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A B S T R A C T

Objectives: Conventionally regarded as a harmless skin commensal, Staphylococcus epidermidis accounts for the
majority of neonatal late-onset sepsis and is shown to be associated with neonatal inflammatory morbidities,
especially bronchopulmonary dysplasia. This study addressed the pro-inflammatory capacity of different S.
epidermidis strains on human alveolar epithelial cells.
Methods: A549 cell monolayers were stimulated by live bacteria of S. epidermidis RP62A strain (biofilm-positive)
and ATCC 12228 strain (biofilm-negative) at a multiplicity of infection ratio of 10 for 24 h. LPS (100 ng/ml) and
Pam3CSK4 (1 µg/ml) were used for comparisons. Cell viability was measured by MTT method. The mRNA and
protein expression of inflammatory mediators and toll-like receptor (TLR)-2 were assessed using RT-PCR, im-
munoassays and immunofluorescence.
Results: Both S. epidermidis strains induced expression of tumor necrosis factor (TNF)-α, IL-1β, interleukin (IL)-6,
IL-8, monocyte chemoattractant protein (MCP)-1, interferon γ-induced protein 10 (IP-10) and intercellular ad-
hesion molecule (ICAM)-1, but not IL-10. The stimulatory effect of RP62A exceeded that of LPS (p < 0.05).
RP62A strain showed a trend towards higher induction of pro-inflammatory mediators than ATCC 12228 strain.
The co-stimulation with RP62A strain decreased cell viability compared to control and TLR agonists (p < 0.05).
RP62A but not ATCC 12228 stimulated mRNA and protein expression of TLR2.
Conclusions: S. epidermidis drives pro-inflammatory responses in lung epithelial cells in vitro. The pro-in-
flammatory capacity of S. epidermidis may differ between strains. Biofilm-positive S. epidermidis strain seems to
induce more potent pulmonary pro-inflammation than biofilm-negative S. epidermidis strain.

1. Introduction

Due to its ubiquitous colonization on human body surface,
Staphylococcus epidermidis is conventionally regarded as a harmless skin
commensal [1,2]. In the past two decades, S. epidermidis has emerged as
the leading pathogen of neonatal late-onset sepsis (LOS), accounting for
50%-80% of neonatal LOS cases in many developed and developing
countries [3]. Furthermore, increasing clinical studies suggest a strong
link between S. epidermidis sepsis and other neonatal short-term and
long-term morbidities, especially bronchopulmonary dysplasia (BPD)
[4–7]. Neonates with S. epidermidis sepsis were 3–9 times more likely to
develop BPD than uninfected ones [4–6]. Additionally, several lines of
evidence indicated the presence of Staphylococcus spp., including S.
epidermidis, in the airway microbiome of preterm neonates with evol-
ving BPD [8,9]. Despite multiple etiological factors, inflammation is

considered as one principal pathomechanism of BPD [10–12]. Pre- and
postnatal injurious events, such as chorioamnionitis, oxygen exposure,
mechanical ventilation, and neonatal infection, are likely to trigger and
sustain adverse pulmonary inflammation [10–12]. As a consequence,
normal alveolarization and angiogenesis may be impaired, with lifelong
consequences [12]. So far, clinical and experimental data on S. epi-
dermidis-driven pulmonary inflammation are scarce [13,14].

Advances in molecular microbiology during the last two decades
have shed some light on the pathogenicity factors of S. epidermidis.
Epidemiologic studies have demonstrated that S. epidermidis strains
disseminating in NICUs across different regions are characterized by
biofilm-forming capacity [2,15–18]. Biofilm represents a community of
bacteria encased in self-produced extracellular matrix [19]. Further-
more, methicillin resistance and toxin production contribute to S. epi-
dermidis pathogenicity [17,18,20]. Until now, it remains controversial
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whether S. epidermidis is able to induce host inflammatory responses
[21–25]. In addition, several in vitro experimental and clinical studies
have indicated that the serum level of pro-inflammatory mediators
upon S. epidermidis stimulation may vary among S. epidermidis strains
with different genotypes [16,26–29]. Strain-related differences in S.
epidermidis-induced host immune responses have not been elucidated,
so far.

