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Abstract

Background: Staphylococcus epidermidis colonizes human skin without apparent inflammation, but a dominance of S. epidermidis and S. aureus is characteristic of cutaneous microbial dysbiosis in atopic dermatitis (AD). While S. aureus can trigger AD, the role of S. epidermidis is less understood.
Methods: We characterized consequences of innate immune sensing of lipoteichoic acid (LTA) preparations derived from S. epidermidis (epi-LTA) or S. aureus (aureus-LTA). Therefore, dendritic cell (DC) activation and consecutive priming of antigen-specific T cells following exposure of DC to epi-LTA or aureus-LTA were investigated. Mimicking acute AD, exposure of DC to IL-4 and LTAs was analyzed.
Results: Exposure to epi-LTA or aureus-LTA activated human immune cells and murine dendritic cells (DCs) via TLR2/MyD88, however, resulting in divergent immune profiles. Differences between LTAs were significant for IL-6, IL-12p40, and IL-12p70 but not for IL-10, which was best reflected by the IL-12p70-to-IL-10 ratio being IL-10-balanced for epi-LTA but pro-inflammatory for aureus-LTA. LTA-exposed DCs activated CD4+ T cells; however, while T-cell derived IL-10 was equivalent between LTAs, IFN- and IL-17 were significantly higher for aureus-LTA. Mimicking acute AD by exposing DCs to IL-4 and LTAs revealed that IL-4 significantly and uniformly suppressed epi-LTA induced cytokine production, keeping the IL-12p70-to-IL-10 ratio balanced. In contrast, exposure of DCs to aureus-LTA and IL-4 enhanced IL-12p70 but suppressed IL-10 levels, further unbalancing the IL-12p70-to-IL-10 ratio.
Conclusion: These data demonstrate opposing immune consequences following exposure to staphylococcal LTAs. Epi-LTA induced IL-10-balanced, aureus-LTA pro-inflammatory immune profiles.
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Introduction
The skin, as a large surface organ, is constantly exposed to a multitude of bacteria, forming the cutaneous microbiota. Based on a continuous communication between skin microbiota and the host, distinct qualities of immune responses are shaped, allowing both effective immune reactions against pathogens and the persistence of microbiota in the absence of inflammation to assure cutaneous integrity and immune homeostasis [3]. A disturbance of this mutualistic symbiosis between host and cutaneous microbiota is believed to contribute to inflammation, such as in atopic dermatitis (AD). AD patients are heavily colonized with Staphylococcus aureus, and this colonization is believed to trigger disease exacerbation and a chronic course of AD 
 ADDIN EN.CITE 
[4, 8]
. Culture-independent 16S ribosomal RNA bacterial gene phylotyping revealed that loss of microbial diversity is characterized by a dominance of both S. aureus and S. epidermidis 
 ADDIN EN.CITE 
[22]
. S. epidermidis has been recognized as an essential skin commensal bacterium that plays a pivotal and unique role in governing microbiota composition. S. epidermidis derived phenol-soluble modulins inhibit the growth of group A streptococci, and distinct strains produce lantibiotics targeting S. aureus while preserving S. epidermidis colonization 
 ADDIN EN.CITE 
[10, 32]
. Moreover, S. epidermidis induces the expression of the antimicrobial peptides (AMP) hBD2 and hBD3, inhibiting the growth of group A streptococci and S. aureus 
 ADDIN EN.CITE 
[23]
. Exposure of keratinocytes to S. epidermidis amplified AMP expression in response to pathogenic S. aureus 
 ADDIN EN.CITE 
[45]
. These findings clearly show that S. epidermidis has a crucial role in priming keratinocytes to rapidly and efficiently respond to pathogens. Functional calibration of cutaneous adaptive immunity in response to skin pathogens depends on epidermal exposure to S. epidermidis inducing cutaneous IL-17 and IFN- responses needed for efficient pathogen control 
 ADDIN EN.CITE 
[31]
. In contrast to these functions promoting host homeostasis, S. epidermidis can act as an opportunistic pathogen when it becomes invasive 
 ADDIN EN.CITE 
[35]
. Surprisingly, S. epidermidis has also been detected in sub-epidermal compartments in healthy human skin without signs of inflammation [34]. Moreover, S. epidermidis DNA was significantly more abundant in the dermal compartment of lesional AD skin compared to skin from non-atopic individuals 
 ADDIN EN.CITE 
[33]
. Thus, the disrupted skin barrier in AD facilitates the transmission of bacterial substances accessing sub-epidermal compartments, a process that also occurs in healthy skin albeit with less impact and within a different micromilieu. Therefore, we aimed to gain a better understanding of how sensing S. epidermidis differs from sensing S. aureus and how this contributes to immune responses in cutaneous homeostasis and disease such as AD. 
The major cell wall components of staphylococci, lipoteichoic acid (LTA), lipoproteins, and polymeric peptidoglycan, were identified as the major staphylococcal MAMPs binding to TLR2 and monomeric peptidoglycan is a ligand for NOD2 
 ADDIN EN.CITE 
[28, 29, 30, 42]
. We recently reported that TLR2 ligands convert self-limited Th2-mediated dermatitis into long-lasting cutaneous inflammation based on IL-4 mediated suppression of TLR2-induced anti-inflammatory IL-10 
 ADDIN EN.CITE 
[19]
. These analyses may explain how a loss of microbiota diversity and predominance of staphylococci triggers chronic AD inflammation and highlights the key role of the innate immune recognition of TLR2 ligands in shaping the clinical outcome in AD 
 ADDIN EN.CITE 
[22]
.
Based on these results and because patients with AD harbor abundant amounts of LTA on lesional skin 
 ADDIN EN.CITE 
[40]
, we aimed to investigate the consequences of innate sensing of staphylococcal LTAs for immune responses. DCs exposed to LTA preparations from S. epidermidis (epi-LTA) exhibited an IL-10-balanced immune profile with subsequent induction of IL-10-balanced adaptive immunity. In contrast, exposure of DCs to LTA preparations from S. aureus (aureus-LTA) led to an unbalanced inflammatory immune profile in DCs, also orchestrating predominantly IFN-and IL-17 producing T helper cells. Strikingly, the IL-10-balanced immune profile of DCs exposed to epi-LTA was preserved in the presence of the Th2 hallmark cytokine IL-4. Combinative exposure of DCs to aureus-LTA and IL-4 further boosted the outbalanced inflammatory immune profile, indicating that disrupting IL-4 signaling, with effective treatments using the IL-4R antibody dupilumab, also ameliorates inflammatory cytokine production in response to S. aureus. 
These results also point to a new understanding of how members of the skin microbiota differentially regulate cutaneous immune responses.
Materials and methods
Animals 

