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                    Abstract

BackgroundStaphylococcus aureus infections of the skin are a public health problem of growing importance. Antimicrobial peptides in human skin are believed to play an important role in innate defense against intruding pathogens. This study aimed to clarify whether their baseline expression influences the propensity of healthy individuals to develop S. aureus–positive skin infections
MethodsUsing real-time polymerase chain reaction technique and a prospective case-control design, we determined the expression of messenger RNA coding for human β-defensin 2 and 3 as well as RNase 7 in unaffected skin of 20 travelers returning with Staphylococcus aureus–positive skin infection (case patients) relative to levels in 40 matched control subjects
ResultsExpression of RNase 7 was found to be 64% higher in unaffected skin of control subjects, compared with unaffected skin of case patients (95% confidence interval, 17%–131%; P=.007). This association remained stable after controlling for S. aureus nasal carriage, smoking, level of accommodation, and history of allergy. No such association was present for human β-defensin 2 or 3
ConclusionsIn conjunction with the existing evidence from in vitro studies, these findings suggest that antimicrobial peptides found at high baseline levels in healthy skin, such as RNase 7, confer protection against S. aureus infection of the skin
                    

Skin infections with Staphylococcus aureus cause substantial morbidity and health care cost [1, 2]. Nasal carriage of S. aureus and microtrauma are established risk factors [3], but although these are common [4], only a small proportion of individuals develop symptomatic skin infection. Moreover, presentation and course of disease vary widely, from minor, self-limiting infections to deep, recurrent abscesses that require surgical intervention and systemic antibiotic therapy [5, 6]
A possible explanation for these differences in disease susceptibility and severity has been provided by recent insights into innate defense mechanisms of human skin, in particular the concept of antimicrobial peptides and proteins (AMP). Human β-defensin 2 (HBD-2), an AMP expressed at very low levels in healthy skin [7–10] but highly inducible by infection [11–13], has only a bacteriostatic effect on S. aureus [8]. In contrast, low micromolar concentrations of RNase 7 and human β-defensin 3 (HBD-3) are highly active against this pathogen in vitro [14, 15]. Whereas RNase 7 reaches very high concentrations in upper layers of the epidermis [15], HBD-3 can be found there at low levels only but is induced by microbial stimuli in vitro [14, 16] and by skin injury [17]
Although these results suggest a central role of AMP in innate immunity against skin infection, only limited research has been conducted on their actual clinical relevance. Most studies compare skin AMP levels between patients with psoriasis and atopic dermatitis and use these conditions as a proxy for susceptibility to infection [18–20]. This approach is limited in that it neither measures infection at the individual level nor accounts for the various other differences between the 2 patient groups that might explain susceptibility to infection (eg, steroid medication, genetic factors). The few other studies that directly link skin infection with AMP expression are restricted to individuals with atopic dermatitis [21, 22], and thus, their relevance for understanding immunological mechanisms in healthy skin remains unclear. Consequently, recent reviews conclude that the “importance of each [AMP] in protecting skin from infection or actively defending against infection is currently speculative” [23, p 481] and that “the physiological significance of altered expression of many of the AMP remains to be elucidated” [24, p 17]
The model presented in Figure 1 illustrates the proposed physiological roles of AMP in skin infections and was used to develop the hypothesis of this study. Building on previously presented ideas [23, 25], it conceptually distinguishes mechanisms preventing disease (primary response) from those limiting the extent of symptoms (secondary response). Given new findings on the rapid killing of S. aureus after contact with keratinocytes [26], it seems plausible that constitutive AMP levels—that is, baseline concentrations in healthy skin—are important for early defense against small inoculae of pathogens (primary response), whereas AMP induction is likely to lead to relevant peptide concentrations only after several days [17], when clinical overt disease has already developed (secondary response)
                    
Figure 1
[image: Proposed clinical roles of antimicrobial peptide (AMP) expression in Staphylococcus aureus infection of the skin. Constitutive expression: AMP present at high baseline concentrations in healthy skin can rapidly kill S. aureus on the skin surface and/or after penetration into the epidermis, thus playing a role in preventing colonization and clinical disease (primary response). Induced expression: If the first line of defense fails and clinical disease develops, induction of AMP contributes to limiting the severity of clinical symptoms (secondary response)]Open in new tabDownload slide

