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Abstract

Staphylococcus epidermidis small colony variants can survive inside macrophages and

their survival has been proposed as a pivotal process in the pathogenesis of biomaterial

associated infections. In the present study the intracellular location of clinical isolates of

SCV and parental wild type strains inside macrophages was determined. Furthermore, the

effect of IFN-γ and rapamycin on the level of SCV/WT as well as lysosomes colocalisation

and iNOS induction in THP-activated macrophages in response to WT and SCV strains of

Staphylococcus epidermidis were examined. It was demonstrated that SCV strain of S. epi-

dermidis can survive and persist inside macrophages and its intracellular survival is sup-

ported by the induction of phagosomal acidification. The ability to reduce the high proportion

of LysoTracker positive SCV containing phagosomes was exclusively found when IFN-γ
was used. The findings suggest that IFN-γ mediates SCV killing via two distinct mecha-

nisms, phagosome alkalisation and an increased iNOS synthesis, so the cytokine may con-

trol S. epidermidis WT and SCV infection in macrophages. Staphylococcus epidermidis

SCV is a less potent stimulus of iNOS than the WT strain and the feature may help SCV to

persist in hostile environment of macrophages. Rapamycin treatment did not influence the

iNOS synthesis but reduced the percentage of both bacterial strains within acidic organelles.

However, the percentage of SCV within LysoTracker positive organelles, even though

reduced comparing to non-primed cells, was higher than in the WT strain indicating that

Staphylococcus epidermidis possesses unique metabolic features allowing SCV to survive

within macrophages.

Introduction

It may come as a surprise that a relatively avirulent skin commensal, Staphylococcus epidermi-
dis is commonly involved in persistent and relapsing infections in patients receiving medical

devices [1, 2]. It was reported that Staphylococcus epidermidis can survive inside macrophages
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and its survival has been proposed as a pivotal process in the pathogenesis of these infections

[3].

The most deeply studied bacterial form specifically adapted for an intracellular lifestyle is

the small colony variant (SCV) phenotype. The SCVs show different characteristics when com-

pared with the parental wild type (WT), including reduced metabolic activity and a small col-

ony size. SCVs are frequently defective in the electron transport chain components–

cytochrome or menaquinone due to mutations in hemin and menadione biosynthesis genes

[4, 5, 6]. Loss of electron transport reduces, besides ATP production, also transmembrane

potential, that may protect bacteria from the effect of many bactericidal products. Staphylococ-
cus epidermidis SCV when taken up by the host’s phagocytes is exposed to the intracellular

defence mechanisms such as cationic antimicrobial proteins. The reduced susceptibility to

these defence systems then provides the SCVs with a selective advantage over the wild type

bacteria contributing to their survival [7]. Other auxotrophic SCVs are occasionally also iso-

lated (for example CO2 auxotrophs), and SCVs for which the metabolic defects cannot be

defined have also been found clinically [8].

Adaptation to intracellular lifestyle allows SCVs for evasion of the host humoral immune

responses and makes them less accessible to antibiotics [9, 10]. However, within an infected

cell, a pathogen is further challenged by intracellular defence mechanisms. Activated macro-

phages provide the least hospitable environment [10]. In phagocytes, nitric oxide (NO), pro-

duced by inducible NO synthase (iNOS) is a central mechanism of the host defence against a

number of intracellular pathogens [11, 12, 13]. The expression of the enzyme can be induced

by a variety of immunological and inflammatory stimuli [11]. iNOS is upregulated following

stimulation of cells with proinflammatory cytokines such as IFN-γ, and bacterial cell wall com-

ponents. When iNOS is upregulated, abundant NO is formed for long periods at a bactericidal

level, reacting with key proteins and lipids in microbes. Since SCVs are able to survive and per-

sist in the cells equipped to destroy them, resistance to these forces might be a prerequisite [6].

In the present study the intracellular location of clinical isolates of SCV and parental WT

strains inside macrophages was determined. Furthermore, the effect of IFN-γ and rapamycin

on the level of SCV/WT as well as lysosomes colocalisation and iNOS induction in THP-acti-

vated macrophages in response to WT and SCV strains of Staphylococcus epidermidis were

examined.

