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Abstract
Background: The high susceptibility of AD patients to microbial skin infections has 
been attributed to a deficient antimicrobial peptide (AMP) expression, which is con-
tradicted by a growing amount of recent studies clearly demonstrating that AMP 
expression is not impaired in lesional skin of AD patients. The reasons for the high 
susceptibility of AD patients to microbial infections are still unknown.
Methods: The influence of self- DNA on the antimicrobial activity of RNase 7, LL- 37, 
and hBD2 has been investigated using antibacterial and antiviral assays. The amount 
of self- DNA on skin has been analyzed by skin rinsings and subsequent quantification 
using dsDNA assays. DNA source was identified by qPCR.
Results: Complex formation of the AMPs with self- DNA significantly impaired their 
antibacterial activity against Staphylococcus aureus and their antiviral activity against 
HSV- 1. The inhibition of the antibacterial activity was dependent on the DNA concen-
tration but not on the length of the DNA molecules. Of note, we detected significant 
higher amounts of cell- free self- DNA in skin rinses taken from lesional AD skin com-
pared to skin rinses from non- lesional skin and from normal skin of healthy donors. 
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1  |  INTRODUC TION

Atopic dermatitis (AD) is a common chronic inflammatory skin dis-
ease with a complex pathogenesis, which is mainly characterized by 
a disturbed skin barrier and an imbalance of the skin immune system. 
These conditions favor the microbial colonization of the skin, partic-
ularly with Staphylococcus aureus (S. aureus).1 More than 90% of AD 
patients show colonization with S. aureus in lesional skin with simul-
taneous decrease in skin microbiome diversity.1,2 S. aureus plays an 
important role in the pathogenesis of AD.3- 6 The severity of the skin 
disease correlates with bacterial load and the expression of S. aureus 
virulence factors. Besides bacterial burden, up to 10% of AD patients 
suffer from viral infections, mainly with herpes simplex virus type 
1 (HSV- 1) which may result in extensive cutaneous manifestations, 
a condition called Eczema herpeticum (EH).7 EH may lead to severe 
complications like keratoconjunctivitis, meningitis, encephalitis, or 

secondary bacterial sepsis. An infection with S. aureus predisposes 
AD patients to EH.8,9

Antimicrobial peptides and proteins (AMPs) show a broad spec-
trum of antimicrobial activity against bacteria, viruses, fungi, and 
protozoa. AMPs are highly cationic small endogenous proteins and 
peptides which range between only 5 to up to 100 amino acids in 
size.10 They are ubiquitously expressed in nature and several have 
been identified in humans.11 The AMPs of the human skin, like 
RNase 7, LL- 37, and human beta- defensin 2 (hBD2), play an essential 
role in the innate immune response against invading pathogens.12- 16 
The cationic charge of these AMPs is considered crucial for their an-
tibacterial action.17 In addition to their direct antibacterial activity, 
many AMPs have also been described to exhibit immuno- regulatory 
functions that play an important role in antimicrobial defense. One 
function of several skin- associated AMPs is to enable keratinocytes 
and immune cells to sense extracellular self- DNA. The cationic 

Consequently, rinse solution from AD lesional skin prevented antibacterial activity of 
LL- 37.
Conclusion: Our study indicates that extracellular self- DNA is released in consider-
able amounts in AD skin lesions and AMP- self- DNA- complex formation leads to a 
significant loss of antibacterial and antiviral activity in atopic dermatitis. Studies on 
strategies to reduce the amount of extracellular DNA in AD are needed to identify 
possible methods relevant in clinical settings.

K E Y W O R D S
antimicrobial peptides, atopic dermatitis, DNA, HSV- 1, Staphylococcus aureus

G R A P H I C A L  A B S T R A C T
AMP- DNA complex formation impairs antimicrobial activities of AMPs. Inhibitory effect of DNA depends on the amount of DNA not on the 
length of the molecule. Analyses from skin rinses reveal a significantly higher amount of free self- DNA in lesional AD skin compared to non- 
lesional or healthy skin.
Abbreviations: AD, atopic dermatitis; AMP, antimicrobial peptide
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AMPs form complexes with negatively charged DNA molecules, 
mediate the uptake by immune cells and keratinocytes18 and trigger 
activation of DNA sensing receptors.19,20 For the first time, these 
complex formations and its impact on the immune system have been 
described in 2007 by Lande et al. using atomic force microscopy.21 
Subsequently, other studies showed the same effect on other AMPs, 
including a study on RNase 7.22,23 In a study from Schmidt et al. 2015, 
they combined several techniques to demonstrate the activation of 
the immune response by the AMP- DNA complex formation.24

A deficiency of AMP expression has long been assumed to 
contribute to the high susceptibility of AD patients to microbial in-
fections. However, recent studies demonstrate that AMP expres-
sion is enhanced and not decreased in lesional skin of AD patients 
compared to healthy skin.25- 27 Thus, the mechanism of enhanced 
susceptibility to S. aureus colonization has remained unclear. We 
hypothesized that self- DNA may decrease the antimicrobial effects 
of cationic AMPs, and therefore investigated the impact of cell- free 
DNA on the function of keratinocyte- derived AMPs. Furthermore, 
we determined the amount of extracellular self- DNA in lesional skin 
of AD patients. Our study demonstrates for the first time that AD 
skin lesions contain a high amount of extracellular self- DNA, and 
that the complex formation of AMPs with self- DNA significantly re-
duces their antibacterial and antiviral potency in AD.