C57BL/6, BALB/c, STAT6-/- (C.129S2-Stat6tm1Gru/J) and DO11.10 mice were from Charles River, Sulzfeld, Germany and Jackson Laboratory, Bar Harbor, Maine, USA. TLR2-/- and MyD88-/- mice were described elsewhere 
 ADDIN EN.CITE 
[21, 39]
. All of the mice were maintained under specific pathogen free conditions at the animal facilities of the University of Tübingen according to local and federal guidelines.

Reagents

S. epidermidis LTA and S. aureus LTA preparations were purified as previously described 
 ADDIN EN.CITE 
[27]
 from S. epidermidis strain O-47 and S. aureus strain DSM 20233, respectively. Highly purified S. aureus LTA from InvivoGen, San Diego, CA, prepared by the same method was also used. LPS from Salmonella minnesota R595 (TLR4 grade, ultra-pure) was from Alexis Biochemicals, Lausen, Switzerland. Recombinant human IL-2 was from Chiron, Munich, Germany. Recombinant murine IL-4 was from Promocell, Heidelberg, Germany. 

Murine DC generation and stimulation 

Murine DCs were generated as previously described 
 ADDIN EN.CITE 
[43]
 and were stimulated with aureus-LTA (10 µg/mL), epi-LTA (10 µg/mL) or LPS from S. minnesota R595 (1 µg/mL) with or without IL-4 (10 ng/mL) for 24 hours. For flow cytometry analysis, brefeldin A (5 µg/mL) was added for the last 4 hours of DC stimulation. 