Materials and methods

Bacterial strains and culture conditions

Staphylococcus epidermidis SCV, hemin defective, and a WT strain have been isolated in paral-

lel from a single patient with the prosthetic hip joint infection and previously described in

details [14]. Relatedness between the SCV and the normal-morphology isolate was assessed

with the use of a commercially available DNA fingerprinting assay based on rep-PCR technol-

ogy. For infection experiments, S. epidermidis strains were grown in 5 ml of tryptic soy broth

(TSB; Oxoid) to the mid log phase (OD600 = 0.6) at 37˚C under constant rotation. The cells

were then harvested by centrifugation (5,000 x g for 10 min.) and washed twice in 5 ml of Dul-

becco’s Balanced Salt Solution (DPBS, PanBiotech). Bacterial chains and aggregates were bro-

ken by mild sonication for 3 x 10 s at 30W (Bransonic ultrasonic cleaner; G. Heinemann) at a

temperature of 20˚C. Samples were then centrifuged (5,000 x g for 10 min.) and the pellets

were resuspended in RPMI 1650 medium (SIGMA Aldrich) without antibiotics or antimyco-

tics. The accuracy of preparation of bacterial samples for internalization assay was routinely

verified by plating dilutions on agar plates and counting colonies to determine colony forming

units (CFU) per ml.
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The stability of the SCV phenotype was assessed by checking colony phenotype and haemin

auxotrophy over six successive subcultures. Revertants exhibiting all characteristics of a nor-

mal S. epidermidis phenotype, were excluded from the study.

To determine bacterial phenotype within infected macrophages, the infected cells were

lysed after 2 h and 24 h p.i., thereby releasing intracellular bacteria, and placed on Triptic Soy

Agar (TSA) plates. Next, the percentage of SCV and WT populations evolving in the presence

of macrophages were defined. When SCV strain was inoculated with THP-1 derived macro-

phages over the course of 2 h, no phenotypic switch to normal growth was observed. After 24

h of inoculation, 7% of SCV bacteria reverted to normal phenotype in non-primed cells. Simi-

lar results were observed after rapamycin pretreatment (7%). SCV had a 12% reversion fre-

quency to normal growth in IFN-γ primed macrophages (data not shown).

Preparation of FITC-labelled bacteria

Overnight cultures of bacteria prepared as above, were suspended into phosphate-buffered

saline (PBS) and stained with 100 μg/ml FITC (SIGMA Aldrich) in DMSO. Bacteria were incu-

bated at room temperature in the dark with end-over-end rotation for 30 min. After incuba-

tion, bacterial cells were washed three times in PBS to remove unbound dye and resuspended

in 1 mL of PBS.

Cell culture and differentiation

THP-1 (ATCC TIB202, LGC Standards), a human monocytic cell line, was maintained in a

continuous culture in RPMI 1640 medium (SIGMA Aldrich) containing 10% heat-inactivated

fetal bovine serum (FBS; SIGMA Aldrich). THP-1 cells were pretreated with 10 ng/ml of phor-

bol 12-myristate 13-acetate (PMA; SIGMA Aldrich) for 24 h in 5% CO2 at 37˚C to induce

maturation of the monocytes into macrophage-like adherent cells. This procedure was fol-

lowed by 2 washes (RPMI 1640) and the addition of complete media over 48 h post

differentiation.

Confocal microscopy of living cells

THP-1 activated macrophages were seeded in 35 mm cell imaging dishes with a glass bottom

(Greinder BioOne) at a concentration of 3 x 105 cells and incubated with rapamycin (50 nM)

at the time when bacteria were added to cell culture or with recombinant IFN-γ (2000 U/ml)

overnight. Macrophages were exposed to FITC-labelled S. epidermidis WT and SCV strains at

MOI 25. Simultaneously, the non-stimulated cells were incubated with the same bacterial

strains. After 2h of contact, the reaction was stopped by chilling on ice. Extracellular bacteria

were killed by adding lysostaphin (50 μg/ml) to the culture medium. The cells were analysed

for intracellular localisation of S. epidermidis SCV and WT strains after 2 h and 24 h.

