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ROLE OF INNATE IMMUNITY IN DRIVING INFLAMMATION: 

LESSONS LEARNED FROM THE SKIN

Prof. Dr. Michel Gilliet

Introduction

Traditionally, immunologists focused on T cells and B cells, the key driv-
ers of adaptive immunity, T cells and B cells have receptors that are 
 generated by cutting and rearranging pieces of genes and stitching them 
together in a random order. These receptors are therefore capable of 
adapting and recognizing any molecule (antigen). However, in the early 
90s it became clear that in order to activate T cells and B cells, a second 
signal is required in addition to the antigenic stimulus. This second sig-
nal involves the activation of innate immune cells with production of 
pro-inflammatory cytokines and the maturation of antigen-presenting 
cells (APC), which turned out to be essential for the generation of T or 
B cell responses. 

In 1992, Charles Janeway predicted that this second signal is linked to 
infections and recognition of particular molecular patterns shared by a 
variety of microbes but normally not present in mammalian organisms 
(1). Janeway’s prediction was subsequently validated by 2 seminal dis-
coveries. In 1996, Jules Hoffman identified Toll receptors in fruit flies 
and demonstrated their ability to recognize fungal infections and elicit 
an innate immune response (2). In 1998, Bruce Beutler found that a hu-
man homologue of Toll (called Toll-like receptor, TLR) recognized li-
popolysaccharides present in the cell wall of gram-negative bacteria but 
not present in mammalian organisms (3). For these discoveries Hoffman 
and Beutler received the 2013 Nobel prize for Medicine.

Subsequently, several TLRs and their microbial ligands were identified 
(Figure 1). TLRs were found to be well-conserved type I transmem brane 
proteins that trigger activation of nuclear factor KB leading to the produc-
tion of pro-inflammatory cytokines and the maturation of dendritic cells. 
One group of TLRs, which includes TLR1, 2, 4, 5, and 6, are expressed 
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on the surface of APC. TLR2 forms a complex with TLR1 or TLR6 allow-
ing recognition of lipoproteins and peptidoglycans present specifically 
in the wall of gram-positive bacteria. TLR4 recognizes bacterial lipo-
polysaccharides (LPS), and TLR5 bacterial flagellin. The second group 
of TLRs includes TLR3, 7, 8, and 9 and is characterized by the exclusive 
expression in endosomal compartments of cells. These endosomal TLRs 
recognize microbial nucleic acids (DNA and RNA) that are brought into 
cells during the process of infection. TLR3 binds viral double-stranded 
RNA (4), TLR9 is activated by unmethylated cytosine guanine oligode-
oxynucleotide (CpG) motifs common to both bacterial and viral DNA 
(5), and TLR7 and TLR8 are required for recognition of the viral sin-
gle-stranded RNA (6–8). In recent years it has however become clear that 
the ability of these endosomally-expressed TLRs to recognize microbial 
nucleic acids and distinguish them from mammalian (host or self) nucle-
ic acids is not based on chemical differences between the two. In fact, 
unmethylated CpG motifs which are key ligands for TLR9, are abundant 
in microbial DNA, but also exist in self-DNA. Furthermore, the phos-
phate-rich sugar backbone of DNA itself, present in both microbial and 

Figure 1. Human Toll-like Receptors (TLR). Surface TLRs recognizing lipids (blue) and 
proteins (yellow) of microbial origin, as well as endosomal TLRs (red) with the capacity to 
recognize both microbial and host-derived (self) nucleic acids provided that they access 
endosomal compartments
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self-DNA, is a direct TLR9 ligand (9). Enforced internalization of self-
DNA by lipofection can lead to potent TLR9 activation indicating that 
rather than the chemical composition of nucleic acids, the discrimination 
between microbial and self DNA is guaranteed by the endosomal local-
ization of TLR9. This localization allows sensing of viral DNA that enters 
cells during infection but not self-DNA released into the extracellular 
 environment by dying cells. Extracellular DNA fails to enter endosomal 
compartments because it is rapidly degraded by DNases in the extracel-
lular environment.

In 1994, Polly Matzinger suggested a competing theory, called the “dan-
ger theory”. According to the danger theory, innate immune responses 
are not due exclusively to the presence of foreign molecular patterns but 
can also be triggered by “danger signals,” released by the body’s own 
cells (10). For example, cellular stress, necrotic cell death with the re-
lease of heat shock proteins (HSP), interferon-, interleukin-1, uric 
acid, etc., have been suggested to function as “danger” signals. Although 
this theory explains the existence of “sterile inflammation” and the close 
association between immune responses and tissue damage, the exact iden-
tification of “danger” signals and the receptors involved has remained 
difficult.

