n.d. ↑ in AD ls (70) ↑ in AD ls
no difference nls (58)

hBD-3 ↑ in AD ls (48)
no difference ls (72,75)
no difference nls (71)

↑ in AD ls + nls (58) n.d. n.d. not detectable (58)

LL-37 ↑ in AD ls (78)
no difference ls (17,48,75)
no difference nls (46,71,78,81)

↑in AD ls (78)
no difference nls (46,78)

n.d. n.d. n.d.

RNase7 ↑ in AD ls (48) ↑ in AD ls (58) n.d. n.d. ↑ in AD ls
no difference nls (58)

Psoriasin ↑ in AD l (48) ↑ in AD ls1 + nls (59) n.d. n.d. ↑ in AD ls + nls (58,59)
Dermcidin n.d. n.d. n.d. n.d. ↓ in AD sweat (67)

AD, Atopic dermatitis; ↑, induced; ↓, reduced; n.d., not determined.

Table 3. AMP expression in skin after impaired barrier function

mRNA (biopsies) Protein staining (biopsies) Gene (biopsies) Protein (tape strips) Protein (washing fluid)

hBD-1 n.d. n.d. n.d. n.d. n.d.
hBD-2 induced equally in AD and PV,

induced higher in HC (79)
induced in HC (58)
induced equally in AD and HC (79)

n.d. n.d. induced in HC (58)

hBD-3 induced equally in AD, PV and HC (79) induced in HC (58) n.d. n.d. n.d.
LL-37 induced in AD, induced higher

in HC, and highest in PV (79)
induced in AD nls
lower induction in AD ls (81)

n.d. n.d. n.d.

RNase7 n.d. No difference (58) n.d. n.d. induced in HC (58)
Psoriasin induced equally in AD and HC,

lower induction in PV (79)
induced equally in AD and HC (79)
induced in HC (59)

n.d. n.d. induced in HC (59)

Dermcidin n.d. n.d. n.d. n.d. n.d.

AD, Atopic dermatitis; PV, psoriasis vulgaris; HC, healthy controls; n.d., not determined.
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not suppressed to the same extent as with corticosteroid treat-

ment. After Pimecrolimus treatment of AD skin, AMP levels in

the skin resembled the levels found in healthy controls (95). On

the contrary, tacrolimus treatment applied twice a day for a

4-week period was reported to induce expression of hBD-2 and

LL-37 mRNA in AD skin biopsies along with normalisation of

the skin barrier function in a study comprising skin from 3

individuals (96).

UV
In AD, UV treatment induced mRNA of hBD-1, and decreased

hBD-2 but had no significant effect on hBD-3 and LL-37 (75).

These changes could be a direct effect of UV irradiation, or due

to immunosuppressive effects caused by UV. In healthy skin, how-

ever, UV was reported to induce protein expression of hBD-3,

RNase7 and psoriasin but not hBD-2, analysing skin biopsies (97).

In general, topical treatment with corticosteroids and cal-

cineurin inhibitors decreases AMP levels in the skin. This may be

a direct effect of the medication, or secondary to an improved

skin barrier function following the treatment. It would appear that

corticosteroids significantly suppress AMP production, whereas

calcineurin inhibitors and UV irradiation have a more modulating

effect on AMP expression, although still preserving endogenous

AMP production. Hence, steroid treatment leads to reduced AMP

production to a significantly greater extent than treatment with

calcineurin inhibitors. Both corticosteroids and calcineurin inhibi-

tors have been shown to impair barrier function in healthy skin,

which together with reduced AMP expression might leave patients

more susceptible to skin infections (98,99).

Conclusions
When comparing multiple studies, great differences exist in the

reporting on AMP expression in AD skin. However, it is generally

accepted that expression of certain AMPs in lesional AD skin is

decreased compared with psoriatic skin, but increased compared

with non-lesional skin and healthy controls (Table 1). Some of these

differences might be explained by the applied method and the speci-

fic AMP being investigated (Table 1). RT-PCR and microarray anal-

yses tend to report greater differences in mRNA expression, than

those reported by immunohistochemical staining, which could be

explained by post-transcriptional modulation. Furthermore,

immunostaining can only be interpreted as a semiquantitative mea-

surement, making quantitative comparison challenging.

Some studies report results from small sample sizes, which

could explain the different conclusions, and at times, there is a

lack of clarity regarding numbers of participants as well as data on

whether samples are taken from acute or chronic lesions. The

cytokine profile is crucial for AMP production (16,79,100) and,

consequently, distinguishing between acute or chronic lesions is

important in the interpretation of data. The observation that

wounded psoriasis lesional skin upregulates AMP expression even

more than wounded non-lesional skin, and the opposite is found

for AD skin, supports the hypothesis that the local inflammatory

milieu might hinder upregulation of AMPs in AD lesional skin

(81,82).