To stain lysosomes in live macrophages, cells were treated with 250 nM LysoTracker Red

(ThermoFisher Scientific). The host cell nuclei were stained with Hoechst 33342 (2.5 μg/ml)

(Invitrogen).

Confocal live-cell imaging was conducted on LSM780 Zeiss confocal system coupled to

AxioObserver Z.1 inverted microscope equipped with a Plan-Apochromat 63x/1.40 Oil DIC

M27 objective and an environmental chamber to control air temperature, CO2 concentration,

and humidity. Three-channel imaging was performed using as an excitation source 405 nm

laser light for Hoechst 33342 (blue channel), 488 nm laser light for FITC (green channel), 561

nm laser light for LysoTracker Red (red channel) and PMT detectors working at 410–450 nm

range, 500–550 nm range and 580–680 nm range, respectively. Simultaneously images of cells
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in transmission light mode were collected according to already established experimental set-

up [15].

Image analysis was performed using Fiji (ImageJ, v1.52a, 64 bit Windows) software with

JACoP integrated plugin. Experiments were performed in triplicate in 3 biological

experiments.

Nitric oxide synthase 2 assay

The inducible nitric oxide synthase (iNOS) level was determined in supernatants of THP-1

activated macrophages. The cells were pre incubated with rapamycin (50 nM) at the time

when bacteria were added to the cell culture or with recombinant IFN-γ (2000 U/ml) over-

night. Macrophages were exposed to S. epidermidis WT and SCV strains at MOI 25. Simulta-

neously, the non-stimulated cells were incubated with the same bacterial strains. The NOS2

level was measured after 0, 2, 24 h post infection with commercially available ELISA (Cloud

Clone Corp.) according to the manufacturer’s recommendation.

Statistics

Statistical analyses were performed using 2-tailed unpaired t-test (2 groups) or one-way

ANOVA followed by Tukey’s multiple comparisons post test. P<0.05 was considered statisti-

cally significant. All data are described as mean ± SD in the text.

Results

Staphylococcus epidermidis SCV persists in lysosomes

The purpose of this study was to identify the location of S. epidermidis SCV that are able to per-

sist inside phagocytic cells. Therefore, we analysed the colocalisation of FITC-labelled bacteria

with LysoTracker Red, an acidotrophic acid dye that serves as an indicator of phagosome pH.

LysoTracker Red freely permeates cell membranes and remains trapped in acidic compart-

ments upon protonation. In THP-1 derived macrophages, bacteria were mostly included in a

LysoTracker positive compartments. As shown in Fig 1A and 1B, 55% of organelles containing

WT bacteria colocalised with LysoTracker after 2 h post infection (p.i.). This colocalisation

level significantly decreased to 37% over the period of 24 h (p<0.05). In contrast, a signifi-

cantly higher percentage of phagosomes containing SCV strains of S. epidermidis (92%) colo-

calised with LysoTracker at 2 h post infection and remained constant till last time analysed

(Fig 1A and 1B).

These results indicate that while the wild type parental strain of S. epidermidis is degraded

in acidic phagocytes, SCV strain can survive in acidic compartments for at least 24 h.

According to our previous observation, the CFU/ml of WT bacteria decreased in large

amounts within the first 24 h post-phagocytosis, whereas the number of alive SCV was barely

reduced during the study time [16].

Priming macrophages with IFN-γ helps macrophages eradicate

intracellular Staphylococcus epidermidis WT and SCV

Considering that IFN-γ plays a pivotal role in immune response against intracellular patho-

gens, here it was tested whether stimulation of macrophages with the cytokine affects the host

cell-pathogen interaction towards more efficient colocalisation and killing abilities. When

THP-1 derived macrophages were stimulated with IFN-γ, a high number of LysoTracker posi-

tive, acidic organelles was observed 2 h p.i. and that effect was decreased over 24 h. FITC-

labelled SCV and WT bacteria colocalised with LysoTracker and the number of internalised