Our research has focused on the identification of such triggers using pso-
riasis as a model of “sterile” skin inflammation mediated by autoimmune 
T cells. We identified a unique innate immune pathway required for the 
activation autoimmune T cells in psoriasis. This pathway is based on the 
activation of plasmacytoid dendritic cells (pDC), a subset of dendritic 
cells characterized by the unique expression of endosomal nucleic acid 
receptors TLR7 and TLR9. We found that cationic antimicrobial peptides 
produced by host cells allow otherwise non-stimulatory extracellular self-
DNA and self-RNA to access endosomal compartments of pDC and trig-
ger TLR7 and TLR9 activation. As a result, pDC are activated to produce 
very large amounts of type I IFN, which unleash the autoimmune T cell 
response in psoriasis. Our finding reconcile the apparently discordant 
theories of Janeway and Matzinger, by showing that danger–associated 
host–derived molecules can break a safety mechanism and activate pat-
tern recognition molecules that are normally designed for microbial rec-
ognition.
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Psoriasis as a model for “sterile” skin inflammation

Psoriasis is a common chronic inflammatory skin disease that affects 2 
to 3 % of the worldwide population (11, 12). In its most prevalent form, 
plaque psoriasis manifests as scaly erythematous plaques that may cov-
er large body areas (Figure 2). Over the past years it has become clear 
that plaque psoriasis is mediated by T cells producing high levels of Th17 
cytokines (13). The pathogenic Th17 cells are stimulated in the dermis 
by aberrantly activated conventional dendritic cells producing TNF- and 
IL-23 and subsequently migrate into the epidermis where they recognize 
a yet unknown auto-antigen. As a consequence, pathogenic Th17 cells 
produce IL-17 and IL-22, which are directly responsible for stimulating 
keratinocyte hyperproliferation leading to the development of the psori-
asis plaque. IL-17 and IL-22 also activate keratinocytes to produce chemok-
ines that recruit neutrophils and other immune cells. Furthermore, IL-17 
and IL-22 stimulate keratinocytes to produce high levels of antimicrobi-
al peptides, which protect the skin from microbial infection, thus classi-
fying it as “sterile” inflammation. The pathogenic role of the Th17 cells 
in psoriasis is now validated by mouse models of psoriasis (14), the ef-
ficacy of targeting IL-23 or IL-17 (15), and the discovery of genetic pol-
ymorphism in the IL-23A and IL-23R genes associated with the devel-
opment of psoriasis (16, 17).

Figure 2. Clinical manifestations of psoriasis. Chronic plaque-type psoriasis.
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Plasmacytoid dendritic cells accumulate in psoriasis skin lesions

The role of innate events initiating the pathogenic Th17 cell cascade in 
the psoriatic skin has been poorly investigated. In 2003 we made an in-
teresting clinical observation in a patient treated topically with the TLR7 
agonist imiquimod (Aldara™) for what was thought to be a bowenoid 
keratosis. After 10 weeks of treatment, the patient showed an enlarge-
ment of the lesion along with surrounding satellite lesions consistent with 
the development of a psoriasis plaque (18). Toll-like receptor 7 (TLR7) 

is an endosomal receptor for viral single-stranded RNA that is specifi-
cally expressed by a subset of human dendritic cells called plasmacytoid 
dendritic cells (pDC) (19). pDCs are key effectors in antiviral immunity 
because they express TLR7 along with TLR9, a specific receptor for vi-
ral DNA (Figure 3). Upon viral infection, pDC expressing TLR7 and 
TLR9 sense viral RNA and DNA when brought into the endosomal com-
partment during the process of infection (19). In response to TLR7 and 
TLR9 activation, pDCs produce large amounts of type I IFN (mainly 
IFN-, approximately 100 fold more than any other cell type of the hu-
man body). Type I IFN produced by pDC provide cell resistance to viral 
infection but also critically shape antiviral immune responses by matur-

Figure 3. Plasmacytoid dendritic cell function in anti-viral immunity
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ing conventional dendritic cells expanding memory T cells and activat-
ing cytotoxic NK cells (Figure 3). Whereas pDC are absent in healthy 
skin under homeostatic conditions, large numbers of pDC infiltrating the 
dermis were found in imiquimod treated skin (18) and in developing pso-
riatic skin lesions (20) (Figure 4).

PDC activation and production of ifn initiates the formation  
of  psoriatic skin lesions

Not only were these pDC accumulating in developing psoriatic skin le-
sions, but they were also found to produce large amount of type-I IFN 
(20). The role of pDC and type I IFN in the pathogenesis of psoriasis was 
assessed in a xenotransplant model of human psoriasis that is based on 
transplantation of un-involved skin of a psoriatic patient on an immuno-
suppressed (AGR 129) mouse. In this model, the engrafted human skin 
develops spontaneously into a fully-fledged psoriatic plaque within 35 
days upon transplantation, a process mediated by resident Th17 cells and 
characterized by early type I IFN expression (Figure 4). Injection of ei-

Figure 4. Plasmacytoid dendritic cell accumulation and activation in psoriatic lesions 
early during development. A. BDCA2+ human pDC in the dermis of a developing psoriatic 
plaque. B. Early type I IFN production preceding T cell activation in the AGR xenotranplan-
tation model of psoriasis. This model is based on the engraftment of non lesional skin of a 
psoriasis patient onto an AGR mouse, which leads to a spontaneous conversion of the graft 
into a fully-fledged psoriatic plaque within 35 days. C. Antibody-mediated inhibition of 
type I IFN signaling (anti6IFNAR) or pDC function (anti6BDCA62) abrogates the develop-
ment of human psoriasis in the AGR xenotransplantation model.
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ther neutralizing anti-IFNAR (type I IFN receptor) antibodies or an an-
ti-BDCA2 antibody, which targets specifically human pDC and blocks 
their ability to produce type I IFN, completely inhibited the Th17 cell-de-
pendent development of psoriasis (20), indicating that pDC and their ac-
tivation to produce type I IFN is an upstream event in the immunopatho-
genesis of psoriasis. 