Proposed clinical roles of antimicrobial peptide (AMP) expression in Staphylococcus aureus infection of the skin. Constitutive expression: AMP present at high baseline concentrations in healthy skin can rapidly kill S. aureus on the skin surface and/or after penetration into the epidermis, thus playing a role in preventing colonization and clinical disease (primary response). Induced expression: If the first line of defense fails and clinical disease develops, induction of AMP contributes to limiting the severity of clinical symptoms (secondary response)


To test the hypothesis that differences in constitutive expression of RNase 7, HBD-2, and HBD-3 in skin of healthy individuals influences their propensity to develop S. aureus–positive skin infections (primary objective) and to determine the inducibility of these AMP in vivo (secondary objective), we conducted a case-control study in travelers returning from the tropics and subtropics. Choosing this population allowed us to explore possible determinants of susceptibility in previously healthy individuals exposed to an increased risk of purulent skin infection [27–29] over a defined period of time
                    Methods

Ethics statementThe study protocol was reviewed and approved by the Ethics Committee, Faculty of Medicine, Eberhard Karls Universität, Tübingen. All individuals who participated gave written informed consent
Case patientsThe study was conducted from September 2007 through August 2008 at the travel clinic of the Institute of Tropical Medicine in Tübingen. Patients presenting with pyoderma, defined as any purulent skin disease, were prospectively screened for participation applying the following inclusion criteria: (1) travel to the tropics or subtropics, defined as any region between 40 degrees latitude north and south; (2) symptoms first occurred while traveling or within 30 days after return; and (3) the journey ended no longer than 12 months prior to first visit to our clinic. Exclusion criteria were fever (as a sign of systemic inflammation) during the previous 4 weeks, inpatient treatment within the past 12 months, pre-existing or concurrent skin disease (eg, acne, atopic dermatitis, psoriasis, ectoparasitoses), immunodeficiency, or other predisposing conditions (eg, chronic lymph edema, diabetes mellitus, human immunodeficiency virus infection), as well as traumatic or chronic wounds. Patients reporting microtrauma such as mosquito bites at the beginning of their symptoms were eligible. Individuals fulfilling these criteria were asked to provide skin specimens from healthy and lesional skin. Biopsies were taken from the most central epithelialized part of the lesion and from the lateral gluteal region with use of a 4×6 mm biopsy punch. Lesional biopsy was omitted in locations with increased risk of subsequent complications. A lesional and a nasal swab were obtained from all patients with pyoderma as part of the diagnostic routine. Those positive for S. aureus in the lesional swab and fulfilling the criteria above were considered to be case patients. Those positive for S. aureus in the nasal swab were considered to be nasal carriers. Additionally, we collected information on date of birth, height, weight, starting date of symptoms, number of recurrences of symptoms after complete remission, need for surgical intervention since onset of symptoms (yes or no), travel destination, travel duration, lowest level of accommodation for at least 1 night (categorized as “low” for camping, hostel, guest house, or lodge and “high” for hotel or own apartment), hormonal contraception (yes or no), smoking (yes or no), and history of allergy defined as hypersensitivity to an environmental antigen (yes or no)
Control subjects and matchingControl subjects were recruited during the same time period as case patients. They consisted of healthy individuals consulting the travel clinic for pre-travel advice, who had traveled to the same region as the case patient within the past 3 years. Exclusion criteria were a history of pyoderma or any of the exclusion criteria that applied to the selection of case patients. To control for potential confounders, 2 control subjects per case patient were matched for sex, age at first occurrence of symptoms (±5 years), travel destination by region (Africa, Western/Southern Asia, Southeastern/Eastern Asia, Australia/New Zealand/Oceania, Northern America, South America, Central America/Caribbean), and travel duration in days (<30, 31–90, 91–270, or >270 days). A specimen of healthy skin was taken from the lateral gluteal region
Laboratory proceduresSkin specimens were stored for 24 h in a RNA stabilization reagent (RNAlater; Ambion) and then frozen at −80°C until analysis. RNA was extracted with RNeasy Lipid Tissue Mini Kit (Qiagen), dissolved in DEPC-treated RNase free water (Invitrogen), and its concentration was measured using a spectrophotometer (BioPhotometer; Eppendorf). Real-time polymerase chain reaction (PCR) and complementary DNA synthesis were performed in 1 step with use of the 2× SensiMix One-Step Kit (Peqlab) and a Rotor-Gene Real-Time-PCR-Cycler (Corbett). To avoid any differences in measurement procedures, the samples of each case patient were amplified together with the samples of its two individually matched control subjects. All samples were measured in triplicate, and results were normalized for the expression of the housekeeping gene β-actin. Intron-spanning primers with the following sequences were used for amplification (biomers.net): RNase 7 forward, 5′-GAAGACCAAGCGCAAAGC-3′; RNase 7 reverse, 5′-CAGCAGAAGCAGCAGAAGG-3′; HBD-2 forward, 5′-TCAGCCATGAGGGTCTTGTA-3′; HBD-2 reverse, 5′-GGATCGCCTATACCACCAAA-3′; HBD-3 forward, 5′-TTGCTCTTCCTGTTTTTGGTG-3′; HBD-3 reverse, 5′-CGCCTCTGACTCTGCAATAA-3′; β-actin forward, 5′-TTGTTACAGGAAGTCCCTTGCC-3′; and β-actin reverse, 5′-ATGCTATCACCTCCCCTGTGTG-3′. Real-time PCR was performed using 100 ng of solved RNA in a 25 μL mixture containing reverse transcriptase, Taq polymerase, SYBR Green, 5 μmol/L β-actin primer, and either 7.5 μmol/L RNase 7 primer or 5 μmol/L of HBD primer respectively. Cycle conditions were 30 min at 49°C, 10 min at 95°C, and then 45 amplification cycles consisting of 15 s at 95°C, 20 s at 58°C or 60 °C (for annealing of RNase 7 and HBD primers, respectively), and 15 s at 72°C. The specificity of the amplified product was verified by melt curve analysis. The cycle-to-cycle fluorescence emissions were analyzed using the threshold cycle (CT) method. ΔCT of a specific sample was calculated by subtracting the β-actin CT value from the AMP CT value, thus giving a measure of the relative expression of the target gene [30]
Statistical analysis To examine the role of constitutively expressed AMP in S. aureus–positive pyoderma, the first part of the analysis compared the expression of AMP in healthy skin of case patients versus control subjects by subtracting the ΔCT of each case patient from the mean ΔCT of 2 individually matched controls: [image: formula]