DC- T cell co-culture

Immature BMDC were activated in the presence of ovalbumin (50 µg/mL) with aureus-LTA (10 µg/mL) or epi-LTA (10 µg/mL) for 4 hours. Subsequently, DCs were washed three times with cell culture medium and cultivated together with naive OVA-specific T helper cells from DO11.10 mice isolated using the CD4+ CD62L+ isolation kit from Miltenyi Biotech at a ratio of 1:5 for 3 days. CD4+ T cells were then expanded using IL-2 (50 U/mL) for an additional 12 days. Resting T cells were intensively washed and restimulated in 96 well plates with plate-bound anti-CD3 (1 µg/mL) and anti-CD28 (5 µg/mL). Cell culture supernatants were collected after 72 hours and subjected to ELISA. For flow cytometry analysis, T cells were restimulated with PMA/ionomycin (1 ng/mL/500 ng/mL) for 6 hours with brefeldin A (5 µg/mL) added for the last 4 hours. 

Statistical analysis

ELISA data are presented as the mean +/- SD of triplicates from one out of three independent experiments unless otherwise stated. Statistical analysis was performed using GraphPad Prism 6 with the unpaired Student t test with Welch’s correction or with ANOVA and the Tukey posttest. P values of less than 0.05 were considered statistically significant.

Results
Epi-LTA and aureus-LTA activate innate human immune cells in a dose-dependent manner
Preparations of LTA from S. aureus (aureus-LTA) and S. epidermidis (epi-LTA) were made and purified using butanol extraction and hydrophobic interaction chromatography as previously described 
 ADDIN EN.CITE 
[11, 27]
. Endotoxin content was less than 2 endotoxin units (EU) per mg LTA corresponding to < 200 pg LPS per mg LTA in all preparations. In a preliminary bioassay using human whole blood, cells were analyzed to determine and to compare immune activating properties of aureus-LTA and epi-LTA, as previously described, to analyze LTAs from other bacterial strains 
 ADDIN EN.CITE 
[11, 12, 16]
. To this end, whole blood cells from 4 different donors were exposed to increasing doses of one aureus-LTA and three different preparations of epi-LTA. LPS from Salmonella abortus equi served as a positive control and untreated cells served as a negative control. Innate cytokines IL-8 and TNF- were determined by ELISA 22 hours after stimulation. A dose-dependent production of TNF- (Figure S1a) and IL-8 (Figure S1b) was determined in response to all LTA preparations reaching a plateau at 1-10 µg/mL. No significant difference was observed between the three epi-LTA preparations and the aureus-LTA inducing IL-8 and TNF- as analyzed by ANOVA. Thus, epi-LTA and aureus-LTA both activate innate immune cells within human whole blood cells in a dose-dependent manner with identical potency. 
Epi-LTA and aureus-LTA induce DC maturation via the TLR2-MyD88 pathway