2  |  MATERIAL S AND METHODS

2.1  |  Study design

After initiation, the skin from AD patients and healthy volunteers was 
rinsed to determine the DNA concentration. In addition, the impact of 
free self- DNA on the antimicrobial activity of keratinocyte- derived cat-
ionic AMPs was investigated. Data inclusion/exclusion criteria: All pa-
tients with a clinical diagnosis of moderate- to- severe AD with obvious 
lesions and no other chronic cutaneous comorbidity (eg, Psoriasis) and 
no acute indication of superinfection were included. Patients did not 
undergo treatment immediately prior to rinsing. For antibacterial as-
says: Experiments which resulted in an AMP- mediated killing efficiency 
of less than 20% have been excluded from analysis. For antiviral assays: 
Experiments with an infection rate below 20% or a LL- 37- mediated kill-
ing efficiency of less than 3% were excluded from analysis.

2.2  |  Antimicrobial peptides and reagents

The origin of the AMPs and the used reagents are described in the 
supplement.

2.3  |  Isolation of human genomic keratinocyte 
DNA (self- DNA)

The isolation of DNA is described in the supplement.

2.4  |  Antibacterial assay

The antibacterial assay was carried out with 
Staphylococcus aureus (ATCC 29213, type 17) as described in the 
supplement.

2.5  |  Antiviral assay with Herpes Simplex Virus 
type 1

HSV- 1- GFP was prepared as recently described.28 For details refer 
to the supplement.

2.6  |  Skin rinsing

Skin rinses were collected from 32 volunteers (controls n = 10, 
patients n = 22 (mean SCORAD 44.56)). The diagnosis of AD was 
confirmed by the diagnostic criteria of AD defined by Hanifin and 
Rajka.29 For details refer to the supplement.

2.7  |  Quantification of dsDNA

For details refer to the supplement
Analysis of skin- derived DNA from skin rinsings by PCR and 

qPCR. Human DNA abundance was measured by qPCR as previously 
described.30 For details refer to the supplement.

2.8  |  Statistics

Averages of the samples are presented as mean or median. Statistical 
analysis was performed with GraphPad Prism software version 8 
(GraphPad software, Inc., La Jolla, CA, USA). Gaussian distribution 
was verified using Anderson- Darling test, D’Agostino- Pearson om-
nibus normality test, Shapiro- Wilk normality test, and Kolmogorov- 
Smirnov normality test with Dallal- Wilkinson- Lillie for p value. For 
statistical evaluation of Gaussian distributed data, the paired t test 
and RM ANOVA were used. For asymmetrically distributed data, the 
Wilcoxon signed- rank test, the Mann- Whitney test, or the Friedman 
test with Dunn's Multiple Comparison were used. p- value below .05 
was regarded as significant. Two- sided testing was used with p < .05 
is depicted with *, p < .01 with **, p < .001 with ***, and p < .0001 
with ****.

2.9  |  Study approval

The study was approved by the ethics committee of the Hannover 
medical school and all study participants gave written informed con-
sent prior to inclusion in the study. Study participants received no 
stipend.
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3  |  RESULTS

3.1  |  Complex formation with self- DNA attenuates 
antibacterial activity of AMPs

To investigate if the interaction of AMPs with DNA influences the 
antibacterial activity of the skin- derived AMPs LL- 37, RNase 7, 
and hBD2, a colony- forming units (CFU) assay with S. aureus was 
performed. S. aureus were incubated with AMPs at a concentra-
tion known to cause significant bacterial killing in the presence 
or absence of cell- free DNA for 1 hr. Bacteria were then cultured 
overnight on blood agar plates and AMP- mediated killing was as-
sessed by counting CFUs of surviving bacteria. The results show 
a significant loss of antibacterial activity in the presence of DNA 
compared to AMP effects in the absence of DNA (Figure 1A– C). 
A potential effect of the AMP solvent and self- DNA alone on the 
antibacterial activity was excluded by control experiments (data 
not shown).

3.2  |  Abrogation of antibacterial activity by DNA is 
dose- dependent but independent of the length of the 
DNA molecules

To study if decreased antibacterial activity depends on the amount 
of applied DNA, dose- response studies for hBD2, for LL- 37, and for 
RNase 7 were conducted. Bacteria were incubated with LL- 37, hBD2, 
or RNase 7 complexed with increasing concentrations of self- DNA 
and subsequently analyzed for the number of surviving bacteria. 

The inhibition of AMP- mediated antibacterial activity was clearly de-
pendent on the concentration of self- DNA. A complete inhibition of 
the LL- 37 function was achieved at a DNA concentration of 5 µg/ml 
(Figure 2A). For hBD2, a lower DNA concentration of 2 µg/ml was 
already sufficient for a complete inhibition whereas a comparatively 
high DNA concentration (15 µg/ml) was necessary to completely 
inhibit the function of RNase 7 (data not shown). In multicellular or-
ganisms, several nucleases rapidly degrade self- DNA released during 
necrosis.31,32 To investigate the effect of short DNA fragments on 
AMP activity, we repeated the experiment replacing self- DNA with 
small hexamer primer sequences and, again, observed decreased kill-
ing in the presence of DNA (Figure 2B). These results suggest that the 
rate of inhibition of the LL- 37 activity depended on the amount of 
DNA available but not on the length of the DNA molecules.