What remains to be determined is whether the AMP response

to bacterial infections is insufficient in AD skin, compared with

the response in infected healthy skin. Another important question

is whether the in vitro findings of antibacterial effects of AMPs

can be applied in an in vivo context as many studies have shown

differentiated antimicrobial activity of AMPs, depending on strain

of bacteria, native or recombinant AMP, pH, culturing conditions

and oxidised or reduced form of AMP (Table S1) (38,45,101–
103). These conditions all play a role in the clinical outcome and

make in vitro studies hard to apply for in vivo relevance. The syn-

ergistic effect of AMPs has also been shown to be of importance

for antimicrobial effect, and this could have significant relevance

in vivo in relation to low expression of AMPs in AD (34,104).

Furthermore, proteolytic processing of precursors and AMPs

could also alter in vivo efficiency, as proteases belonging to the

kallikrein family have been shown to regulate and process

hCAP18/LL-37 (105). This might also provide an explanation for

the differences found between mRNA and protein levels.

Factors other than AMP are relevant for the frequent infections

seen in AD. Barrier properties such as skin pH (106), filaggrin

expression and its breakdown products (107,108), sphingosine

levels (109), and barrier disruption (110,111) allowing for penetra-

tion of bacteria and virus, are all important factors in relation to

skin infections.

The microbial composition of the skin also plays an important

role in maintaining healthy skin and is shown to regulate AMP

production (42,87,112). Future research into the possible benefi-

cial effects of a balanced microbiome and a description of the

microbiome of AD and healthy skin will help us understand the

regulatory mechanisms in controlling skin infections and main-

taining a well-balanced antimicrobial shield in the skin.

Treatments in AD may modulate AMP expression and, topical

corticosteroids, in particular, have been reported to affect AMP

expression. This could be an important element in the reduced

AMP expression seen in AD. More studies are needed to gain

insight into the effects of AD treatments on the antimicrobial

defense of the skin, and the relation to clinical outcome and dis-

ease severity. In particular, more studies of the immune-modulat-

ing treatments, used both topically and systemically, in relation to

AMP expression are needed. Future research will also reveal the

impact of genetic variations, as AD has been associated with single

nucleotide polymorphisms in the DEFB1 gene (113,114).

In conclusion, AMPs are crucial for maintaining healthy skin,

free of infections, and for mobilising sufficient immune response

upon pathogen invasion. In AD, there is evidence of reduced

expression of certain AMPs compared with psoriasis (16,115),

probably due to the cytokine milieu of AD as well as the bacterial

flora of the skin, which both play a role in modulating the AMP

response. More studies on AMPs ‘the body’s own antibiotics’

might lead to the development of new therapeutic approaches in

the treatment and prevention of skin infections (116,117).
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Supplementary material:
In Vivo Expression of Antimicrobial Peptides in Atopic Dermatitis

S1: AMPs - Their localization, concentration and antimicrobial function

AMP Cellular source Epidermal location Tissue concentration Antimicrobial potency Reference

hBD-1 Keratinocytes
Monocytes
Dendritic cells

Malpighian layer/suprabasal
layers and stratum corneum.
Sweat ducts
Sebaceous glands

nd S. aureus: LD50 6.5g/ml
E. coli: LD50 30g/ml
C. albicans: MFC 7M

(34,118–
123)

hBD-2 Keratinocytes
Monocytes

Malpighian layer/suprabasal
layers and stratum corneum.

10-50g /g psoriatic
skin

S. aureus: bacteriostatic at 100
g/ml.
S.aureus: LD90 10g/ml
S. epidermidis: nd
E. coli: LD90 10-20 g/ml
C. albicans: LD90 25g/ml

(34,38,55,11
9,121–
125,101)

hBD-3 Keratinocytes Cornified layers 15g / 112 g SC S. aureus: LD90 10 g/ml
S. aureus: LD50 0.2-1.6 g/ml
S. aureus: bacteriocidal 4-8
g/ml
S. epidermidis: LD90 70 g/ml
S. epidermidis: LD50 0.4 g/ml
E. coli: LD90 6 g/ml
E. coli: LD50 0.1 g/ml
C. albicans:  LD90 17 g/ml

(34,37,122,1
23,126–129)

LL-37 Keratinocytes
Neutrophils
Monocytes
Lymphocytes
Mast cells

Basal and suprabasal layers.
Stratum corneum.

304 M in psoriatic
skin

S. aureus: LD90 >5 g/ml
S. epidermidis: LD90 5 g/ml
E. coli: LD90 2.5 g/ml
S. pyogenes: LD90 2.5 g/ml

(34,55,118,1
26,130,131)

RNase7 Keratinocytes nd 200-300 g/ 50g SC
4-8 g/g SC

S. aureus: LD90 0.5-1 M
C. albicans: LD90 1 M
E. coli: LD90 0.5 M

(64,125)

Psoriasin Keratinocytes Malpighian epidermal
layers

5-20 ng/cm2

1-20 ng/ml
S. aureus: LD90 >100 g/ml
C. albicans: LD90 25 g/ml
(bovine psoriasin)
E. coli: LD90 25g/ml