Dendritic cells (DCs) are the most potent and professional innate immune sentinels, also orchestrating adaptive immune responses. To investigate the capacity of S. epidermidis LTA to induce DC maturation and to delineate the underlying innate immune pathway, DCs were generated from the bone marrow of C57BL/6, TLR2-/- and MyD88-/- (both on C57BL/6 background) mice. Based on our previous experiments, DCs were exposed to 10 µg/mL epi-LTA or aureus-LTA, a concentration of LTA that was also previously detected on AD patient’s skin 
 ADDIN EN.CITE 
[40]
. LPS from S. minnesota R595, activating TLR4, was used as a positive control. Epi-LTA and aureus-LTA induced the maturation of wildtype DCs as shown by upregulation of CD80, CD86, CD83 and MHC class II compared to untreated cells (Figure 1A). Both epi-LTA and aureus-LTA failed to induce DC maturation in TLR2-deficient or MyD88-deficient DCs, respectively (Figure 1B, C). In contrast and as expected, TLR2-deficient DCs were fully activated by LPS. LPS-stimulated MyD88-deficient DCs showed partial maturation, due to the ability of LPS to activate the TRIF-pathway through TLR4 . These results demonstrate that TLR2 is essential for innate immune sensing of LTA derived from either S. epidermidis or from S. aureus. Furthermore, the TLR2-MyD88 axis is crucial to induce DC maturation in response to both staphylococcal LTAs.
Epi-LTA and aureus-LTA induce distinct cytokine profiles in DCs 
S. epidermidis is part of the human skin microbiota, reaching deeper compartments of the skin but generally without inducing obvious signs of cutaneous inflammation. Therefore, we assessed whether innate immune sensing of epi-LTA by DCs reflects this phenomenon. To this end, wildtype, TLR2-/- and MyD88-/- DC were exposed to epi-LTA or aureus-LTA and IL-12p40 production was analyzed using intracellular flow cytometry. CD11chigh DC exposed to either epi-LTA or aureus-LTA both produced IL-12p40 in a TLR2 and MyD88-dependent manner (Figure 2A). Although both LTAs were used at equal concentrations (10 µg/mL), strikingly, epi-LTA induced less IL-12p40 in DC compared to aureus-LTA (Figure 2A). To quantify cytokine production of wildtype DCs exposed to LTA, cell culture supernatants were analyzed for IL-6, IL-10, IL-12p40 and IL-12p70 by ELISA. Differences between LTAs were significant regarding the production of the pro-inflammatory cytokines IL-6, IL-12p40 and IL-12p70 (Figure 2B). In contrast, IL-10 levels induced by epi-LTA and aureus-LTA differed much less without a significant difference (Figure 2C). This evident deviation is best visualized using the ratio of IL-12p70 to IL-10 production, indicating an IL-10-balanced (near 1) or unbalanced, pro-inflammatory (>3) immune profile induced by epi-LTA or aureus-LTA, respectively (Figure 2D). The predominant inflammatory cytokine profile induced by aureus-LTA with high IL-12p70 and low IL-10 production was obtained using both non-commercial and commercial aureus-LTA preparations (Figure S2).
DC exposure to aureus-LTA or epi-LTA drives distinct adaptive immune profiles 