3.3  |  Free self- DNA influences antiviral activity of 
LL- 37

To investigate if the presence of self- DNA also restricts the 
well- described antiviral activity of LL- 37,16,33 keratinocytes 
were infected with a HSV- 1 strain that expresses GFP as a re-
porter in the presence of LL- 37 alone or in complex with self- 
DNA. The number of infected keratinocytes was then measured 
by flow cytometry. In accordance with the literature,34,35 a sig-
nificant reduction of HSV- 1- GFP infected cells was observed in 
the presence of LL- 37 alone. However, in contrast, LL- 37 com-
plexed with self- DNA exhibited significantly impaired antiviral 
activity (Figure 3).

F I G U R E  1  Complex formation with self- DNA attenuates antibacterial activity of AMPs. S. aureus (S. a.) cells (approximately 1 × 104 CFU/
ml) were incubated for 1 h at 37℃ in Na2HPO4/ NaH2PO4 buffer alone (control) or supplemented with (A) LL- 37 0.1 µM, (B) R7 0.5 µM, 
(C) hBD2 0.5 µM or with the respective AMP- DNA- complex. LL- 37 and hBD2 were mixed with 5 µg/ml self- DNA each (A and C). R7 was 
mixed with 15 µg/ml self- DNA (B). Self- DNA and the respective AMP were pre- incubated for 10 minutes prior to stimulation. The CFUs 
were quantified on blood agar plates at 37℃. Statistical significance was tested using paired t test ((A) and (B) n = 8, respectively, (C) n = 6). 
*p < .05; **p < .01; ***p < .001; ****p < .0001
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3.4  |  Released self- DNA is elevated in lesional 
skin of patients with atopic dermatitis

AD is characterized by strong pruritus, xerosis, eczematous le-
sions, and lichenification.36 We suspected that under these con-
ditions enhanced amounts of self- DNA are released by necrotic 
cells following skin injury caused by scratching. Therefore, we in-
vestigated the concentration of extracellular DNA present in skin 
rinses taken from lesional and non- lesional skin of AD patients 
compared with healthy skin. We applied two different DNA quan-
tification methods and detected significantly higher amounts of 
extracellular dsDNA in rinses taken from lesional AD skin when 
compared to non- lesional AD skin or healthy skin (Figure 4A, B). 
Interestingly, rinses taken from lesional psoriatic skin contained 
considerably less extracellular dsDNA when compared to rinses 
taken from lesional AD skin (median 0.01 µg/ml [range: 0.0 –  
0.068 µg/ml] vs median 0.04 µg/ml [range: 0.0– 4.46 µg/ml]). The 
lesional skin of AD patients is usually colonized with S. aureus. 

S aureus has recently been shown to produce biofilms on AD skin 
of which bacterial DNA is an integral part.37- 39 Therefore, to dis-
criminate between human and bacterial DNA, qPCR was applied 
using primers and protocols to specifically quantify human DNA30 
or bacterial DNA40 in two selected rinses from lesional AD skin. 
Human DNA could be quantified in those samples as correspond-
ing to 0.148 ± 0.024 µg/ml (mean ± s.d.) and 0.0127 ± 0.0002 µg/
ml, respectively, whereas bacterial DNA was below the detection 
limit of 0.001 µg/ml. These data therefore indicate the presence 
of increased levels of cell- free human DNA on lesional AD skin. Of 
note, no RNA could be detected in the skin rinses.

3.5  |  Rinse solution from AD lesional skin prevents 
antibacterial activity of LL- 37

To test for a potential biological impact, we determined if the amount 
of DNA in the rinse solutions collected from lesional skin impaired 

F I G U R E  2  Abrogation of antibacterial activity by DNA is dose- dependent but independent of the length of the DNA molecule. S. aureus 
(S. a.) cells in Na2HPO4/ NaH2PO4 buffer (approximately 1x104 CFU/ml) were incubated (A) without treatment (control), with LL- 37 alone 
(0.1 µM), or with LL- 37 mixed with decreasing concentrations of DNA for 1 h at 37℃ (n = 9) and (B) without treatment (control), with LL- 37 
alone (0.01 µM), or with LL- 37 mixed with 5 µg/ml of DNA hexamer primer (LL- 37+Pri), (n = 4). Nucleic acids and the respective AMP were 
pre- incubated for 10 minutes prior to stimulation. Data of (A) were statistically analyzed using Friedman test followed by Dunn's multiple 
comparison test. Bars indicate the median values. *p < .05; **p < .01, ***p < .001
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F I G U R E  3  Free self- DNA influences antiviral activity of LL- 37. (A) Keratinocytes were infected with HSV- 1- GFP (MOI 0.025) and 
incubated without treatment (control), supplemented with LL- 37 alone (0.5 µM), or LL- 37 (0.5 µM) plus self- DNA (5 µg/ml) for 24 h. LL- 37 
and self- DNA were pre- incubated for 10 minutes prior to infection. The number of infected keratinocytes was analyzed by flow cytometry 
analysis (n = 8). B) A representative experiment out of eight experiments is presented. HSV- 1, herpes simplex virus 1; Auto, autofluorescence 
cell control before infection. Data were statistically analyzed using RM ANOVA. *p < .05; **p < .01; ***p < .001, ****p < .0001
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F I G U R E  4  Released self- DNA is elevated in lesional skin of patients with atopic dermatitis. Skin areas (HS =healthy skin (n = 10), 
LS =lesional skin, NLS =non- lesional skin (n = 22, respectively)) were flushed with 1 ml of Ampuwa water for 2 minutes. The DNA 
concentration in rinse solutions was quantified by (A) Picogreen assay or (B) Qubit assay. Data were statistically analyzed using Mann- 
Whitney test and Wilcoxon matched- pairs signed rank test. Bars indicate the median values. *p < .05; **p < .01; ***p < .001; ****p < .0001