In this study, we utilized an in vitro model to investigate S. epi-
dermidis-driven inflammation, in particular, in human alveolar epithe-
lial cells. Alveolar epithelial cells align more than 99% of the inner
surface of the lung and play a crucial role in initiating and shaping
pulmonary inflammatory responses [30]. Type II alveolar epithelial
cells are an important source of cytokines and chemoattractants, such
as tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, IL-8, IL-10,
monocyte chemoattractant protein (MCP)-1, interferon γ-induced pro-
tein (IP)-10, intercellular adhesion molecule (ICAM)-1 and vascular cell
adhesion molecule (VCAM)-1 [30–32]. With phenotypic features char-
acterizing human type II alveolar epithelial cells, A549 cell line has
been widely used in in vitro experiments to investigate pulmonary in-
flammation [33–35]. Host immune responses against pathogens are
largely mediated by Toll-like receptors (TLRs), with TLR2 and TLR4
being able to recognize a variety of pathogen-associated molecule
patterns from Gram-positive and Gram-negative bacteria [36,37]. Here,
we evaluated the expression of the abovementioned inflammatory
mediators as well as TLR2 and TLR4 in A549 cells stimulated by two
different S. epidermidis strains. In contrast to the chronic disease course
of device-associated infections [38,39], neonatal sepsis is acute by
nature [38]. In order to better simulate the clinical scenario of pul-
monary inflammation following sepsis, S. epidermidis strains in plank-
tonic growth were used for this study.

2. Materials and methods

2.1. Bacterial strains and growth conditions

S. epidermidis RP62A (ATCC 35984) and ATCC 12228 are two S.
epidermidis strains with genome sequencing data, and were kindly
provided by Dr. Wilma Ziebuhr from Institute for Molecular Infection
Biology (University of Wuerzburg, Wuerzburg, Germany). S. epi-
dermidis RP62A was isolated during an outbreak of intravascular ca-
theter-associated sepsis, showing a strong capacity of biofilm formation
[40]. In contrast, ATCC 12228 is a biofilm-negative strain [41]. This has
been confirmed by our preliminary experiments (Supplemental Fig. 1).
Both S. epidermidis strains were streaked out on tryptic soy agar (Becton
Dickinson, Sparks, NV, USA) from frozen stocks, followed by inocula-
tion into 5ml of tryptic soy broth (Becton Dickinson) and overnight
growth at 37 °C with agitation (180 rpm).

2.2. Cell cultures

A549 cells were purchased from ATCC (LGC Standards, Teddington,
UK) [42]. A549 cells were cultured in Dulbecco’s Modified Eagle’s
Medium (Sigma-Aldrich, St. Louis, MO, USA) with additional 10% fetal
bovine serum (Thermo Fisher Scientific, Waltham, MA, USA), 100 U/ml
penicillin and 100 μg/ml streptomycin (Sigma-Aldrich) in a humidified
atmosphere at 37 °C with 5% CO2. Cell monolayers reaching> 90%
confluence were washed with sterile phosphate buffered saline (PBS)
(Sigma-Aldrich), digested with trypsin (Sigma-Aldrich), and expanded
into new culture flasks. After 6 passages, cells were collected and re-
suspended in fetal bovine serum with 10% dimethyl sulfoxide (Serva
Electrophoresis, Heidelberg, Germany), followed by storage at −80 °C.
Experiments were conducted with freshly thawed cells further ex-
panded to passage 8.

2.3. Cell stimulation assays

A549 cells were seeded at a density of 3.5× 105 cells/well in 6-well
plates (Greiner, Frickenhausen, Germany), followed by overnight in-
cubation to achieve>90% confluence at the bottom of wells [43].
According to previous in vitro studies [13,14,21,22,26], various multi-
plicity of infection ratios (MOI 0.1, 1.0 and 10) of S. epidermidis were
tested in our preliminary experiments (Supplemental Fig. 2). With re-
gard to kinetics of inflammatory mediator expression at mRNA and
protein levels, different co-incubation periods (4 h, 8 h, 24 h, 30 h, and
48 h) have been evaluated (Supplemental Fig. 2). MOI 10 was chosen
for the final experiments, and A549 cell monolayers were exposed to
bacteria diluted to 3.5× 106 colony forming units (CFUs)/ml in 1ml of
antibiotic-free cell growth medium for 24 h. The count of bacteria was
confirmed by serial dilution and plate counting on tryptic soy agar. Our
preliminary experiments showed no effect of antibiotic-free cell culture
medium on the growth of both S. epidermidis strains. Unstimulated cells
served as the negative control. Besides live bacteria, E. coli lipopoly-
saccharide (LPS) (TLR4 agonist, Sigma-Aldrich) and Pam3CSK4 (TLR2/
1 agonist, InvivoGen, San Diego, CA, USA), representing TLR agonists
of Gram-negative and Gram-positive bacteria respectively, were also
used for cell stimulation assays. The dose of LPS (100 ng/ml) and
Pam3CSK4 (1 µg/ml) applied in this study were chosen based on pre-
vious in vitro approaches using the same cell line [33,35].