A role of pDC in the development of psoriasis has also been demonstrat-
ed in the STAT3C and JUN-B mouse models of psoriasis by showing that 
pDC depletion abrogates the formation of psoriasiform skin lesions (21). 
Furthermore, repetitive topical application of imiquimod cream leads to 
a psoriasiform skin phenotype, although the role of pDC as TLR7 sensor 
in this model is still debated (22).

Host-derived antimicrobial peptides trigger the pDC-IFN inflammation 
pathway in psoriatic skin lesions

Figure 5. Identification of the IFN-inducing factors in psoriatic scales. Psoriatic scales 
were collected from multiple patients. Samples were pooled and protein extracts fraction-
ated by reversed-phase HPLC. Fractions eluting at the indicated time (min) were then test-
ed on purified blood pDC for their ability to induce IFN-. IFN-inducing HPLC fraction 
were analyzed by ESI-MS to identify peptides according to mass, and subsequently con-
firmed by sequencing.
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But how are pDC activated to produce type I IFN in psoriasis, a chronic 
inflammatory disease not linked to viral infection? To address this ques-
tion we used fractions derived from HPLC of psoriatic scales to activate 
pDCs isolated from peripheral blood. These experiments, followed by 
extensive biochemical characterization of the IFN-a inducing fractions 
using mass spectrometry and sequencing, allowed us to identify first lL-
37 (23), and then human -defensin 3, human -defensin 2 and lysozyme 
(24) as pDC activators (Figure 5). These factors are all antimicrobial 
peptides, which belong to an important evolutionarily conserved defense 
mechanism of host cells against bacterial and fungal infections. There 
are several classes of antimicrobial peptides: LL37 is the only human 
member of the cathelicidin family of alpha-helical peptides expressed by 
keratinocytes and neutrophils; hBD2 and hBD3 are inducible b-defen-
sins with beta-sheet structure produced by keratinocytes. Cathelicidins, 
defensins and lysozyme belong to different gene families but share com-
mon structural feature: they are highly cationic and possess an amphi-
phatic structure. These unique feature allows antimicrobial peptides to 
associate with negatively charged phospholipids in bacterial membranes 
leading to the formation of pores and the killing of microbes (25). Anti-
microbial peptides Agents. Antimicrobial peptides are normally not ex-
pressed in healthy skin but can be rapidly induced in keratinocytes and 
released by neutrophils upon skin injury in order to protect wounds from 
microbial invasion. In psoriasis, LL37, hBD2 and hBD3, as well as 
lysozyme are overexpressed throughout all epidermal layers but some 
staining can be found in the dermal compartment, where pDC are locat-
ed (23, 24), suggesting their role in the activation of pDC and in the trig-
gering of psoriasis.

Antimicrobial peptides break innate tolerance to extracellular DNA  
by transporting them into endosomal compartments of pDC

But how can antimicrobial peptides activate pDC? pDC are activated by 
viral RNA and DNA brought into TLR7 and TLR9 containing endoso-
mal compartments during the infection to activate pDCs because these 
nucleic acids are rapidly degraded in the extracellular environment and 
therefore fail to be internalized by pDC. We found that, via their positive 
charges, antimicrobial peptides can form complexes with extracellular 
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self-DNA fragments and protect them from DNase-mediated extracellu-
lar degradation by inducing condensation and aggregation (23, 26). These 
aggregated complexes acquire net positive charges, which allow them to 
associate with anionic heparan-sulfate proteoglycans (HSPG) in the mem-
brane of pDC. As a consequence the nucleic acid complexes are endocy-
tosed in a clathrin-independent manner (thus independent on specific re-
ceptor) reaching intracellular TLR9 compartments, where they trigger 
the production of type I IFN. Key elements for the induction of high lev-
els of type I IFN is the retention of complexes in early endosomal struc-
tures and the escape from autophagic recognition (23). Thus, cationic an-
timicrobial peptides IL37, hBD2, hBD3, and lysozyme can break innate 

Figure 6. Antimicrobial peptides break innate tolerance to extracellular self-DNA. (1.) 
Charge-driven complex formation inducing DNA condensation and aggregation, thus protec-
tion from DNase mediated degradation of DNA fragments in the extracellular environment. 
(2.) The peptide-DNA complex becomes slightly positively charged allowing attachment to 
heparan-sulfate proteoglycans in the cell membrane of pDC, followed by clathrin-inde-
pendent (receptor independent) endocytosis of the DNA complexes (3.). (4.) The peptide-DNA 
complexes are retained in early endosomal compartments and escape autophagy through 
yet undefined mechanisms. This leads to prolonged persistence of complexes in TLR9-con-
taining endosomal compartments. Together with the specific DNA spacing induced by the 
peptide complex which allows interdigitation of TLR9 (5.) this leads to high levels of IFN- 
induction in pDC.
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tolerance to self-DNA by protecting it from extracellular degradation and 
transporting it across membranes into TLR9 containing compartment and 
thereby leading to innate immune activation of pDC (Figure 6). 