    |  3151KOPFNAGEL Et AL.

the antimicrobial activity of AMPs. S. aureus bacteria were incubated 
for one hour with rinse solutions (containing DNA concentrations 
ranging between 0.03 µg/ml and 4.46 µg/ml) taken from lesional 
AD skin or healthy skin (see Figure 4B), alone or supplemented with 
LL- 37. The antibacterial activity of LL- 37 was then evaluated by 
measuring CFUs of the surviving bacteria. The results show that the 
antibacterial activity of LL- 37 was reduced when combined with skin 
rinses from AD lesional skin when compared to combination with 
skin rinses from healthy skin (Figure 5). These data indicate a bio-
logical consequence of the DNA detected on the skin of AD patients 
with regard to the antimicrobial activity of AMPs.

4  |  DISCUSSION

The skin of AD patients is characterized by a high susceptibility to-
ward infections caused by S. aureus and other infectious threats such 
as HSV- 1 and Malassezia spp.8,41 Previous work suggested that an 
impaired expression of AMPs in AD may contribute to an impaired 
growth control of S. aureus on the skin.42 However, there is increasing 
evidence that AMPs are induced in lesional AD skin.25,27,43,44 Recent 

studies show that several skin- derived cationic AMPs such as LL- 37, 
hBD2, hBD3, and RNase 7 bind extracellular self- DNA and medi-
ate sensing of normally non- immunogenic self- DNA by intracellular 
DNA receptors, resulting in an inflammatory immune response.21- 23 
This mechanism is most likely important for the antiviral immune re-
sponses in the skin, and the pathogenesis of psoriasis. However, its 
role on the antimicrobial activity of cationic AMPs in inflammatory 
skin diseases has not yet been investigated.

The aim of this study was to investigate the hypothesis that 
DNA released by damaged cells in the AD environment may inhibit 
the antimicrobial activity of AMPs. We provide the first evidence 
that elevated concentrations of cell- free self- DNA, which results in 
a reduction of the antimicrobial functions of skin- derived cationic 
AMPs. In particular, LL- 37, RNase 7, and hBD2, which all possess a 
broad spectrum of antibacterial properties,12,45- 47 were inhibited by 
DNA. We used concentrations of S. aureus, which were in the range 
of published concentration for human skin in lesional atopic dermati-
tis.48,49 In our experimental setup, LL- 37 showed the strongest killing 
activity against S. aureus.

AD is a skin disease characterized by an intense pruritus. 
Scratching of the skin results in the destruction of cells and the sub-
sequent release of cell content, including self- DNA, into the extra-
cellular environment. In addition, in inflammatory skin conditions, 
necrotic cells release self- DNA. In our comparative experiments, we 
detected significantly higher concentrations of extracellular DNA in 
skin rinses taken from lesional AD skin compared to non- lesional AD 
skin or healthy skin. Of note, since lesional AD skin is usually dry 
with scarce appearance of water,50 we believe the extracellular DNA 
extracted by rinsing may have undergone up to 100- fold dilution in 
the rinse solution (1000 µl). Therefore, the mean DNA concentra-
tion (median 0.042 µg/ml) detected in rinses taken from lesional AD 
skin comply with the DNA concentration used in the experiments. 
Furthermore, rinses taken from AD lesional skin reduce the antimi-
crobial activity of additionally applied LL- 37. Given that the detected 
self- DNA is free of bound substances (eg, AMPs),22 this provides 
evidence that the increased amounts of extracellular self- DNA pres-
ent in the rinses of AD skin could be of biological relevance, as the 
antimicrobial activity of the enhanced AMP levels in AD skin51 has 
already been neutralized by the DNA in the rinses, and even the ap-
plication of additional LL- 37 did not restore the antibacterial activity 
of the solution. The analysis of the level of antimicrobial peptides 
was not included here, as there are already studies available, which 
clearly show elevated AMP levels in AD lesional skin.25- 27 This needs 
to be addressed in follow- up studies.