Next, we investigated consequences of epi-LTA and aureus-LTA innate immune recognition on adaptive immunity. DCs were simultaneously pulsed with OVA and exposed to epi-LTA or aureus-LTA and subsequently used to prime naive CD4+CD62L+ T helper cells from DO11.10 mice bearing an OVA-specific T cell receptor. CD4+ Th cells primed by DC exposed to either epi-LTA or aureus-LTA showed equivalent proliferation rates (Figure 3A; left panel). Determining an expansion factor by dividing output cells by input cells revealed a similar activation and expansion of T cells induced by DCs previously exposed to either LTA (Figure 3A; right panel). Next, we investigated Th cell polarization by analyzing cytokine profiles using intracellular flow cytometry and ELISA analysis. DCs exposed to either LTA primed Th cells to produce IFN- and IL-17 upon stimulation. However, DCs exposed to epi-LTA induced less IFN- and IL-17 producing DO11.10 CD4+ T cells (Figure 3B). Moreover, IFN- and IL-17 levels produced by CD4+ T cells were significantly lower when T cells were primed with DCs exposed to epi-LTA compared to aureus-LTA (Figure 3C). 
Importantly and consistent with our data on cytokines in DCs, the number of IL-10 producing T cells was the same irrespective of whether DCs previously exposed to epi-LTA or aureus-LTA were used for priming CD4+ DO11.10 T helper cells. IL-10 production of T helper cells, as determined by intracellular flow cytometry or by ELISA, showed no significant difference whether DCs exposed to epi-LTA or aureus-LTA were used for priming (Figure 3C). IL-4 production of CD4+ T cells primed with DCs exposed to epi-LTA or aureus-LTA was low and without a distinct pattern for each condition (data not shown). Furthermore, CD4+ T cells from the two conditions produced IL-13 but no significant difference could be detected having been primed with DCs exposed to epi-LTA or aureus-LTA (data not shown).
Taken together, these data show that innate sensing of epi-LTA and aureus-LTA by DC primed adaptive immune profiles that differed significantly as T helper cells primed by DCs exposed to epi-LTA displayed only half of the IFN- and IL-17 levels induced by priming with DCs exposed to aureus-LTA. Most importantly, priming with DCs exposed to either epi-LTA or aureus-LTA established IL-10 production in subsequent adaptive immune responses indicative of an IL-10-balanced immune profile only following exposure to epi-LTA.
Combined exposure of DCs to the Th2 cytokine IL-4 and either epi-LTA or aureus-LTA drives opposing DC immune phenotypes
As cutaneous dysbiosis in Th2 dominated AD with increased S. epidermidis and S. aureus 
 ADDIN EN.CITE 
[22]
 leads to exposure of DCs to IL-4, epi-LTA and aureus-LTA, we aimed to identify functional consequences of this combined exposure. Unexpectedly, IL-12p70 production by DCs induced by exposure to epi-LTA was significantly reduced in the presence of IL-4 (Figure 4A). In sharp contrast, DCs exposed to aureus-LTA together with IL-4 produced significantly higher levels of IL-12p70 than DCs exposed to aureus-LTA only (Figure 4B). Concomitantly, IL-10 levels were significantly reduced by IL-4 after exposure to aureus-LTA or epi-LTA (Figure 4A, B). The capability of IL-4 to differentially modulate cytokine profiles induced by exposure to either epi-LTA or aureus-LTA is best visualized by the IL-12p70/IL-10 ratio. The IL-12p70/IL-10 ratio remains well balanced (near 1) following exposure of DCs to epi-LTA independent of the presence of IL-4 (Figure 4C). In contrast, the additional exposure to IL-4 significantly boosted and outbalanced the IL-12p70/IL-10 ratio (> 15) of DCs exposed to aureus-LTA with a predominance of the inflammatory IL-12 axis. These data clearly show distinct and divergent consequences of exposure of DCs to either epi-LTA or aureus-LTA in combination with IL-4: i) aureus-LTA promotes inflammation by boosting IL-12p70 and suppressing of IL-10; ii) in contrast, epi-LTA in the presence of IL-4 preserves the induction of the indicated IL-10-balanced immune profile, because IL-4 suppresses both IL-12p70 and IL-10 leaving the relative proportion of these cytokines unaltered. The latter represents a more plastic situation allowing switching between homeostasis and inflammatory immune defense.
Modulation of epi-LTA and aureus-LTA induced IL-12p70 and IL-10 levels by IL-4 require the IL-4-STAT6 axis
Blocking the Th2 pathway at the level of cytokines, receptors or signaling molecules is the upcoming new therapeutic era for atopic diseases, including AD 
 ADDIN EN.CITE 
[36]
. Understanding immune regulation of dysbiosis in the absence of this Th2 axis therefore is of pivotal importance. STAT6 is required for IL-4 signaling in T helper cells and IL-4R signaling via STAT6 is also functional in DCs 
 ADDIN EN.CITE 
[5, 20, 25]