Antimicrobial peptide-complexed DNA interdigitates TLR9. 

Because DNA complexed with LL37 is protected and internalized upon 
condensation and because the later is induced by the cationic charges of 
the peptide, we asked whether all cationic molecules can break innate 
tolerance to DNA and trigger TLR9 activation. Indeed, we found that a 
broad range of antimicrobial peptides and other cationic molecules can 
induce DNA condensation, leading to protection from extracellular deg-
radation and allowing DNA entry into TLR9 containing endosomal com-
partments. However, only a portion of the tested cationic compounds were 
able to induce strong IFN production (27). This phenomenon was relat-
ed to the ability of the peptide to space DNA molecules at regular inter-
vals in a grill-like arrangement that interlock with multiple TLR9 like a 
zipper (27). This leads to multivalent electrostatic interactions that dras-
tically amplify binding TLR9 and thereby the immune response. Although 
the exact structure of the cationic peptide needs still to be determined, it 
appears that these peptides are also amphiphatic leading to multimeriza-
tion of the peptides. Thus, in addition to controlling DNA degradation 
and internalization, antimicrobial peptide also control TLR9 activation 
by spacing the DNA at optimal distances for receptor interdigitation.

Antimicrobial peptides form complexes with RNA and activate TLR7 
and 8 in pDC and conventional DC

Because AMPs are abundantly expressed in psoriatic skin, we sought to 
visualize the extracellular DNA-AMP complexes in the tissue. Interest-
ingly, we found complexes that stained for DNA, but many more that 
stained for Ribogreen (a dye that stains both DNA and RNA) (28). In 
fact, we found that dying cells release both DNA and RNA that can be 
efficiently bound by AMPs. LL37 can bind extracellular self-RNA, pro-
tect it from extracellular degradation, and transport it into endosomal 
compartments. In pDC, self-RNA–LL37 complexes activate TLR7 and, 
like self-DNA–LL37 complexes, trigger the secretion of IFN-alpha. In 
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contrast to self-DNA–LL37 complexes, self-RNA–LL37 complexes also 
trigger the activation of classical myeloid DCs (mDCs). This occurs 
through TLR8 and leads to the production of TNF-alpha and IL-6, and 
the differentiation of mDCs into mature DCs (28). In fact self-RNA–
LL37 in psoriatic skin lesions was associated with the presence of ma-
ture mDCs in vivo (28). 

Psoriasis is driven by an overexpression of antimicrobial peptides

In healthy individuals, skin injury is linked to a transient expression of 
antimicrobial peptides that protect the wound from microbial invasion 
(29). In psoriasis patients, skin injury (called the Koebner phenomenon) 
leads to a persistent AMP expression that drives exaggerated pDC acti-

Figure 7. The pDC-IFN pathway in the pathogenesis of psoriasis. Mechanical stress to 
the skin (Koebner phenomenon) leads to the expression of LL37 and defensins (hBD2 and 
hBD3) by keratinocytes as well as infiltration of neutrophils that release LL37 and 
Lysozyme. This leads to the formation of peptide-nucleic acid complexes that trigger initial 
TLR7/9 activation of pDC to produce IFN-. PDC-derived IFN- promotes maturation of 
conventional DCs. This is promoted by the concomitant direct activation of conventional 
DC via TLR8. Maturing conventional DC stimulate autoimmune T cells to migrate into the 
epidermis and to produce Th17 cytokines. Th17 cytokines IL-17 and IL22 stimulate 
 keratinocyte hyperproliferation giving rise to the epidermal phenotype in psoriasis. Th17 
cytokines also activate keratinocytes to produce elevated levels of antimicrobial peptides 
providing a feedback loop that sustains the formation of immunogenic DNA/RNA complex-
es that trigger innate activation of DC subsets.
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vation. This leads to chronic inflammation with the development of au-
toimmunity, which ultimately drives epidermal hyperproliferation and 
development of the psoriatic plaque (23). But what drives the constant 
overexpression of antimicrobial peptides in psoriasis? One important fac-
tor is the high levels of Th17 cytokines in the plaque, which contribute 
to the constant activation of keratinocytes to produce antimicrobial pep-
tides. Indeed, both IL-17 and IL-22 alone or in combination have been 
shown to trigger expression of antimicrobial peptides in keratinocytes 
(30, 31) (Figure 7). Genetic evidence for an enhanced Th17 response in 
psoriasis comes from the identification of disease associations with SNP 
in IL-23 and IL-23R genes. In fact, IL-23 is an essential cytokine driv-
ing the development of Th17 cells. Another interesting element is the 
identification of human -defensin copy number polymorphism associ-
ated with the development of psoriasis, providing a genetic basis for the 
AMP overexpression in psoriasis (32).