2.4. Cell viability assay

Methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay was
performed to assess cell viability [44]. Living cells with active meta-
bolism convert the yellow MTT dye into purple-colored formazan
through redox reaction [44]. After 24 h of stimulation, A549 cells were
washed with PBS, and 1ml of antibiotic-free medium containing 0.5mg
MTT was applied to each well. After incubation at 37 °C for 45min, the
medium was removed. Then, 500ml isopropanol was added per well,
followed by gentle vibration for 30 s at room temperature to dissolve
purple formazan. Optical density was measured at 550 nm in triplicates
in 96-well plates (Greiner) with an MR 5000 microplate reader (Dy-
natech, Santa Monica, CA).

2.5. Quantitative real-time polymerase chain reaction (qRT-PCR)

After 24 h of stimulation, total RNA was extracted from cells using
NucleoSpin RNA Kit (Macherey-Nagel, Dueren, Germany). Extracted
RNA was eluted in 60 µl nuclease-free H2O (Sigma-Aldrich), quantified
using a Qubit® 2.0 Fluorometer (Thermo Fisher), and immediately
stored at −80 °C until further analysis. Using a High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Thermo Fisher,
Carlsbad, CA, USA), 0.1–0.5 µg of total RNA was reverse transcribed in
each independent experiment. The first-strand cDNA was diluted 1:10
with deionized, nuclease-free H2O (Sigma-Aldrich) and stored at
−20 °C until qRT-PCR assessment. For quantitative detection of TNF-α,
IL-1β, IL-6, IL-8, IL-10, MCP-1, IP-10, ICAM-1, VCAM-1, TLR2, and
TLR4 mRNA, a 25 µl reaction mix containing 10 µl cDNA template,
12.5 µl iTaqTM Universal SYBR Green Supermix (Bio-Rad Laboratories,
Hercules, CA, USA), 2 µl forward and reverse primers (10 μM), and
0.5 µl deionized H2O was prepared. Table 1 demonstrates the primer
sequences used for qRT-PCR [45,46,43]. A 7, 500 Real-Time PCR
System (Applied Biosystems) was used to perform qRT-PCR with a two-
step protocol: initial denaturation at 95 °C for 10min, followed by 40
cycles of 95 °C for 15 s and 60 °C for 1min. Melting curve analyses at
the end of every run confirmed single PCR products. The mRNA ex-
pression of each target gene was normalized to GAPDH (Glycer-
aldehyde 3-phosphate dehydrogenase), with mean fold changes calcu-
lated using the △△CT method [47].
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2.6. Multi-analyte immunoassays

The supernatants of cells were harvested after 24 h of stimulation
and stored at −80 °C. Concentrations of human TNF-α, IL-1β, IL-6, IL-8,
IL-10, MCP-1, IP-10, ICAM-1, and VCAM-1 were assessed in duplicate
by means of multi-analyte immunoassays using Luminex® bead tech-
nology and reagent kits (Merck Millipore, Darmstadt, Germany). For
each inflammatory mediator, a standard curve was developed by
xPonent® Software (Luminex Cooperation, Texas, USA). The thresholds
of detection were set at 0.98 pg/ml (TNF-α), 1.54 pg/ml (IL-1β),
3.17 pg/ml (IL-6), 3.17 pg/ml (IL-8), 0.71 pg/ml (IL-10), 4.07 pg/ml
(MCP-1), 3.6 pg/ml (IP-10), 1.23 pg/ml (ICAM-1), and 4.47 pg/ml
(VCAM-1). Protein expression was calibrated by MTT-measured cell
viability as previously described [13].