where Const Exp is constitutive expression, Ctrl-H is control subject healthy skin, and Case-H is case patient healthy skin. The second part of the analysis examined the inducibility of AMP by comparing relative expression of AMP in lesional versus healthy skin of cases: [image: formula]



where Ind Exp is induced espression, Case-L is case patient lesional skin, and Case-H is case patient healthy skin. For both parts of the analysis, mean ΔΔCT values with confidence intervals were calculated for each AMP, and the null hypothesis of mean ΔΔCT=0 was tested with a 2-sided paired t test and, in a sensitivity analysis, with a Wilcoxon’s signed&amp;rank test. Mean and median ΔΔCT values were converted into ratios that express the content of messenger RNA (mRNA) contained in 1 specimen as the multiple of the other. The equation used is based on the doubling of mRNA each PCR-cycle [30]: Ratio=2-ΔΔCT. For the analysis of constitutive expression of AMP levels in case patients and control subjects, we also used conditional logistic regression to adjust for potential confounders (height, weight, smoking, hormonal contraception, nasal carriage, level of accommodation, and allergy). The number of self-reported recurrences at the first visit was used to compare constitutive AMP expression as a function of disease severity. All statistical procedures were performed using the Stata software package, version 9 (StataCorp)
                    Results

Characteristics of casesOf 34 patients with pyoderma seen during the recruitment period, 27 were defined as case patients on the basis of a lesional swab positive for S. aureus. The predominant clinical presentation was furunculosis; recurrences were frequent, and more than one-half of patients underwent surgical drainage. Of the 27 case patients identified, 4 individuals refused to have any biopsy taken and 3 refused to provide a specimen of healthy skin. In 8 case patients, the location of the lesion was unsuitable for biopsy. Consequently, biopsies of healthy skin were available for 20 case patients, and biopsies of both healthy and lesional skin were available for 12 case patients. Table 1 summarizes characteristics of screened case patients and control subjects. The distribution of ΔCT values was approximately normal. Respective means, standard deviations, medians, and interquartile ranges are presented in Table 2
                    