The antimicrobial peptide LL37 is also auto-antigens recognized by 
psoriatic T-cells

Because antimicrobial peptides are taken up by dendritic cell subsets we 
asked ourselves whether these antimicrobial peptides could serve as au-
to-antigens and are presented to auto-immune T-cells in the psoriatic 
plaque. To address this question we used peripheral blood mononuclear 
cells from 52 psoriatic patients and stimulated them with either LL37 or 
a scrambled form of the LL37 peptide. We found in approximately 40% 
of the patients that LL37 induced a T-cell proliferation which was not 
present in control populations including healthy donors, scleroderma pa-
tients, erysipelas patients and atopic dermatitis patients (33). LL37 reac-
tive T-cells did not only proliferate, but did also produce IFN-, and Th17 
cytokines, IL-17 and IL-22 (33). LL37 reactive T-cells were both of CD4 
and CD8 phenotype. Several CD4 and CD8 T-cell lines and clones were 
obtained and MHC restriction was demonstrated. Interestingly, HLA-
Cw6, that is found in 50 % of psoriasis patients and is highly associated 
with the development of psoriatic disease, was found to be an excellent 
binder of LL37. We also generated tetramers, which were able to detect 
LL37-specific T-cells in the circulation of psoriasis patients (33). A sig-
nificant correlation between the presence of circulating IL37 specific 
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T-cells and the disease activity was observed. In addition, about 80 % of 
patients with severe psoriasis (PASI >10) displayed circulating IL37 spe-
cific T cells. These findings alone with the fact that LL37 specific T-cells 
produce pathogenic Th17 cytokines and are present in skin lesions sug-
gests that LL37 specific T cells may be pathogenic T-cells in psoriasis 
(Figure 8). Accordingly, patients undergoing disease remission during 
anti-TNF treatment displayed decreased proliferative activity and tetram-
er staining of their LL37-specific T cells. Furthermore, LL37-specific T 
cells lost skin homing receptors CCR10, CLA, CCR6, and their ability 
to produce IL-17 and IL-22 (33). More recent in vivo mouse studies, 
based on the repetitive injection of antimicrobial peptides into mouse 
skin, demonstrated a direct pathogenic role of AMP-specific T-cells. The 
injection of AMP induced the expansion of AMP-specific T cells in the 
skin and the development of a psoriatic phenotype, which was entirely T 
cell dependent (unpublished data). 

Figure 8. LL37 represents an autoantigen recognized by psoriatic T cells. The antimicro-
bial peptide LL37 is presented to CD4 and CD8 T cells via both MHC class I and class II. 
Upon reactivation of LL37-specific T cells by maturing dermal DC, they migrate into the 
epidermis where they recognize LL37 expressed by keratinocyte and release their Th17 ef-
fector cytokines.
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Neutrophil extracellular traps contain antimicrobial peptide-DNA 
 complexes that activate pDC 

In recent years a novel form of neutrophil cell death has been identified. 
This form of cell death is associated with the active extrusion of nuclear 
and mitochondrial DNA into the extracellular space in the form of web-
like DNA structures (the NETs) (34). NET-DNA, which is typically re-
leased in the context of infections or inflammation, is covered with gran-
ule-derived cationic antimicrobial peptides such as LL37 and HNPs. 
NETs are believed to play an important role in the fight against extracel-
lular bacteria through their ability to entrap (via the web-like DNA struc-
tures) and kill these microbes (via the associated antimicrobial peptides) 
(34). Because NET-DNA is in complex with AMPs we asked whether it 
could activate TLR9 in pDC. Indeed, NETs strongly activated pDCs to 
produce IFN- via TLR9 (35, 36). This process required the presence of 
the antimicrobial peptide LL37 in the NET (35). There are 3 reasons why 
NETs are highly immunogenic and potent activators of TLR9. First, dur-
ing NET formation NET-DNA is mixed with the granular content of neu-
trophil which allows formation of LL37-DNA complexes that are extrud-
ed in the context of NETosis (35). Second, NETosis requires ROS 
formation, which oxidizes the DNA and renders it immunogenic (37). 
Finally, physiological NET formation appears to preferentially involve 
mitochondrial DNA rather than nuclear DNA (38). Mitochondrial DNA 
is unmethylated like bacterial DNA and more potent in the activation of 
TLR9. 

Systemic lupus erythematosus is triggered by NETs that activate  
the pDC-IFN inflammation pathway