Staphylococcus epidermidis small colony variants persistence in macrophages
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Fig 1. Intracellular colocalisation of Staphylococcus epidermidis WT and SCV strains within macrophages. THP-1 activated cells

were infected with S. epidermidis WT and SCV strains, respectively at MOI 25, and extracellular bacteria were killed by addition of

lysostaphin (50 μg/mL). The number of intracellular persisting bacteria were determined at indicated time points (2 h, 24 h). (A) The

intracellular localisation of persisting bacteria (FITC; green) was analysed by confocal microscopy. Lysosomes were visualized with

LysoTracker Red (red) and nuclei were stained with Hoechst (blue). Scale bar 20 μm. (B) Quantitative analysis of colocalisation of

LysoTracker with S. epidermidis WT and SCV strains in macrophages at 2 h and 24 h post infection. Colocalisation was confirmed using

Staphylococcus epidermidis small colony variants persistence in macrophages
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bacteria, both SCV and WT colocalised with LysoTracker positive organelles significantly

decreased by 24 h post infection (p<0.05) (Fig 2A and 2B). These observations suggest that

IFN-γ affects the macrophage-S. epidermidis interaction in the way resulting in efficient colo-

calisation with LysoTracker positive organelles 2 h p.i. significant decrease in the number of

colocalised bacteria after 24h p.i., irrelevant of the bacterial phenotype (p<0.05).

Rapamycin decreases Staphylococcus epidermidis WT and SCV phagosome

colocalisation

Rapamycin as a specific inhibitor of mammalian target of rapamycin (mTOR), has immune

suppressive effect and increases autophagy. For this reason, blocking mTOR may contribute to

the control of intracellular pathogens [17, 18].

In the previous paper [19], incubation of S. epidermidis SCV and WT strains with rapamy-

cin pretreated macrophages resulted in a significant decrease in bacterial CFU. In a recent

work it was analysed whether the stimulation of autophagic pathway by rapamycin would

modify the colocalisation of bacteria with LysoTracker positive organelles. When macrophages

were treated with rapamycin, the proportion of SCV that colocalised with LysoTracker signifi-

cantly decreased comparing to untreated cells from 92% to 62% at 2 h p.i. (p<0.05) (Fig 3A

and 3B) and from 94% in untreated macrophages to 50% in rapamycin-treated cell at 24 h p.i.

(p<0.05) (Fig 3A and 3B). Similarly, rapamycin treatment of macrophages infected with the

WT strain decreased the level of bacterial colocalisation with LysoTracker from 55% in

untreated cells to 41% (p<0.05) in rapamycin-treated cells 2 h p.i. and from 37% to 6% after 24

h p.i. (p<0.05). Of interest, rapamycin-treated macrophages showed the higher proportion of

colocalised SCV with phagosomes than the WT strain at 2 and 24 h p.i. Also, the percentage of

SCV colocalised with LysoTracker positive organelles did not significantly change during the

study period unlike the WT strain (p<0.05).

These results indicate that, in cells incubated under conditions that favour autophagy, colo-

calisation of S. epidermidis within acidic organelles is reduced. Moreover, treatment of macro-

phages with rapamycin did not significantly affect the proportion of the SCV strain during

study time.

Decreased level of iNOS after Staphylococcus epidermidis SCV

internalization

An effective host response to pathogens requires capable function of immune cells in locating,

phagocytosis and microbial killing by releasing a variety of effector molecules, including reac-

tive oxygen and nitrogen species [13].

The next stage was to detect iNOS, an enzyme that synthesises NO, in bacteria activated

macrophages. Under resting conditions, iNOS was undetectable in THP-activated macro-

phages. Exposure of cells to WT and SCV strains resulted in a significant increase in the con-

centration of iNOS after 0 h (WT strain), 2 h (WT and SCV strains) and 24 h (WT and SCV

strains) when compared to control, uninfected cells (p<0.05) (Fig 4A). Moreover, the concen-

tration of iNOS after bacterial infection increased significantly during study time irrespective

of S. epidermidis strain.