2.7. Immunofluorescence microscopy

After 24 h of stimulation as described above, cells were washed
three times with PBS and fixed for 15min in 4% Formaldehyde (Sigma-
Aldrich). Non-specific binding was blocked for 30min at room tem-
perature with 1% bovine serum albumin (Sigma-Aldrich) in PBS. Cells
were then incubated overnight with a PE anti-human TLR2 antibody
(1:20, Biolegend, San Diego, CA, USA) at 4 °C in a humidified chamber,
followed by 2 h at room temperature. Subsequently, nuclei were stained
with Hoechst 33342 (1:5000, Invitrogen) for 15min at room tem-
perature. Samples were washed in PBS, mounted onto glass slides using
VECTASHIELD anti-fading medium (Biozol Endogen, Eching,
Germany), and examined under Leica DMI6000 inverted fluorescence
microscope (Leica Microsystems, Wetzlar, Germany). Images were
taken using a Leica DFC360FX digital camera with fixed exposure
times. Experiments were repeated in triplicate.

2.8. Statistical analysis

All experiments were performed five times until otherwise in-
dicated. Results from independent experiments are expressed as
means ± standard deviation (SD). Differences among groups were as-
sessed by non-parametric Kruskall-Wallis test and Dunn’s post-hoc test
for multiple comparisons. Statistical analyses were performed using
Prism® 6 software (GraphPad Software, San Diego, CA, USA), with
statistical significance defined as p-value<0.05.

3. Results

3.1. Viability of A549 cells upon stimulation with S. epidermidis

Compared to control, LPS and Pam3CSK4 did not exert a significant
cytotoxic effect on A549 cells following 24 h of stimulation (Fig. 1).

Cells exposed to S. epidermidis RP62A strain had significantly lower
viability than both control and TLR agonist-stimulated cells
(p < 0.05). In contrast, ATCC 12228 strain did not significantly reduce
A549 cell viability when compared to control, TLR agonists or RP62A
strain.

3.2. Inflammatory cytokine responses in S. epidermidis-stimulated A549
cells

As shown by kinetic experiments in Supplemental Fig. 2 (data were
given on TNF-α and IL-8), mRNA and protein expression of in-
flammatory mediators in S. epidermidis-stimulated A549 cells was de-
pendent on bacterial concentration and incubation period. At MOI 10,
S. epidermidis exerted the most pronounced stimulatory effect on A549
cells. Both S. epidermidis strains elicit maximal expression of in-
flammatory mediators at 24 h of stimulation. In the final experiment,
we evaluated mRNA and protein expression of inflammatory mediators
in A549 cells stimulated with S. epidermidis strains at a MOI of 10 for
24 h.

Without any stimuli, A549 cells exhibited very low basal synthesis
of inflammatory cytokines. Compared to S. epidermidis, TLR agonists
exerted limited stimulatory effects on A549 cells. At the level of mRNA,

Table 1
Primer sequences used in real-time polymerase chain reaction.

Gene name Sequence accession Forward primer (5′-3′) Reverse primer (5′-3′)

TNF-α NM_000594.3 CAGCCTCTTCTCCTTCCT GGTTTGCTACAACATGG
IL-1β NM_000576.2 TTCATTGCTCAAGTGTCTG GCACTTCATCTGTTTAGGG
IL-6 NM_000600.4 ACATCGTCGACAAAATCTCTGCA A GCCAGTGTCTCCTTGCTGTTT
IL-8 NM_000584.3 CAGTGCATAAAGACATACTCC TTTATGAATTCTCAGCCCTC
IL-10 NM_000572.3 GCTGTCATCGATTTCTTCC GTCAAACTCACTCATGGCT
MCP-1 NM_002982.3 GCTGTGATCTTCAAGACC AAGTCTTCGGAGTTTGGG
IP-10 NM_001565.3 AGCACCATGAATCAAACTG TGTAGCAATGATCTCAACAC
ICAM-1 NM_000201.2 CAGACCTTTGTCCTGCCA AAGGAGTCGTTGCCATAGGT
VCAM-1 NM_001078.3 GCAAGTCTACATATCACCCA AGTTGCATTTCCAGAAAGGT
TLR2 NM_001318793.1 CCAAAGGAGACCTATAGTGAC GCTTCAACCCACAACTACC
TLR4 NM_003266.3 TTATCCAGGTGTGAAATCCA GATTTGTCTCCACAGCCA
GAPDH NM_002046.5 CAAAGTTGTCATGGATGACC CCATGGAGAAGGCTGGGG

TNF-α: tumor necrosis factor; IL: interleukin; MCP-1: monocyte chemoattractant protein-1; IP-10: interferon γ-induced protein 10; ICAM-1: intercellular adhesion
molecule-1; VCAM-1: vascular cell adhesion molecule; TLR: toll-like receptor. GAPDH: glyceraldehyde 3-phosphate dehydrogenase.