Systemic lupus erythematosus (SLE) is the second most common human 
autoimmune disease and is characterized by the presence of autoreactive 
B cells that produce autoantibodies against self-DNA and RNA and as-
sociated proteins. Upon binding of the autoantibody to extracellular self-
DNA and RNA, these immune complexes are deposited in different parts 
of the body, leading to TLR7/9 activation of plasmacytoid dendritic cells 
(pDCs) to secrete type I interferons (IFNs) (39). The high levels of type 
I IFNs induce an unabated differentiation of monocytes into dendritic 
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cells (40), and lower the activation threshold of autoreactive B cells (41), 
thereby promoting autoimmunity in SLE. One intriguing observation is 
the association of type I IFN genes in SLE blood with the expression of 
neutrophil genes (42) suggesting a link between neutrophils and the 
chronic pDC activation in SLE. In fact, biochemical characterization of 
pDC-activating DNA complexes isolated from the circulation of SLE pa-
tients revealed the presence of neutrophil-derived antimicrobial peptides 
LL37 and HNP (human neutrophil peptides) in complex with the DNA 
(35), suggesting that NETs represent the origin of these immune com-
plexes. In fact, we found that circulating neutrophils of SLE patients have 
a greater propensity to undergo NETosis (35, 36). Furthermore, decreased 
clearance of NETs in SLE patients correlates with disease activity (43). 
Interestingly, SLE patients were found to develop circulating antibodies 
to NET structures including DNA and neutrophil-derived antimicrobial 
peptides LL37 (35). Thus, NET-derived DNA-LL37 complexes induce 
innate activation of TLR9 but also represent autoantigens in lupus. 
NET-derived DNA-LL37 complexes can activate autoreactive B cells to 
produce anti-LL37 antibodies via both TLR9 and BCR. This activation 
is promoted by concomitant activation of pDC. Importantly, anti-LL37 
antibodies were found to further sustain neutrophil NETosis with the gen-
eration of more DNA-LL37 complexes providing a feedback loop that 
sustains pDC activation and autoimmunity (Figure 10). 

NET-derived antimicrobial peptide-DNA complexes also trigger  
the pDC-IFN inflammation pathway in artheriosclerosis and type I  
diabetes

Arteriosclerosis is a chronic inflammatory disease of the arterial wall. 
Studies have shown that the blood and the plaques of arteriosclerosis pa-
tients contain high levels of NET-derived LL37-DNA complexes (38, 44). 
These complexes trigger TLR9 activation of pDCs and inflammation of 
the arteries (44), leading to the formation of atherosclerotic plaque le-
sions in apolipoprotein E-deficient mice (38). In a mouse model for type 
I diabetes (NOD mice), similar to lupus, autoantibodies activate neutro-
phils to undergo NETosis (45). NET-derived AMP-DNA complexes then 
activate pDC to produce IFN via TLR9 leading to a diabetogenic inflam-
mation and type I diabetes development (45). Thus, the NETs-pDC-IFN 
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responses appear to be a major pathogenic pathway in inflammatory dis-
eases such as lupus, atherosclerosis and type I diabetes.

Antimicrobial peptide-nucleic acid complexes CAN activate cytosolic 
DNA and RNA sensors

LL37 also transports self-DNA into non-TLR9 expressing cells such as 
myeloid DC and monocytes (46). Stimulation of monocytes with LL37-
DNA complexes leads to the production of type I IFNs in a TLR-inde-
pendent manner (46). This type I IFN induction requires double-strand-
ed B form of the DNA, but is independent on its sequence, CpG content, 
and its methylation status. IFN-induction in these cells involved signal-
ing through the adaptor protein STING and TBK1 kinase, indicating a 
role of cytosolic DNA sensors (46). Thus, in non-TLR9 expressing cells, 
LL37 can shuttle the DNA into cytosolic compartments for type I IFN 
induction via cytosolic sensors. This type I IFN response appears to in-
volve mainly IFN-beta, while pDC produce mainly IFN-.

Figure 9. The pDC-IFN pathway in systemic lupus erythematosus. Neutrophil extracel-
lular traps induced by infection or injury activates pDC via LL37-DNA complexes. pDC-de-
rived IFN plus the context of a genetically-determined increased reactivity of B cells leads 
to the activation of autoreactive B cells against NET antigens with production of anti-DNA 
and anti-LL37 antibodies. On one hand these autoantibodies bind NET-derived DNA-LL37 
complexes to form immune complexes, which further activate pDC and autoreactive B cells 
(uptake via FcgRII). On the other hand, anti-LL37 antibodies trigger further NETosis pro-
viding a feedback loop that sustains pDC-IFN pathway and autoimmunity.
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The role of the cytosolic nucleic acid sensing in inflammation is still un-
clear. We found that STING-dependent activation of cytosolic sensors in 
endothelial cells and the consequent induction of type I IFNs is an essen-
tial pathway in the spontaneous induction of anti-tumor immunity in me-
lanoma (47). Although the mechanisms that allow DNA to enter cytoso-
lic compartments of endothelial cells is still unknown, tumor cells 
themselves have the ability to release a number of cationic molecules that 
have the ability to shuttle DNA into cytosolic compartments for type I 
IFN induction. Another recent study found that the antimicrobial pepti-
de LL37 can transport non-coding double stranded-RNA released from 
necrotic cells into cytosolic compartments of keratinocytes leading to 
IFN-beta production via activation of mitochondrial antiviral-signaling 
protein (MAVS) (48). Finally, in the MRL/lpr mouse model of lupus, the 
spontaneous NETosis by low-density granulocytes triggers STING-de-
pendent type I IFN signaling (37). Thus, antimicrobial peptide-nucleic 
acid complexes can also activate cytosolic nucleic acid receptors and in-
duce type I IFN expression (mainly IFN-) in hematopoietic as well as 
non-hematopoietic cells.