. We therefore used STAT6-/- DCs to assess the consequences of blocking the Th2 axis from the divergent consequences identified for the exposure of DCs to either epi-LTA or aureus-LTA. DCs from wildtype or STAT6-/- mice were exposed to epi-LTA or aureus-LTA in the presence or absence of IL-4. IL-4-mediated differential modulation of IL-12p70 and IL-10 in response to exposure to epi-LTA or aureus-LTA could be observed in these BALB/c-derived DCs (Figure 4D, E) as before in C57BL/6-derived DCs (Figure 4A, B), also demonstrating these findings to be independent of the mouse strain. In DCs lacking STAT6, IL-4-mediated downregulation of IL-12p70 in response to epi-LTA was not observed (Figure 4D). Similarly, IL-4 mediated upregulation of IL-12p70 induced by aureus-LTA was also not observed in the absence of STAT6 (Figure 4E). Moreover, the downregulation of IL-10 by IL-4 following exposure to epi-LTA or aureus-LTA was not observed in STAT6-/- DCs (Figure 4D, E). Calculating the IL-12p70-to-IL-10 ratio as shown previously clearly demonstrated that the significantly enhanced IL-12p70-to-IL-10 ratio observed in wildtype BALB/c DCs (as in C57BL/6 DC) was completely absent in DCs deficient in STAT6 (Figure 4F, G). Moreover, the IL-12p70 to IL-10 ratio induced by exposure to epi-LTA with or without IL-4 displayed no significant differences whether IL-4-STAT6 signaling was functional or defective.
These data confirm the stability of IL-10-balanced immune profiles following exposure to epi-LTA. Furthermore, these data clearly show that the exaggerated pro-inflammatory immune profile with IL-4 driven upregulation of IL-12p70 and inhibition of IL-10 production in DCs following exposure to aureus-LTA as in AD dysbiosis is strictly dependent on STAT6 signaling and the Th2-IL-4-STAT6 axis. Thus, it can be anticipated that consequences of AD dysbiosis on cutaneous inflammation are also targeted by blocking the Th2 pathway as part of novel therapeutics for AD.
Discussion
Maintaining the balance between effective immunity against pathogens and preserving the coexistence with the skin microbiota by avoiding deleterious immune responses to commensals is a challenging task for the cutaneous immune system. For Staphylococcus epidermidis, a major skin commensal, distinct mechanisms regulating cutaneous immune responses have been reported 
 ADDIN EN.CITE 
[24, 31, 37, 45]
. 
Staphylococcal lipoteichoic acid has been found in abundant concentrations on AD skin, but the contribution of S. epidermidis LTA in mediating disease exacerbation or regulation has so far not been addressed 
 ADDIN EN.CITE 
[40]
. However, this is of importance because LTA isolated from various bacterial species or different bacterial strains can substantially differ with respect to their impact on immune responses 
 ADDIN EN.CITE 
[12]
. Therefore, and in light of the newest analyses on cutaneous microbiota and cutaneous dysbiosis, innate immune sensing of LTA preparations from S. epidermidis and S. aureus was investigated in detail. As even commensal bacteria may be in contact with DCs in both lesional and healthy skin 
 ADDIN EN.CITE 
[33, 34]
, we investigated DCs more closely and showed that both LTA preparations signal through TLR2 and MyD88, inducing DC maturation and cytokine production. This finding is consistent with published data demonstrating TLR2-dependent DC maturation and cytokine production by LTA from S. aureus and B. subtilis 
 ADDIN EN.CITE 
[26]
. A side by side comparison of the cytokine production in DCs induced by exposure to epi-LTA or aureus-LTA demonstrated distinct immune profiles: Aureus-LTA induced much higher levels of pro-inflammatory IL-6, IL-12p40, and IL-12p70 whereas IL-10 levels were detected at comparable concentrations following DC exposure to aureus-LTA and epi-LTA. The underlying cause may be found in differences in LTA structure, because a direct comparison of the LTAs derived from two different Streptococcus pneumoniae strains also showing significant differences in cytokine induction showed differences in D-alanylation of LTAs 
 ADDIN EN.CITE 
[11]
. This result indicates that even closely related bacterial strains may i) differ in LTA structure and ii) drive different immune profiles by iii) activating the same innate sensing pathways 
 ADDIN EN.CITE 
[11]
. Further research is needed to identify how these differences are regulated and whether these differences are potentially “drugable.” The skin harbors numerous DC subsets with different functional specialization and detailed analysis of e.g. dermal DC or Langerhans cells (LC) after exposure to epi-LTA or aureus-LTA and consecutive in vivo consequences will allow an even more detailed insight into the interplay between innate immune cells and their activation with these staphylococcal LTAs. Moreover, probing human DC, such as monocyte derived dendritic cells (MoDC) will facilitate translation of these findings into the human system. 
In addition to direct TLR2 activation, lipoproteins embedded in the LTA preparations may also activate TLR2 and may thus be responsible for at least part of the different immune profiles induced 
 ADDIN EN.CITE 
[17, 30]
. However, extensive investigations on LTA derived from lipoprotein deficient S. aureus (lgt) showed activation of immune cells in a TLR2-dependent manner 
 ADDIN EN.CITE 
[9, 44]
. Given the relevance of IFN- and IL-10 producing regulatory T cells (TR1) and the new findings on Th17 cell plasticity towards regulatory phenotypes 
 ADDIN EN.CITE 
[2, 13, 43]
, IL-10-balanced or unbalanced immune responses as found following exposure to either epi- or aureus-LTA may be of great importance for clinical outcome, especially because IL-10 is essential for the induction of IL-10 producing T cells 
 ADDIN EN.CITE 
[1, 43]
. Moreover, as we have previously shown that exposure of DC to MAMPs of the non-pathogenic bacterium V. filiformis results in induction of IL-10+ DC and IL-10+ Foxp3- regulatory type 1 (TR1) cells leading to attenuation of cutaneous inflammation, innate immune sensing of non-pathogenic bacteria may play a pivotal role in cutaneous immune homoeostasis 