With regard to the inhibition of the antimicrobial activity of cat-
ionic AMP on AD skin, Weiner et al. have previously reported that 
DNA from human placenta inhibits the antibacterial activity of LL- 
37against Pseudomonas aeruginosa.52 Here, we show that this phe-
nomenon is not restricted to LL- 37, to gram- negative bacteria, or to 
the inhibition of the antibacterial activity. The inhibitory effect of 
self- DNA was demonstrated for each of the used cationic AMPs and 
seems to be independent of structural differences of the respec-
tive AMP. As electrostatic charges between the positively charged 

F I G U R E  5  Rinse solution from AD lesional skin prevents 
antibacterial activity of LL- 37. S. aureus (S. a.) cells were suspended 
in Na2HPO4/ NaH2PO4 buffer (104 CFU/ml) and further diluted 
1:10 in the respective rinse solution (control) (HS =healthy skin 
(n = 10), LS =lesional skin (n = 9)). Where indicated, LL- 37 (0.1 µM) 
was added and the solution was incubated for 1 h at 37℃. CFUs 
remaining were quantified on blood agar plates and compared to 
those remaining in controls. Data were statistically analyzed using 
Wilcoxon matched- pairs signed- rank test and Mann- Whitney test. 
*p < .05; **p < .01
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AMP and the negatively charged DNA mediate the formation of 
the AMP- DNA complex, which has been demonstrated by several 
studies using different techniques,21,22,24 we hypothesize that this 
DNA- mediated inhibition of the antimicrobial activity is restricted 
to cationic AMPs.53

The DNA neutralizes the positive charges of the AMP, and ster-
ically prevents the AMPs from binding to the microorganisms. This 
is in line with our finding that the abrogation of the antibacterial 
activity depends on the quantity of available DNA. Of note, small 
DNA fragments, such as hexamers, also mediated a strong reduction 
of the antibacterial activity of LL- 37 if available in sufficient quan-
tities. This indicates, that treatment of the DNA, for example, by 
DNases, would not prevent inhibition of the antimicrobial activity of 
AMPs by DNA. To inhibit the antibacterial activity of RNase 7 more 
DNA was necessary compared to LL- 37 and hBD2, which has been 
shown by dose- response studies. It is possible that due to the higher 
mass of the RNase 7 peptide (R7 = 14.5 kDa,12 LL- 37 = 4.5 kDa,54 
hBD2 = 4.3 kDa55), more DNA was necessary to cover most of the 
positive residues of RNase 7 which drive the interaction with the neg-
ative charge of the DNA backbone.21,56- 58 Therefore, it seems that a 
threshold concentration of DNA has to be exceeded to inhibit the 
antibacterial activity of each AMP.

Our results also suggest that the DNA- mediated inhibition of LL- 
37’s antiviral activity and possibly that of other AMPs, may contrib-
ute to the enhanced susceptibility of individuals with AD to infections 
by HSV- 1.8 Although some AMPs, like LL- 37 and human defensins, 
exhibit direct antiviral activities, their mechanism of action is not 
yet fully understood. It has been reported that human defensins 
inhibit viral binding or internalization into cells, hinder replication 
of HSV gene expression or prevent escape of HPV from endocytic 
vesicles.59 LL- 37 exhibits significant antiviral properties against HSV- 
1,34 Vaccinia virus (VV),60 and human immunodeficiency virus (HIV)- 
1.61 Although these studies coincide in their results, the underlying 
mechanism of antiviral action differed. Whereas LL- 37 inhibited HIV- 
1 replication,61 its activity against VV has been attributed to disrupt-
ing the viral envelope.61- 63 In our setup, a pre- incubation of LL- 37 
with self- DNA reduced its activity against HSV- 1, possibly also by 
neutralizing the positive charge of LL- 37 or sterically hindering its 
binding to HSV- 1. Further investigations need to investigate whether 
cell- free self- DNA will neutralize also the antiviral activity of LL- 37 
and other cationic AMPs against other viruses. A general deficiency 
in AMP expression has been considered to contribute to the high 
susceptibility of AD patients to S. aureus and other microbial infec-
tions including HSV- 1 and Malassezia spp.42 However, several recent 
studies have dismissed this hypothesis.51

5  |  CONCLUSIONS

In summary, our study provides evidence that the amount of ex-
tracellular self- DNA is elevated on the surface of AD lesions. The 
inhibition of host cationic AMP activity by released self- DNA may 
contribute to the high susceptibility of AD patients to S. aureus and 

HSV- 1 infections. Strategies to reduce the amount of extracellular 
DNA in AD may therefore improve the cutaneous antimicrobial 
barrier.

ACKNOWLEDG EMENTS
Author Contributions: VK and TW: Conceptualization. VK and SD: 
Formal analysis TW, JH, and BS: Funding acquisition. SD, DP, and JZ: 
Investigation. VK, SD, DP, AB, BS, FR, and JH: Methodology. VK, SD, 
and TW: Project administration. TW, AB, BS, FR, and JH: Resources. 
TW and BS: Supervision. VK and SD: Visualization and Writing origi-
nal draft. VK, SD, JZ, DP, AB, BS, FR, JH, and TW: Writing— review 
and editing.

CONFLIC T OF INTERE S T
VK has nothing to disclose. SD has nothing to disclose. JZ has noth-
ing to disclose. DHP has nothing to disclose. AB has nothing to 
disclose. BS has nothing to disclose. FR has nothing to disclose. JH 
has nothing to disclose. TW reports grants and personal fees from 
Novartis, personal fees from Sanofi, grants and personal fees from 
Lilly, grants and personal fees from LEO, grants from Pfizer, grants 
from Galderma, grants and personal fees from AbbVie, outside the 
submitted work. The authors thank Dr. Michael Kleine and Karsten 
Hofmann from Planton GmbH in Kiel for providing recombinant 
hBD2 peptide for Figure 1C. We also thank MUDR. Michal Sapak, 
PhD and Paulina Syryca from the clinical team of the Dept. for 
Dermatology, Allergology, and Venerology at the Hannover Medical 
School for their support in collecting patient- derived samples. In ad-
dition, we thank Miriam Wittmann and her colleague Tom Macleod 
(University of Leeds, Leeds, United Kingdom) for discussing the 
manuscript. In addition, we thank Ilona Klug for excellent technical 
support.