Table 1
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Table 2
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Constitutive expression of AMPComparing mRNA levels of AMP in healthy skin of 20 case patients and 40 individually matched control subjects (Table 3 and Figure 2A) provided strong evidence that RNase 7 expression was 64% higher in control subjects than in case patients (P=.007), with a tendency toward a more pronounced association in those case patients reporting >5 recurrences. In contrast, the data for HBD-2 and HBD-3 provided no evidence for such an association. In fact, for HBD-2 there was some evidence for a reverse association, with an increased expression in healthy skin of case patients, especially in those with a history of >5 recurrences
                    
Table 3
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Figure 2
[image: Constitutive and inducible antimicrobial peptide (AMP) expression. A AMP messenger RNA (mRNA) concentration in healthy skin of each case patient, compared with 2 individually matched controls (2 bars per case patient, 1 representing the first control subject versus case patient, and 1 representing the second control subject versus case patient). A ratio of 1 means that the concentration was the same in case patient and control subject, a bar to the right means that the control subject had a higher concentration, and a bar to the left means that the case patient had a higher concentration. B AMP mRNA concentration in lesional and healthy skin of case patients. A ratio of 1 means that the concentration was the same in lesional and healthy skin, a bar to the right means that lesional concentration was higher, and a bar to the left means that lesional concentration was lower. For each graph, one would expect a similar number and magnitude of bars to the left and to the right (average ratio of 1) if the null hypothesis of no association were true]Open in new tabDownload slide

Constitutive and inducible antimicrobial peptide (AMP) expression. A AMP messenger RNA (mRNA) concentration in healthy skin of each case patient, compared with 2 individually matched controls (2 bars per case patient, 1 representing the first control subject versus case patient, and 1 representing the second control subject versus case patient). A ratio of 1 means that the concentration was the same in case patient and control subject, a bar to the right means that the control subject had a higher concentration, and a bar to the left means that the case patient had a higher concentration. B AMP mRNA concentration in lesional and healthy skin of case patients. A ratio of 1 means that the concentration was the same in lesional and healthy skin, a bar to the right means that lesional concentration was higher, and a bar to the left means that lesional concentration was lower. For each graph, one would expect a similar number and magnitude of bars to the left and to the right (average ratio of 1) if the null hypothesis of no association were true


Results from conditional logistic regression (Table 4) showed that the odds of being a case patient were more than tripled if RNase 7 was expressed at one-half the level, whereas there was no such effect for HBD-2 and HBD-3. When adjusting for the potential confounding effects of smoking, allergy, and level of accommodation, there was no change in these associations. Similarly, no changes were observed after adjustment for hormonal contraceptive use in the female subset (data not shown). S. aureus nasal carriage showed a strong association with being a case patient but showed no association with AMP levels (data not shown). Adjustment for S. aureus nasal carriage strengthened the existing association of RNase 7 and provided borderline evidence for an association for HBD-2 in the other direction. These results remained virtually unchanged after inclusion of height, weight, and exact age in years (data not shown). A summary of unadjusted and adjusted odds ratios is given in Table 4
                    
Table 4
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Expression of AMP in lesionsAnalysis of lesional and healthy skin of 12 case patients who had contributed both biopsy samples showed a 154-fold increase in mRNA coding for HBD-2 and a 6-fold increase in HBD-3 mRNA in lesional skin, whereas RNase 7 mRNA copy numbers were approximately equal in healthy and lesional skin of the same patient (Table 5 and Figure 2B). Repeating the analysis using non-parametric tests gave very similar results (data not shown)
                    
Table 5
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                    Discussion