Fig. 1. The viability of A549 cells stimulated by LPS, Pam3CSK4, and S. epi-
dermidis strains RP62A and ATCC 12228. Viable cells were measured by the
absorbance of Methylthiazolyldiphe-nyltetrazolium bromide (MTT) at 550 nm
following 24 h of stimulation. Unstimulated cells served as negative control.
Data are presented as mean ± SD of four independent experiments. *
p < 0.05 vs. control; # p < 0.05 vs. LPS-stimulated cells; ○p < 0.05 vs.
Pam3CSK4-stimulated cells.
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both S. epidermidis RP62A and ATCC 12228 significantly induced TNF-α
(RP62A: p=0.0002, ATCC 12228: p=0.009), IL-1β (RP62A:
p=0.0006, ATCC 12228: p=0.019), IL-6 (RP62A: p=0.0004, ATCC
12228: p=0.006) and IL-8 (RP62A: p=0.0003, ATCC 12228:
p=0.007) compared to control (Fig. 2 A–C). The same trend applied to
extracellular protein release of TNF-α, IL-6 and IL-8 (Fig. 2 D–F). IL-1β
displayed a similar mRNA expression pattern as TNF-α, but was un-
detectable in cell supernatants (data not shown). Although S. epi-
dermidis RP62A strain appeared to induce more pro-inflammatory cy-
tokines in A549 cells than ATCC 12228 strain, this difference did not
reach statistical significance. Induction of TNF-α, IL-1β, IL-6 and IL-8
mRNA expression by RP62A was significantly more pronounced than
the effect of LPS (IL-1β: p=0.007; other mediators: p < 0.05) (Fig. 2
A-C). The expression of anti-inflammatory IL-10 was negligible in both
the control and stimulated cells, either at mRNA or protein level (data
not shown).

3.3. S. epidermidis-driven chemoattractant responses in A549 cells

In the absence of any stimuli, A549 cells exhibited very low basal
synthesis of chemoattractants. Regarding MCP-1 expression, only S.
epidermidis RP62A strain exerted a significant stimulatory effect on
A549 cells at both mRNA and protein levels when compared to control
(p < 0.05) (Fig. 3 A,C). RP62A strain-induced MCP-1 mRNA expres-
sion was significantly higher than that induced by LPS (p=0.019). IP-
10 mRNA expression was barely detected in unstimulated cells, as well
as cells stimulated with TLR agonists and S. epidermidis strains. How-
ever, extracellular concentration of IP-10 was significantly enhanced in
A549 cells stimulated by RP62A (p=0.002 vs. control, p=0.049 vs.
LPS) and ATCC 12228 (p=0.034 vs. control). Similar as pro-in-
flammatory cytokine responses, ICAM-1 mRNA expression was sig-
nificantly increased in A549 cells upon S. epidermidis infection

(p < 0.01) (Fig. 3 B). Compared to LPS, RP62A but not ATCC 12228
provoked more ICAM-1 at the level of mRNA and protein (p < 0.05)
(Fig. 3 B,D). ATCC 12228 strain did not significantly induce MCP-1 and
ICAM-1 protein expression. Again, both mRNA and protein data showed
a non-significant trend towards higher expression of chemoattractants
in RP62A than in ATCC 12228. The expression of VCAM-1 was negli-
gible in both control and stimulated cells, either at the mRNA or protein
level (data not shown).