(59,61,125,1
32,133)

Dermcidin Eccrine sweat
glands, not
keratinocytes

Secretory coils of eccrine
sweat glands

1.25 g/ml sweat S. aureus: LD90 1 -10 g/ml
C. albicans: LD90 1-10 g/ml
S. epidermidis: LD90 10g/ml
E. coli: LD90 45-85 g/ml

(21,67,68,12
6,134,135)

Elafin Keratinocytes Stratum spinosum and
granulosum

nd S. aureus: LD50 25 M
E. coli: No effect

(136–138)

Adreno-
medullin

Keratinocytes Stratum basale and
spinosum

nd S. aureus: MBC 25 g/ml
C. albicans: No effect

(118,139–
141)

Lysozyme Keratinocytes
Neutrophils
Monocytes
Macrophages

Upper epidermal layers 60 -120 g/ g wet skin
5ng/cm2 skin surface

S. aureus: ED50 2.6 g/ml (34,118,142
–144)

hBD-4 Not yet detected
in human skin

nd nd S. aureus: MIC > 100 g/ml
E. coli: MIC > 100 g/ml

(125,145)

nd: not determined, LD50: Lethal dose killing 50% of bacteria, LD90: Lethal dose killing 90% of bacteria, ED50: dose thatinhibited 50% growth of bacteria, MBC: minimal bactericidal concentration, MIC: minimal inhibitory concentration.



S2: Important publications on AMP in AD (methodology, participants and AMPs analysed)

Skin sampling
method

Participants Detection method Detection AMP Group

Biopsies 10 AD ls
10 PV ls
6 HC

RT-PCR (n=10)
Gene-array (n=6)
IHC staining (n=6)

Protein
mRNA
Gene

hBD-1, 2, 3 Nomura
2003

Biopsies 6 AD ls
6 PV ls
6 HV

RT-PCR mRNA hBD-2
LL-37

Howell
2005

Biopsies 7 AD nls
7 HC

RT PCR
Western blot
IHC staining

Protein
mRNA

hBD-2
LL-37

Goo
2010

Biopsies
Purified
epidermal cells

16 AD chr ls
20 PV chr ls
11 HC

RT-PCR (n=6)
Microarray
IHC staining (n=10)

protein
mRNA
gene

hBD-1, 2, 3 De Jong
2005

Biopsies 42 AD chr ls
35 PV chr ls
18 HC

RT-PCR mRNA hBD-1, 2, 3
LL-37
RNase7
Psoriasin

Gambichler
2008

Biopsies 10 AD ls
10 ADEH  ls

RT-PCR mRNA LL-37 Howell
2006

Biopsies 8 AD ls
11 PV  ls
6 HC

RT-PCR
Western blot
IHC staining

mRNA
protein

hBD-2
LL-37

Ong
2002

Washing fluid
Biopsies (n=4)

24 AD crh ls+nls
14 AD acu ls+nls
8 PV ls+nls
34 HC

ELISA
IHC staining

Protein hBD-2, -3
RNase7
Psoriasin

Harder
2010

Washing fluid
Biopsies

12 AD  ls+nls
12 HC

ELISA
IHC staining (n=2)

Protein Psoriasin Gläser
2009

Tape-stripping 100 AD  ls+nls
76 HC
15 PV ls+nls

Western blot Protein hBD-2 Asano
2002

Tape-strips 25 AD
11 HC

ELISA Protein hBD-2 Clausen
2013

Biopsies 21 AD ls+nls
26 PV ls+nls
25 HC

RT-PCR mRNA hBD-2, 3
LL-37

Hata
2010

Biopsies 7 IAD + EAD ls
8 PV ls
6 HC

RT-PCR mRNA hBD-3 Howell
2006

Biopsies
(treatment)

12 AD
12 HC

RT-PCR mRNA hBD-1, 2, 3
LL-37

Gambichler
2006

Biopsies 20 AD ls+nls
10 HC

RT-PCR mRNA LL-37 Ballardini
2009

Biopsies 6 AD  nls
6 PV  nls
25 HC

RT-PCR
IHC staining

mRNA hBD-2, 3
LL-37
Psoriasin

De Koning
2011

Biopsies 14 AD  ls+nls
28 PV  ls+nls
4 HC

RT-PCR
Western blot

mRNA
protein

LL-37 Mallbris
2010

Biopsies

(Treatment)

15 AD ls Micro-array
IHC staining

Protein
mRNA

hBD-2, 3
LL-37
RNase7
Psoriasin

Jensen
2011

Biopsies
(treatment)

3 AD ls RT-PCR
Western blot

mRNA
protein

hBD-2
LL-37

Park
2010

Sweat 17 AD
17 HC

ELISA Protein Dermcidin Rieg
2005

AD: Atopic dermatitis, PV: psoriasis vulgaris, HC: healthy controls, chr: chronic, acu: acute, ls: lesional skin, nls: non lesional
skin, RT-PCR: Real time polymerase chain reaction; IHC: Immunohistochemical
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