IL-26 is a TH17-derived antimicrobial peptide that binds DNA and 
 activates pDC to produce IFN

IL-26 is a 19-kDa -helical protein that belongs to the IL-20 cytokine fam-
ily and is expressed by Th17 cells. We became interested in IL-26 for two 
reasons. First, IL-26 appears to be strongly involved in tissue inflamma-
tion. In fact, IL26 is highly expressed in psoriasis (49), IBD (50) and rheu-
matoid arthritis (51) and strongly associated with the inflammatory activ-
ity. Furthermore, a risk locus containing IL26 and single-nucleotide 
polymorphisms within the IL26 gene region have been associated with in-
flammatory diseases such as multiple sclerosis (52), rheumatoid arthritis 
(53) and IBD (54). Another reason is that the inflammatory function of IL-
26 is hardly explained by signaling through its receptor expressed exclu-
sively by epithelial cells and leading to inhibition of proliferation and pro-
duction of immunosuppressive IL-10. Strikingly, we found that IL-26 is a 
highly cationic with amphiphatic protein that forms multimeric structure 
(55). Based on this structure, we discovered that IL-26 has antimicrobial 
properties with the ability to directly kill extracellular bacteria through pore 
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formation (55). Furthermore, IL-26 was found to form complexes with ex-
tracellular DNA released by dying bacteria and host cells, leading to TLR9 
activation of plasmacytoid dendritic cells (pDCs) (55). These findings pro-
vided novel insights into the potent inflammatory function of Th17 cells 
via the production of IL-26. Because IL-26 is produced by activated Th17 
cells, these findings also provided an additional AMP-driven innate activa-
tion mechanism that is controlled by antigen. 

Physiological role of the pDC-IFN inflammation pathway:  
the wound healing response

Having identified the pDC-IFN inflammatory pathway in diseases such 
as psoriasis, we asked whether there is a physiological role of this path-
way. Because AMPs such as LL37 and hBD2/3 are induced upon injury 
we reasoned that the pDC-IFN pathway could be induced after mechan-
ical injury to the skin. Indeed, mild injury to human or mouse skin by re-
petitive tape stripping induced a rapid and transient accumulation of pDC 
in the dermal compartment and their activation to produce type I IFNs 
(29). This occurred via TLR7 and TLR9, indicating sensing of nucleic 
acids. pDC-derived type I IFN production was essential in driving the in-
flammatory response and promoting the re-epithelialisation of the wound. 
In fact, either pDC depletion or inhibition of type I IFN-signaling abro-
gated the induction of a Th17 cytokines and significantly delayed wound 
healing (29).

Commensal bacteria are required for pDC-IFN inflammation pathway 
in skin wounds 

The mechanisms underlying the recruitment and activation of pDC in in-
jured skin are unknown. In the tape-stripping model of skin injury we 
found a very rapid and strong recruitment of neutrophils in injured skin 
preceding pDC infiltration. Skin infiltrating neutrophils acquired expres-
sion of Cxcl10 which acted as a chemokine as well as antimicrobial pep-
tide that directly recruits and and activates pDC. In fact, depletion of neu-
trophils, which represent the major source of CXCL10 at early time points 
of skin injury or abrogation of CXCL10 expression largely abrogated re-
cruitment and activation of pDC in injured skin. We found an essential 
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role of skin microbiota in this process. On one hand, skin microbiota in-
duced Cxcl10 in skin-infiltrating neutrophils via TLR2. On the other 
hand, Cxcl10 killed skin bacteria and induced the formation of complex-
es with microbial DNA. Of note, complexes of microbial DNA and not 
host-derived DNA were required for TLR9 activation of pDC early during 
skin injury and subsequent inflammatory response. Interestingly, injury 
of human skin also induced high levels of type I IFN that was abrogated 
by local antibiotic treatment, which depleted the local skin microbiota. 
Thus, skin microbiota appears to play an important role in initiating in-
flammation in skin wounds by recruiting and activating pDC (Figure 10). 
These findings show that CXCL10 is not only a chemokine but is also an 
antimicrobial peptide that kills bacteria and binds DNA leading to acti-
vation of the pDC-IFN inflammatory pathway. It further shows that in 
the context of skin injury the induction of AMPs is dependent on micro-
biota and that AMPs preferentially kill and bind microbial DNA for in-
duction of the pDC-IFN inflammatory pathway.