3.4. TLR2 expression of S. epidermidis-stimulated A549 cells

Via qRT-PCR, the expression of TLR4 was below the detection limit
in unstimulated as well as stimulated cells (data not shown). The basal
mRNA expression level of TLR2 was low in control and treated A549
cells, as indicated by cycle threshold values (data not shown). The
mRNA expression of TLR2 in S. epidermidis RP62A infection group was
higher than in control and LPS group (p < 0.05) (Fig. 4). Immuno-
fluorescence was performed to qualitatively assess TLR2 expression at
the protein level. Similar as control, LPS-treated cells exhibited minimal
fluorescent signals for TLR2 (Fig. 5). Incubation with TLR2 agonist
Pam3CSK4 enhanced TLR2 staining in the cytoplasm. S. epidermidis
ATCC 12228 strain elicited detectable but weak fluorescence for TLR2,
whereas RP62A strain considerably amplified TLR2 protein expression.

4. Discussion

This in vitro study demonstrated that S. epidermidis is able to exert
pro-inflammatory effects on human alveolar epithelial cells, by stimu-
lating the expression of pro-inflammatory mediators while hardly in-
ducing anti-inflammatory IL-10. Cell death may occur as a result of pro-
inflammatory responses upon stimulation with S. epidermidis. Biofilm-
positive RP62A strain seems to induce more potent pulmonary pro-
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Fig. 2. Pro-inflammatory TNF-α, IL-6 and IL-8 responses in A549 cells incubated with LPS, Pam3CKS4, and S. epidermidis strains RP62A and ATCC 12228 for 24 h.
The mRNA expression of cytokines was assessed by qRT-PCR and normalized to the reference gene GAPDH (A-C). Protein concentrations in supernatants were
determined by multi-analyte immunoassays and corrected by cell viability (D-F). Unstimulated cells served as negative control. Data are presented as mean ± SD.
*p < 0.05, **p < 0.01, ***p < 0.001 vs. control. #p < 0.05 vs. LPS-stimulated cells.
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inflammation than biofilm-negative ATCC 12228 strain.
Our results are in line with the two previous in vitro studies, which

showed the induction of TNF-α, IL-6, IL-8 and ICAM-1 in S. epidermidis-

stimulated bronchial epithelial cells [13,14]. TNF-α, IL-6 and IL-8 are
cytokines signifying the initial stage of inflammation [12,48]. Che-
moattractants such as MCP-1, IP-10 and ICAM-1 may sustain and ag-
gravate the inflammation by recruiting neutrophils, monocytes/mac-
rophages, and lymphocytes [49–51]. Increased expression of the
abovementioned pro-inflammatory mediators in airway secretions,
bronchoalveolar lavage samples, or the systemic circulation of preterm
neonates, has been suggested by plentiful clinical investigations to be
associated with the development of BPD [52–59]. In the present study,
we did not detect IL-1β at the protein level. IL-1β has an intracellular
precursor form [60], and pro–IL-1β is likely to be cleaved after cytolysis
[61]. Given the cytotoxic effect of S. epidermidis on A549 cells, our
failure to determine extracellular IL-1β concentration does not ne-
cessarily imply absent IL-1β synthesis. Due to the negligible expression
of VCAM-1 at both mRNA and protein levels in our experiment, we
assume that S. epidermidis, unlike some other pathogens [32], may have
limited capacity to provoke VCAM-1 response in human alveolar epi-
thelial cells.

Anti-inflammatory cytokine IL-10 is considered to play an important
role in counterbalancing pro-inflammation [12,46,48,53,62]. IL-10 was
shown to be inducible in A549 cells by bacterial and chemical stimuli
[63,64]. However, both S. epidermidis strains failed to elicit IL-10 at
mRNA and protein levels in this study. Previous experimental data
demonstrated a compromised IL-10 response against pro-inflammatory
cytokines in S. epidermidis-infected blood cells [21,23,65]. Our study is
the first to report in vitro IL-10 response in lung cells upon S. epidermidis
stimulation. Imbalanced inflammatory responses favoring pro-in-
flammation may destruct alveolar capillary units in vivo, causing lung
injuries [12,53]. This was supported by our results showing reduced
viability of human lung epithelial cells upon S. epidermidis stimulation.
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Fig. 3. Expression of chemoattractants MCP-1 and ICAM-1 in A549 cells stimulated by LPS, Pam3CKS4, and S. epidermidis strains RP62A and ATCC 12228 for 24 h.
Levels of mRNA expression relative to gene GAPDH (A, B) and extracellular protein concentrations calibrated by cell viability (C, D) are presented as mean ± SD.
Unstimulated cells served as negative control. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control. #p < 0.05 vs. LPS-stimulated cells.