[43] ADDIN EN.CITE . 
In recent years, we and others have shown that the functional outcome of innate immune sensing is also shaped by the surrounding cytokine milieu and we recently described a pivotal role of combinative TLR2 and IL-4R activation in a murine AD model 
 ADDIN EN.CITE 
[7, 14, 19, 41, 42]
. As IL-4R activation by IL-4 but not by IL-13 regulates DC cytokine production after activation with LPS and IL-4R agonists, we focused on further investigations regarding cytokine induction after combinative exposure to LTA and IL-4 
 ADDIN EN.CITE 
[25]
. Consistent with these findings, exposure of DCs to aureus-LTA in the presence of IL-4 significantly enhanced IL-12p70 production and reduced IL-10. Similar results were previously obtained using LPS or CpG to activate human or murine DCs 
 ADDIN EN.CITE 
[7, 15]
. Strikingly and unexpectedly, the presence of IL-4 during the exposure of DCs to epi-LTA preserved the IL-10-balanced immune profile, which to our knowledge has not been reported for any other TLR-ligand. The balanced IL-12p70/IL-10 ratio obtained after epi-LTA stimulation was not significantly changed in the presence of IL-4 and consequently disruption of the Th2 IL-4-STAT6 signaling had no impact on the IL-12p70/IL-10 ratio. In sharp contrast, in the presence of IL-4, exposure to aureus-LTA highly outbalanced the IL-12p70/IL-10 ratio favoring IL-12p70. This exaggerated response was clearly dependent on the IL-4-STAT6 axis as shown using STAT6-deficient DCs. Based on these results, one can assume that new therapies for AD inhibiting IL-4 signaling 
 ADDIN EN.CITE 
[36]
 will also target consequences of cutaneous dysbiosis on skin inflammation induced by S. aureus while preserving S. epidermidis induced and IL-10-balanced immune responses. Thus, we conclude that activation of innate immunity by S. aureus LTA in an IL-4 rich environment, such as in AD skin, fuels cutaneous inflammation 
 ADDIN EN.CITE 
[6, 38]
. In contrast, sensing S. epidermidis LTA by DCs in the presence of IL-4 results in the same IL-10-balanced immune response as in the absence of IL-4. Thus, we can also assume that S. epidermidis LTA does not contribute to enhanced cutaneous inflammation in AD, despite its abundant presence in acute AD; it may even prepare for resolution of inflammation and reconstitution of cutaneous immune homeostasis 
 ADDIN EN.CITE 
[22]
. 
Given that S. epidermidis is a major constituent of the human skin microbiota, evolutionary pressure will have enforced expression of MAMPs such as LTA with reduced inflammation promoting activity enabling skin colonization in the absence of inflammation. This fact allows S. epidermidis to form a mutualistic coexistence with the host by induction of antimicrobial peptides controlling the growth of pathogens while simultaneously activating cutaneous immunity to establish a threshold enabling effective immunity. Moreover, staphylococcal LTAs exert anti-inflammatory and immunosuppressing functions by acting directly on keratinocytes and T cells. Dampening TLR3-mediated inflammation by activating TLR2 on keratinocytes and the induction of miR-143 leading to reduced sensing of P. acnes have both been described for LTA-containing S. epidermidis supernatant and purified S. aureus LTA 
 ADDIN EN.CITE 
[24, 46]
. Moreover, a TLR2 independent mechanism of staphylococcal LTA directly suppressing T cell-mediated cutaneous inflammation was recently discovered, demonstrating another layer of immune regulation in response to Staphylococci 
 ADDIN EN.CITE 
[18]
.
Based on the data presented and on other reported results, immunomodulatory and anti-inflammatory functions can be ascribed to epi-LTA consistent with the commensal function of S. epidermidis. In contrast but consistent with its pathogenic potential, aureus-LTA is highly inflammatory, also driving AD inflammation. Thus, it can be assumed that targeting the IL-4 function, e.g., with an antibody binding to the alpha-chain of the IL-4/IL-13 receptor, will also normalize aureus-LTA driven exaggeration of inflammation while leaving IL-10-balanced immune responses driven by epi-LTA unaltered. 
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Figure legends
Figure 1: Epi-LTA and aureus-LTA induce DC maturation via the TLR2-MyD88 pathway