Figure 10. Commensal bacteria are required for the pDC-IFN inflammation pathway in 
skin wounds. Upon skin injury, neutrophils are recruited into the wound. During this 
process the skin6resident microbiota stimulates them to express and release Cxcl10 via 
TLR2. Cxcl10 acts as chemokine that recruits plasmacytoid dendritic cells (pDC) to the 
skin via CXCR3. Cxcl10 also acts as an antimicrobial peptide that kills skin6resident bac-
teria. During bacterial lysis CXCL10 binds to the bacterial DNA and protects it from degra-
dation. These CXCL106bacterial DNA complexes appear to be the principal triggers of TLR9
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Conclusions and perspectives

Our studies identified a unique inflammation pathway in the skin based 
on innate activation of pDC to produce type I IFN. This pathway is tran-
siently active in skin wounds leading to controlled inflammatory respons-
es and wound healing, whereas its over-activation in psoriasis leads to 
autoimmunity and disease development. By studying psoriasis, we also 
identify the mechanisms driving pDC activation, based on the expression 
of host-derived cationic antimicrobial peptide LL37. LL37 has the ca-
pacity to form complexes with extracellular self-nucleic acids, and to 
transport them into endosomal compartments to trigger activation of 
TLR7 and TLR9. The mechanism behind this appears to be protection 
from extracellular degradation, attachment to proteoglycans in cellular 
membranes of pDC and receptor-independent endocytosis, escape from 
autophagy, and spacing of DNA molecules for optimal TLR interdigita-
tion. Our data provides a unique mechanism for how the host-derived 
factors such as antimicrobial peptides control the immunogenicity of ex-
tracellular self-DNA and self-RNA released in the context of cell death 
leading to the activation of pattern recognition receptors that are normal-
ly designed for microbial recognition. By showing that danger-associat-
ed host–derived molecules control the nature’s safety mechanism that al-
lows discrimination between self- and microbial nucleic acids, our finding 
reconciles two apparently discordant theories by Janeway and Matzinger. 

Since the initial discovery of the ability of LL37 to break innate tolerance 
to self-DNA and trigger the pDC-IFN inflammatory pathway several oth-
er antimicrobial peptides with similar capacity have been identified. Some 
antimicrobial peptides are of epithelial origin (LL37, beta-defen sin 2 and 
3), others of neutrophil origin (LL37, lysozyme, CXCL10) and even of 
Th17 cell origin (IL-26). Furthermore, both endosomal (TLR7, 8 and 
9) as well as cytosolic (STING and MAVS-dependent) nucleic acid recep-
tors can be activated by nucleic acid complexes formed by these antimi-
crobial peptides (Figure 11). Antimicrobial peptide overproduction trig-
gers an excessive activation of the pDC-IFN inflammation pathway, 
leading to autoimmunity in skin diseases such as psoriasis, but also other 
diseases such as lupus, type I diabetes, atherosclerosis, and potentially 
Crohn’s disease, rheumatoid arthritis and multiple sclerosis (Figure 12). 
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Figure 11. Antimicrobial peptides of different cellular origin break innate tol-
erance to extracellular nucleic acids and promote IFN-driven inflammation 
by allowing activation of endosomal and cytosolic nucleic acid receptors.

Figure 12. Association of antimicrobial peptide overexpression with inflam-
matory disease activity.
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Interestingly, we found that in addition to being triggers of the pDC-IFN 
inflammation pathway, AMPs such as LL37 also functions as T and B 
cell autoantigens. In psoriasis, we found LL37-specific T cells are biased 
to produce Th17 cytokines, which further induce LL37 production by ke-
ratinocytes providing a self-sustaining inflammatory feedback-loop. In 
lupus, we found LL37-specific autoantibody production by autoreactive 
B cells. LL37-specific antibodies also provided a self-sustaining inflam-
matory feedback-loop by triggering additional NETosis of neutrophils.

The origin of the DNA in the complexes appears to be multifold, depend-
ing on the situation and disease. AMPs may form complexes with self-nu-
cleic acids released into the extracellular environment by dying cells, but 
may also associate with NET-DNA released by neutrophils undergoing 
NETosis. AMP-DNA complexes in NETs appear to be particularly im-
munogenic as they are formed prior to extrusion in the DNase-rich ex-
tracellular environment and because NET-DNA is a better TLR9 activa-
tor being oxidized and of mitochondrial origin. NET-derived AMP-DNA 
complexes appear to play a predominant role in systemic inflammatory 
diseases such as lupus, type I diabetes and atherosclerosis. In skin wounds 
however, DNA appears to be of microbial origin, released upon AMP me-
diated killing of the skin microbiota. Whether microbiota also plays a 
role in chronic inflammatory skin diseases such as psoriasis or whether 
it is driven by the continuous release of self-DNA by dying cells or net-
ting neutrophils will need to be determined

Based on our findings several therapeutic strategies to block the pDC-
IFN inflammatory pathway are currently being developed and tested in 
clinical trials. Antibodies against pDCs (anti-BDCA2, Biogen Idec, an-
ti-ILT7, Medimmune Inc) have entered phase I trials for lupus and dermat-
omyositis. Inhibitors of TLR9 (IMO-8400, Idera Pharmaceuticals) have 
completed phase II trials in psoriasis, anti-IFN-a (Sifalimumab, Medim-
mune) have been tested in phase II trials in psoriasis and lupus, anti-IF-
NAR antibodies (Anifrolumab, Medimmune) are being tested in lupus. 
Other strategies being considered are anti-IL-26 antibodies or antibodies 
against LL37-DNA complexes, which have shown efficacy in mouse mod-
els of atherosclerosis. In the near future we expect to gather additional ev-
idence from these clinical trials for the importance of the described immune 
pathway in the elicitation of chronic inflammation of the skin and beyond.
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