Fig. 4. The relative mRNA expression of TLR2 in A549 cells stimulated by LPS,
Pam3CKS4, and S. epidermidis strains RP62A and ATCC 12228 for 24 h. The
mRNA expression of TLR2 was assessed by qRT-PCR and normalized to the
reference gene GAPDH. Unstimulated cells served as negative control. Data are
presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control.
#p < 0.05 vs. LPS-stimulated cells.
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In many studies, the strain characteristics of S. epidermidis were
unknown, possibly contributing to inconsistency on host inflammatory
responses induced by S. epidermidis [21–23]. We have chosen two S.
epidermidis strains with genome-sequencing data [40,41], in order to
minimize uncertainties on S. epidermidis pathogenicity factors. While
biofilm-positive S. epidermidis strains were shown by some studies to be
immune evasive [26,39,66], others demonstrated that they may induce
similar or higher levels of pro-inflammatory cytokines compared to
biofilm-negative strains [28,29,67]. The discrepancies among studies
may be partly explained by differences in bacterial growth mode and
cells used for experiments. Notably, pathogenicity factors apart from
biofilm-forming capacity may also play an important role in S. epi-
dermidis-driven pro-inflammation. Methicillin resistance of S. epi-
dermidis is mediated by mecA gene located on mobile genetic elements
[68]. One study investigating neonatal coagulase-negative staphylo-
cocci sepsis demonstrated that the average serum C-reactive protein
level was 74% higher in infants with mecA-positive isolates than with
mecA-negative isolates [16]. Moreover, α-type phenol-soluble modulin
(PSM) peptide toxins of S. epidermidis, especially PSM-mec, have been
indicated to be more potent pro-inflammatory agents than E. coli LPS
[69–72]. Although both RP62A and ATCC 12228 strains produce α-type
PSMs [69,70], PSM-mec is encoded only by RP62A due to the corre-
lation between psm-mec gene locus and mecA [72,73]. Consistently, our
study showed that lung cells treated by RP62A, but not ATCC 12228,
had significantly higher pro-inflammatory mediator expression than
LPS-treated cells. Taken together, S. epidermidis-induced inflammatory
responses per se may be very complex, reflecting the interplay between
multiple pathogenicity factors and the host immunity.

Numerous experimental and clinical data have demonstrated that S.
epidermidis may induce the expression of TLRs at various sites of in-
fection [24,25,37,74,75]. This study is the first to suggest an in vitro
immunomodulatory effect of S. epidermidis on TLR2 expression in
human lung epithelial cells. We showed induction of TLR2 in A549 cells
stimulated by S. epidermidis RP62A but not ATCC 12228, indicating
strain-related difference. Given the qualitative nature of immuno-
fluorescence assay, our results need to be validated by further studies.

Our study belongs to the first several lines of in vitro evidence

showing a pro-inflammatory capacity of S. epidermidis on human lung
cells [13,14]. Strength of this study includes the application of viable
bacteria. Inactivated S. epidermidis, as commonly prepared in in vitro
investigations, may differentially stimulate the innate immune system
and lead to biased interpretation of host inflammatory responses upon
S. epidermidis infection [22,76,77]. There are also several limitations of
this study. As host inflammatory responses are affected by genetic
predisposition, immunological characteristics, and environmental con-
ditioning factors, the net effect and temporal pattern of pro- and anti-
inflammatory mediators observed in vitro may vary from that in vivo
[36]. Although widely used, A549 cell line is originated from an adult
and may not fully represent neonatal inflammatory responses. Freshly
isolated cell lines or animal disease models of a neonatal origin provide
alternatives for future experimental approaches, but may be difficult to
develop.

In summary, by demonstrating a substantial in vitro pro-in-
flammatory capacity of S. epidermidis on human alveolar epithelial cells,
our results challenge the conventional view of S. epidermidis being an
innocuous skin inhabitant. It is necessary to reevaluate S. epidermidis,
especially biofilm-positive strains, as relevant pathogens of in-
flammatory disorders. The screening of clinical S. epidermidis isolates
for pathogenicity factors, if integrated into the routine sepsis work-up,
may better guide anti-sepsis strategies and thus improve sepsis-asso-
ciated neonatal outcome.
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