DATA AVAIL ABILIT Y S TATEMENT
All data associated with this study are available in the main text or 
the supplementary materials.

ORCID
Verena Kopfnagel  https://orcid.org/0000-0002-2060-5643 
Sylvia Dreyer  https://orcid.org/0000-0002-7403-9755 

R E FE R E N C E S
 1. Kong HDH, Oh J, Deming C, et al. Temporal shifts in the skin micro-

biome associated with disease flares and treatment in children with 
atopic dermatitis. Genome Res. 2012;22(5):850- 859.

 2. Brussow H. Turning the inside out: the microbiology of atopic der-
matitis. Environ Microbiol. 2016;18(7):2089- 2102.

 3. Langer K, Breuer K, Kapp A, Werfel T. Staphylococcus aureus- 
derived enterotoxins enhance house dust mite- induced 
patch test reactions in atopic dermatitis. Exp Dermatol. 
2007;16(2):124- 129.

 4. Niebuhr M, Mainardy J, Heratizadeh A, Satzger I, Werfel T. 
Staphylococcal Exotoxins Induce Interleukin 22 in Human Th22 
Cells. Int Arch Allergy Immunol. 2014;165(1):35- 39.

 5. Mrabet- Dahbi S, Breuer K, Klotz M, et al. Deficiency in immuno-
globulin G2 antibodies against staphylococcal enterotoxin C1 

 Open access funding enabled and organized by Project  
DEAL.  

https://orcid.org/0000-0002-2060-5643
https://orcid.org/0000-0002-2060-5643
https://orcid.org/0000-0002-7403-9755
https://orcid.org/0000-0002-7403-9755


    |  3153KOPFNAGEL Et AL.

defines a subgroup of patients with atopic dermatitis. Clin Exp 
Allergy. 2005;35(3):274- 281.

 6. de Wit J, Totte JEE, van Buchem FJM, Pasmans S. The prevalence 
of antibody responses against Staphylococcus aureus antigens 
in patients with atopic dermatitis: a systematic review and meta- 
analysis. Br J Dermatol. 2018;178(6):1263- 1271.

 7. Hinz T, Zaccaro D, Byron M, et al. Atopic dermo- respiratory 
syndrome is a correlate of eczema herpeticum. Allergy. 
2011;66(7):925- 933.

 8. Saintive S, Abad E, Ferreira DD, et al. What is the role of 
Staphylococcus aureus and herpes virus infections in the pathogen-
esis of atopic dermatitis? Future Microbiol. 2017;12(14):1327- 1334.

 9. Beck LA, Boguniewicz M, Hata T, et al. Phenotype of atopic derma-
titis subjects with a history of eczema herpeticum. Journal of Allergy 
and Clinical Immunology. 2009;124(2):260- 269.

 10. Ahmed TAE, Hammami R. Recent insights into structure- function 
relationships of antimicrobial peptides. J Food Biochem. 2019;43(1).

 11. Ageitos JM, Sanchez- Perez A, Calo- Mata P, Villa TG. Antimicrobial 
peptides (AMPs): Ancient compounds that represent novel weapons 
in the fight against bacteria. Biochem Pharmacol. 2017;133:117- 138.

 12. Harder J, Schroder JM. RNase 7, a novel innate immune de-
fense antimicrobial protein of healthy human skin. J Biol Chem. 
2002;277(48):46779- 46784.

 13. Braff MH, Gallo RL. Antimicrobial peptides: An essential component 
of the skin defensive barrier. Anti Pept Human Dis. 2006;306:91- 110.

 14. Schauber J, Gallo RL. Antimicrobial peptides and the skin im-
mune defense system (Reprinted from J Allergy Clin Immunol vol 
122, pg 261– 6, 2008). Journal of Allergy and Clinical Immunology. 
2009;124(3):R13- R18.

 15. Rademacher F, Dreyer S, Kopfnagel V, Gläser R, Werfel T, Harder J. 
The antimicrobial and immunomodulatory function of RNase 7 in 
skin. Front Immunol. 2019;10:2553.

 16. Chessa C, Bodet C, Jousselin C, Wehbe M, Leveque N, Garcia M. 
Antiviral and immunomodulatory properties of antimicrobial pep-
tides produced by human keratinocytes. Front Microbiol. 2020;11.

 17. Sani MA, Separovic F. How membrane- active peptides get into lipid 
membranes. Acc Chem Res. 2016;49(6):1130- 1138.

 18. Kopfnagel V, Dreyer S, Baumert K, et al. RNase 7 promotes sensing 
of self- DNA by human keratinocytes and activates an antiviral im-
mune response. J Invest Dermatol. 2020;140(8):1589- 1598.

 19. Lande R, Chamilos G, Ganguly D, et al. Cationic antimicrobial pep-
tides in psoriatic skin cooperate to break innate tolerance to self- 
DNA. Eur J Immunol. 2015;45(1):203- 213.