Fiji (ImageJ, v1.52a, 64 bit Windows) software with JACoP integrated plugin. Values indicate the percentages of phagosomes containing

S. epidermidis SCV (white bars) and WT (grey bars) colocalised with LysoTracker Red. Data are mean values (± standard deviation of

the mean) performed in triplicate. �p<0.05 SCV 2 h vs. WT 2 h; ��p<0.05 WT 2 h vs. WT 24 h; ���p<0.005 SCV 24 h vs. WT 24 h.

https://doi.org/10.1371/journal.pone.0207312.g001
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Fig 2. Intracellular colocalisation of Staphylococcus epidermidis WT and SCV strains within macrophages. THP-1 activated cells

were primed with IFN-γ for 24 h and next, infected with S. epidermidis WT and SCV strains, respectively at MOI 25. Extracellular

bacteria were killed by addition of lysostaphin (50 μg/mL). (A) The intracellular localisation of persisting bacteria (FITC; green) was

analysed by confocal microscopy. Lysosomes were visualized with LysoTracker Red (red) and nuclei were stained with Hoechst

(blue). Scale bar 20 μm. (B) Quantitative analysis of colocalisation of LysoTracker with S. epidermidis WT and SCV strains in IFN-γ
treated macrophages at 2 h and 24 h post infection. Colocalisation was confirmed using Fiji (ImageJ, v1.52a, 64 bit Windows)

software with JACoP integrated plugin. Values indicate the percentages of phagosomes containing S. epidermidis SCV (white bars)

Staphylococcus epidermidis small colony variants persistence in macrophages
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Macrophages can be activated by IFN-γ in vitro to express enhanced antimicrobial activity

[20]. Therefore, the effect of the cytokine on the concentration of iNOS after infection with S.

epidermidis WT and SCV was checked. As seen in Fig 4B, IFN-γ primed macrophages

expressed higher iNOS than non-stimulated cells (p<0.05).

Significant amounts of iNOS were detected after IFN-γ pretreatment of THP-activated cells

and were significantly increased by WT and SCV strains during study time (p<0.05) what

may facilitate in killing mechanisms used by the host to eradicate attacking bacteria. Next, the

effect of rapamycin in WT and SCV infected macrophages on iNOS synthesis was investigated.

In rapamycin pretreated macrophages the level of iNOS increased after 0 h, 2 h and 24 h post

internalisation of WT strain when compared to control untreated cells and cells treated with

rapamycin only (p<0.05; Fig 4C). Inhibition of mTOR by rapamycin displayed only minor

effects on SCV infected macrophages after 0 and 2 h post internalisation, but the level of the

enzyme significantly increased after 24 h post infection with the SCV strain (p<0.05; Fig 4C).

Of note, the concentration of the enzyme was comparable to the level when bacteria alone

were incubated with the cells, regardless of bacterial strain (Fig 4D).

Discussion

Phagocytosis is among the most important mechanisms used for elimination of invading path-

ogens, and belongs to immunological cellular response representing the first line of defence.

Professional phagocytes, such as macrophages play an important role in eliminating pathogens

by exposing them to intracellular defence mechanisms [3, 10]. To survive and replicate inside

macrophages S. epidermidis Small Colony Variants, regularly isolated from recurrent and per-

sistent infections, have developed strategies to subvert the host’s defence mechanisms [5, 9].

Taking into account the obvious intracellular persistence of S. epidermidis haemin auxotrophic

SCV strain its intracellular localisation and fate was investigated as compared to the normal

parental phenotype. In the model system, using THP-activated macrophages essentially all of

the intracellular S. epidermidis WT and SCV strains accumulated in acidic compartments

within 2 h p.i. LysoTracker, a dye staining specifically with acidic organelles, was previously

shown to occupy compartments that were consistent with features of late endosomes and lyso-

somes [5, 21]. In our experiment, in the course of the study, phagosomes containing WT bac-

teria showed a dramatically decreased level of colocalisation with LysoTracker within 24 h p.i.

In contrast, the number of SCV remained stable during the study time. These data indicate

that low pH in phagosomes exert an effective antibacterial activity towards the WT strain of S.

epidermidis, whereas, the SCV of S. epidermidis can persist within phagocytic milieu of macro-

phages which may contribute to the bacterial ability to persist and evade host defences. At

present, it is not clearly known what enables SCVs to survive inside such a hostile environ-

ment. It has been proposed that SCV properties, such as decreased transmembrane potential

or altered cell wall composition, may protect them from bactericidal products of macrophages

[5]. Moreover, it was shown that SCV formation is triggered by harsh conditions, such as anti-

biotic pressure or exposure to acidic conditions [4, 22].