DCs from wildtype (wt), TLR2-/- and MyD88-/- mice were exposed to aureus-LTA, epi-LTA, LPS R595 or left unstimulated. (A) Upregulation of CD80, CD86, CD83 and MHC II compared to unstimulated cells was observed in wildtype DCs in response to all given stimuli. (B, C) Epi-LTA and aureus-LTA failed to induce the maturation of TLR2-/- DC (B) and MyD88-/- DC (C) indicating that activating the TLR2-MyD88 axis is a prerequisite for DC maturation in response to epi-LTA and aureus-LTA. Representative data from one out of two independent experiments is shown.
Figure 2: Epi-LTA and aureus-LTA activate DC via TLR2 and MyD88 for induction of either an IL-10-balanced (epi-LTA) or a dominant pro-inflammatory cytokine production
(A) IL-12p40 production of CD11c+ DCs after exposure to epi-LTA or aureus-LTA requires TLR2-MyD88 signaling. (B) DCs exposed to aureus-LTA produced significantly more IL-6, IL-12p40 and IL-12p70 than DCs exposed to epi-LTA. (C) Differences of IL-10 production by DCs exposed to either epi-LTA or aureus-LTA were not significant. (D) The IL-12p70/IL-10 ratio is nearly balanced in DCs exposed to epi-LTA while it is shifted to IL-12p70 dominance in DCs exposed to aureus-LTA. Representative data from one out of two (A) or one out of three (B-D) independent experiments is shown. *, P < 0.05; **, P < 0.01; n.d., not detectable; n.s., not significant
Figure 3: DCs exposed to epi-LTA or aureus-LTA prime naive CD4+ T cells to produce either IL-10-balanced or IFN- and IL-17 dominated immune cytokine profiles
(A) Naïve CD4+ T cells primed by DCs exposed to either epi-LTA or aureus-LTA in the presence of OVA showed comparable proliferation rates during the priming phase (left panel), resulting in equivalent cellular expansion (right panel). Cumulative data from three independent experiments (mean +/- SEM, n=3) is shown (B) The proportion of IFN- and IL-17 producing T cells was higher in T cells previously primed with DCs exposed to aureus-LTA than in T cells following priming with epi-LTA exposed DCs. In contrast, the percentage of IL-10 producing T cells was not different between priming groups. (C) The production of IFN- and IL-17 by T cells was significantly different following priming with DCs exposed to epi-LTA compared to aureus-LTA. Consistent with (B), no significant difference of T cell-derived IL-10 between priming with epi-LTA or aureus-LTA exposed DCs was detected. **, P < 0.01; ***, P < 0.001; n.s. not significant
Figure 4: IL-12p70 and IL-10 levels induced by exposure of DCs with epi-LTA or aureus-LTA are differentially modulated by IL-4 and can be reversed by targeting the IL-4-STAT6 pathway preserving the IL-10-balanced immune response induced by epi-LTA exposure of DCs
Additional exposure of C57BL/6 DC (A) or BALB/c DC (D) to IL-4 significantly reduced IL-12p70 and IL-10 production following exposure to epi-LTA. In sharp contrast, IL-4 significantly enhanced IL-12p70 production induced by aureus-LTA in C57BL/6 DC (B) and BALB/c DC (E). Targeting the IL-4 pathway by STAT6 knock-out completely abrogated all of these regulations (D, E). The IL-12p70/IL-10 ratio induced by epi-LTA is not altered by IL-4 but significantly enhanced by a factor of ≈5 through combinative activation of DCs with aureus-LTA and IL-4 (C, F). Abrogating IL-4 signaling by STAT6 knock-out displayed no effect of the IL-12p70/IL-10 ratio obtained after exposure of STAT6-/- DC to epi-LTA (G). In contrast, the exaggerated IL-12p70/IL-10 ratio induced by exposure of DCs to aureus-LTA and IL-4 could be reversed by blocking IL-4 function in STAT6-/- DC (G).
Representative data from one out of of three independent experiments is shown in A, B, D, E. Mean +/- SEM, n=3 is shown in C and F. *, P< 0.05; **, P < 0.01; ***, P < 0.001; ****, P< 0.0001; n.s., not significant