 20. Chamilos G, Gregorio J, Meller S, et al. Cytosolic sensing of extra-
cellular self- DNA transported into monocytes by the antimicrobial 
peptide LL37. Blood. 2012;120(18):3699- 3707.

 21. Lande R, Gregorio J, Facchinetti V, et al. Plasmacytoid dendritic 
cells sense self- DNA coupled with antimicrobial peptide. Nature. 
2007;449(7162):564- U6.

 22. Kopfnagel V, Wagenknecht S, Harder J, et al. RNase 7 strongly 
promotes TLR9- mediated DNA sensing by human plasma-
cytoid dendritic cells. Journal of Investigative Dermatology. 
2018;138(4):872- 881.

 23. Tewary P, de la Rosa G, Sharma N, et al. beta- defensin 2 and 3 pro-
mote the uptake of self or CpG DNA, enhance IFN- alpha production 
by human plasmacytoid dendritic cells, and promote inflammation. 
Journal of Immunology. 2013;191(2):865- 874.

 24. Schmidt NW, Jin F, Lande R, et al. Liquid- crystalline ordering of an-
timicrobial peptide- DNA complexes controls TLR9 activation. Nat 
Mater. 2015;14(7):p. 696- +.

 25. Harder J, Dressel S, Wittersheim M, et al. Enhanced expression 
and secretion of antimicrobial peptides in atopic dermatitis and 
after superficial skin injury. Journal of Investigative Dermatology. 
2010;130(5):1355- 1364.

 26. Gambichler T, Skrygan M, Tomi NS, et al. Differential mRNA ex-
pression of antimicrobial peptides and proteins in atopic dermatitis 

as compared to psoriasis vulgaris and healthy skin. Int Arch Allergy 
Immunol. 2008;147(1):17- 24.

 27. Clausen ML, Slotved HC, Krogfelt KA, Agner T. Measurements of 
AMPs in stratum corneum of atopic dermatitis and healthy skin- 
tape stripping technique. Sci Rep. 2018;8.

 28. Grosche L, Döhner K, Düthorn A, Hickford- Martinez A, 
Steinkasserer A, Sodeik B. Herpes simplex virus type 1 prop-
agation, titration and single- step growth curves. Bio- protocol. 
2019;9(23):e3441.

 29. Hanifin JM, Rajka G. Diagnostic features of atopic- dermatitis. Acta 
Dermato- Venereologica. 1980;6:44- 47.

 30. Song PY, Xie ZH, Guo L, Wang CM, Xie WD, Wu YJ. Human 
genome- specific real- time PCR method for sensitive detection and 
reproducible quantitation of human cells in mice. Stem Cell Rev Rep. 
2012;8(4):1155- 1162.

 31. Koyama R, Arai T, Kijima M, et al. DNase, DNase I and caspase- 
activated DNase cooperate to degrade dead cells. Genes Cells. 
2016;21(11):1150- 1163.

 32. Fischer H, Scherz J, Szabo S, et al. DNase 2 is the 
main DNA- degrading enzyme of the stratum corneum. PLoS One. 
2011;6(3).

 33. Howell MD, Wollenberg A, Gallo RL, et al. Cathelicidin deficiency 
predisposes to eczema herpeticum. Journal of Allergy and Clinical 
Immunology. 2006;117(4):836- 841.

 34. Gordon YJ, Huang LC, Romanowski EG, Yates KA, Proske RJ, 
McDermott AM. Human cathelicidin (LL- 37), a multifunc-
tional peptide, is expressed by ocular surface epithelia and 
has potent antibacterial and antiviral activity. Curr Eye Res. 
2005;30(5):385- 394.

 35. Boas L, de Lima LMP, Migliolo L, et al. Linear antimicrobial pep-
tides with activity against herpes simplex virus 1 and aichi virus. 
Biopolymers. 2017;108(2).

 36. Weidinger S, Novak N. Atopic dermatitis. Lancet. 
2016;387(10023):1109- 1122.

 37. Izano EA, Amarante MA, Kher WB, Kaplan JB. Differential roles of 
poly- N- acetylglucosamine surface polysaccharide and extracellu-
lar DNA in Staphylococcus aureus and Staphylococcus epidermidis 
biofilms. Appl Environ Microbiol. 2008;74(2):470- 476.

 38. Rice KC, Mann EE, Endres JL, et al. The cidA murein hydro-
lase regulator contributes to DNA release and biofilm devel-
opment in Staphylococcus aureus. Proc Natl Acad Sci USA. 
2007;104(19):8113- 8118.

 39. Gonzalez T, Stevens ML, Kyzy AB, et al. Biofilm propensity ofStaph-
ylococcus aureusskin isolates is associated with increased atopic 
dermatitis severity and barrier dysfunction in the MPAACH pediat-
ric cohort. Allergy. 2021;76(1):302- 313.

 40. Rath S, Heidrich B, Pieper DH, Vital M. Uncovering the 
trimethylamine- producing bacteria of the human gut microbiota. 
Microbiome. 2017;5.

 41. Nowicka D, Nawrot U. Contribution of Malassezia spp. to the devel-
opment of atopic dermatitis. Mycoses. 2019;62(7):588- 596.