We have shown that lower RNase 7 expression in healthy skin is associated with new onset S. aureus–positive skin infection in previously healthy individuals. Our estimates correspond to an approximate doubling in risk of disease for a 30% lower level of RNase 7 mRNA. Given the high concentration in healthy skin and strong antimicrobial activity of RNase 7 against S. aureus [15], this increase in risk suggests an important role of this AMP in innate defense against this pathogen. To our knowledge, these results are the first to directly link altered AMP expression in healthy individuals with susceptibility to symptomatic skin infection and the first to support the hypothesized in vivo function of RNase 7 [15, 26] in the primary response to pathogen invasion
We found no association of a decreased constitutive expression of HBD-2 and HBD-3 with skin infection. This finding is consistent with reportedly low concentrations of these primarily inducible AMP in healthy skin [7–10, 14] and an assumed function in secondary response. In fact, for HBD-2 there is even a trend toward an increased expression in healthy skin of case patients, compared with control subjects, especially among case patients with a history of >5 recurrences. This counterintuitive observation may be explained by a systemic, cytokine-dependent induction of HBD-2 in healthy skin, similar to that recently shown for patients with cellulitis and signs of systemic inflammation [12]
Unlike other studies in this field, we attempted to address potential confounding factors through multivariable analysis. Nasal carriage of S. aureus is much more common in our case patients than in our control subjects and is not only a risk factor for S. aureus–positive skin lesions but is also, at least in some cases, likely a consequence of it. This ambiguity concerning the sequence of events and the fact that there was no evidence of an association of nasal carriage with RNase 7, HBD-2, or HBD-3 expression in healthy skin, makes it doubtful that nasal carriage should be adjusted for in the analysis. Nevertheless, we decided to present the non-adjusted and adjusted odds ratios to demonstrate consistency of the main associations
Addressing our secondary objective, we found no evidence that RNase 7 is up-regulated by S. aureus–positive skin infection, in contrast to findings from keratinocyte cultures [15]. We found, furthermore, that mRNA levels of both HBD-2 and HBD-3 are significantly increased in lesional skin, with a more pronounced inducibility of HBD-2. Although inducibility in various acute skin infections has been shown for HBD-2 previously [11–13], to our knowledge, this is the first such evidence for HBD-3. Considering its strong bactericidal effect against S. aureus the modest up-regulation of HBD-3 may constitute an important component of secondary response to clinical overt disease
This study had some limitations. The relatively small sample size leads to rather imprecise estimates of the reported associations. Although small sample size is a limitation in this respect, the presence of statistically highly significant differences despite small sample size is more likely to reflect underlying effects of clinical relevance
Time sequence of events cannot be easily established in a case-control study. As previously discussed for HBD-2, systemic up-regulation after the onset of infection might increase AMP levels in unaffected skin of case patients. However, this can only explain an underestimation but not a spurious association between decreased mRNA concentration and increased risk of skin infection and, thus, cannot invalidate the primary result of this study
Bias in the measurement of AMP expression was made unlikely by simultaneously amplifying case-control triplets in 1 real-time PCR run. Furthermore, we attempted to minimize bias in the remaining variables by prospectively and simultaneously recruiting case patients and control subjects, as well as by applying identical procedures for data collection. To make timely recruitment feasible, control subjects were allowed to have traveled up to 3 years previous to inclusion into the study, compared with only 1 year for case patients. As a consequence, recall of travel destination, duration, and level of accommodation, used as a surrogate for unknown confounders, might have been less precise in control subjects than in case patients, which in turn might have led to residual confounding. We believe this to be of minor importance because none of the variables was associated with AMP levels. Additionally, some control subjects may have failed to recall skin infections, thus leading to their false inclusion as control subjects and, consequently, an attenuation of differences detected
Unfortunately, the scarcity of biopsy material did not allow further studies to confirm our findings on the protein level. Nevertheless, maintaining the high constitutive levels of RNase 7 found in human skin [15] despite physiological scaling requires constant transcription, and thus, mRNA concentration of this AMP is likely to reflect protein concentration
Finally, the referral character of our institution had an influence on disease severity in our case-patient population, as shown by the high proportion of patients reporting recurrent disease and previous surgical interventions. Although these particularities of our population do not alter the validity of the results, caution should be exercised when generalizing to all cases of S. aureus–positive pyoderma. This is supported by the fact that we observed somewhat stronger associations in the subgroup of patients with high numbers of recurrences
These results add substantially to our current understanding of the role of AMP in the multifactorial pathogenesis of S. aureus–positive skin infections. In particular, the study of individuals free from underlying skin disease allowed us to establish the importance of constitutively expressed RNase 7 in susceptibility to infection
Future research should explore the clinical role of RNase 7 in skin infection caused by other bacterial and non-bacterial pathogens, as well as its role in controlling S. aureus colonization. Moreover, the concept of baseline AMP expression being important for prevention of disease may prove useful in guiding further research on AMP in other tissues and organs. Better understanding of host defense mechanisms will help to identify risk groups and guide development and application of therapeutic and preventive interventions
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