 42. Ong PY, Ohtake T, Brandt C, et al. Endogenous antimicrobial 
peptides and skin infections in atopic dermatitis. N Engl J Med. 
2002;347(15):1151- 1160.

 43. Kisich KO, Carspecken CW, Fieve S, Boguniewicz M, Leung DY. 
Defective killing of Staphylococcus aureus in atopic dermatitis is 
associated with reduced mobilization of human beta- defensin- 3. J 
Allergy Clin Immunol. 2008;122(1):62- 8.

 44. Ballardini N, Johansson C, Lilja G, et al. Enhanced expression of the 
antimicrobial peptide LL- 37 in lesional skin of adults with atopic ec-
zema. British J Dermatol. 2009;161(1):40- 7.

 45. Schroder JM, Harder J. Human beta- defensin- 2. Int J Biochem Cell 
Biol. 1999;31(6):645- 651.

 46. Durr UHN, Sudheendra US, Ramamoorthy A. LL- 37, the only human 
member of the cathelicidin family of antimicrobial peptides. Biochim 
Et Biophys Acta- Bio. 2006;1758(9):1408- 1425.



3154  |    KOPFNAGEL Et AL.

 47. Marcinkiewicz M, Majewski S. The role of antimicrobial peptides 
in chronic inflammatory skin diseases. Postepy Dermatol Alergol. 
2016;33(1):6- 12.

 48. Matsui K, Nishikawa A, Suto H, Tsuboi R, Ogawa H. Comparative 
study of Staphylococcus aureus isolated from lesional and non- 
lesional skin of atopic dermatitis patients. Microbiol Immunol. 
2000;44(11):945- 947.

 49. Leyden JJ, Marples RR, Kligman AM. Staphylococcus- aureus in le-
sions of atopic- dermatitis. Br J Dermatol. 1974;90(5):525- 530.

 50. Werner Y. The water- content of the stratum- corneum in patients 
with atopic- dermatitis -  measurement with the corneometer CM- 
420. Acta Dermato- Venereologica. 1986;66(4):281- 284.

 51. Kopfnagel V, Harder J, Werfel T. Expression of antimicrobial pep-
tides in atopic dermatitis and possible immunoregulatory functions. 
Curr Opin Allergy Clin Immunol. 2013;13(5):531- 6.

 52. Weiner DJ, Bucki R, Janmey PA. The antimicrobial activity of the 
cathelicidin LL37 is inhibited by F- actin bundles and restored by 
gelsolin. Am J Respir Cell Mol Biol. 2003;28(6):738- 745.

 53. Fry DE. Antimicrobial peptides. Surgical Infections. 
2018;19(8):804- 811.

 54. Tanaka D, Miyasaki KY, Lehrer RI. Sensitivity of Actinobacillus acti-
nomycetemcomitans and Capnocytophaga spp. to the bactericidal 
action of LL- 37: a cathelicidin found in human leukocytes and epi-
thelium. Oral Microbiol Immunol. 2000;15(4):226- 231.

 55. Sawai MV, Jia HP, Liu LD, et al. The NMR structure of human beta- 
defensin- 2 reveals a novel alpha- helical segment. Biochemistry. 
2001;40(13):3810- 3816.

 56. Kubo T, Fujii M. Specific binding and stabilization of DNA and 
phosphorothioate DNA by amphiphilic alpha- helical peptides. 
Nucleosides, Nucleotides Nucleic Acids. 2001;20(4– 7):1313- 1316.

 57. Gilliet M, Lande R. Antimicrobial peptides and self- DNA in autoim-
mune skin inflammation. Curr Opin Immunol. 2008;20(4):401- 407.

 58. Lande R, Ganguly D, Facchinetti V, et al. Neutrophils activate plas-
macytoid dendritic cells by releasing self- DNA- peptide complexes 
in systemic lupus erythematosus. Sci Transl Med. 2011;3(73):73ra19.

 59. Hazrati E, Galen B, Lu WY, et al. Human alpha-  and beta- defensins 
block multiple steps in herpes simplex virus infection. Journal of 
Immunology. 2006;177(12):8658- 8666.

 60. Howell MD, Gallo RL, Boguniewicz M, et al. Cytokine milieu of 
atopic dermatitis skin subverts the innate immune response to vac-
cinia virus. Immunity. 2006;24(3):341- 348.

 61. Bergman P, Walter- Jallow L, Broliden K, Agerberth B, Soderlund J. 
The antimicrobial peptide LL- 37 inhibits HIV- 1 replication. Curr HIV 
Res. 2007;5(4):410- 415.

 62. Howell MD, Jones JF, Kisich KO, Streib JE, Gallo RL, Leung DYM. 
Selective killing of vaccinia virus by LL- 37: Implications for eczema 
vaccinatum. Journal of Immunology. 2004;172(3):1763- 1767.

 63. Sousa FH, Casanova V, Findlay F, et al. Cathelicidins display con-
served direct antiviral activity towards rhinovirus. Peptides. 
2017;95:76- 83.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Kopfnagel V, Dreyer S, 
Zeitvogel J, et al. Free human DNA attenuates the activity of 
antimicrobial peptides in atopic dermatitis. Allergy. 
2021;76:3145– 3154. https://doi.org/10.1111/all.14992

https://doi.org/10.1111/all.14992