One important bactericidal mechanism against intracellular pathogens is the release of

nitric oxide produced by iNOS in macrophages [23, 24]. Results suggest that there are major

differences in synthesis of iNOS in response to WT and SCV strains of S. epidermidis and

reduced iNOS production after SCV infection may in part explain bacterial persistence. SCV

and WT (grey bars) colocalised with LysoTracker Red. Data are mean values (± standard deviation of the mean) performed in

triplicate. ��p<0.05 WT 2 h vs. IFN+WT 2 h; # p<0.05 SCV 24 h vs. IFN+SCV 24 h; # #p<0.05 WT 24 h vs. IFN+WT 24 h; ^p<0.05

IFN+SCV 2 h vs. IFN+SCV 24 h; ^^ IFN+WT 2 h vs. IFN+WT 24 h.

https://doi.org/10.1371/journal.pone.0207312.g002
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Fig 3. Intracellular colocalisation of Staphylococcus epidermidis WT and SCV strains within macrophages. THP-1 activated

cells were pre incubated with rapamycin (50 nM) at the time when bacteria were added to cell culture and next, infected with S.

epidermidis WT and SCV strains, respectively at MOI 25. Extracellular bacteria were killed by addition of lysostaphin (50 μg/

mL). (A) The intracellular localisation of persisting bacteria (FITC; green) was analysed by confocal microscopy. Lysosomes

were visualized with LysoTracker Red (red) and nuclei were stained with Hoechst (blue). Scale bar 20 μm. (B) Quantitative

analysis of colocalisation of LysoTracker with S. epidermidis WT and SCV strains in rapamycin treated macrophages at 2 h and

24 h post infection. Colocalisation was confirmed using Fiji (ImageJ, v1.52a, 64 bit Windows) software with JACoP integrated

plugin. Values indicate the percentages of phagosomes containing S. epidermidis SCV (white bars) and WT (grey bars)

Staphylococcus epidermidis small colony variants persistence in macrophages
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strains are killed by the NO less efficiently probably by having low capacity to stimulate iNOS

synthesis and being more resistant to cellular microbicides.

In the present study it is also investigated whether bactericidal effects inside phagocyte may

be affected by IFN-γ and rapamycin stimulation.

colocalised with LysoTracker Red. Data are mean values (±standard deviation of the mean) performed in triplicate. �p<0.05

SCV 2 h vs. Rapa + SCV 2 h; ��p<0.05 WT 2 h vs. Rapa + WT 2 h; ���p<0.05 Rapa+SCV 2 h vs. Rapa+WT 2 h; # SCV 24 h vs.

Rapa+WT 24 h; # #p<0.05 WT 24 h vs. Rapa+WT 24 h; # # #p<0.05 Rapa+SCV 24 h vs. Rapa+WT 24 h; ^^ Rapa+WT 2 h vs.

Rapa+WT 24 h.

https://doi.org/10.1371/journal.pone.0207312.g003

Fig 4. Effects of different stimuli on iNOS synthesis in THP-1 activated macrophages. (A) Macrophages were activated with WT and SCV strains respectively

for 0 h, 2 h, 24 h. Data are expressed as means ± SD and are representative of 3 independent experiments. K indicates negative control of untreated and

unstimulated cells. Where indicated �p<0.05 K vs. WT; ��p<0.05 K vs. SCV; ���p<0.05 WT vs. SCV; #p<0.05 WT 0 h vs. WT 2 h; # #p<0.05 WT 2h vs. WT 24

h; ^p<0.05 SCV 0 h vs. SCV 2 h; ^^p<0.05 SCV 2 h vs. SCV 24 h. (B) IFN-γ primed cells were infected with bacterial strains for indicated time points post

infection. Data are expressed as means ± SD and are representative of 3 independent experiments. K indicates negative control of untreated and unstimulated

cells. IFN indicates macrophages pre-treated with IFN-γ. Where indicated �, ��, ���p<0.05 all relative to control (K); &p<0.05 IFN + WT vs. IFN; &&p<0.05 IFN

+ SCV vs. IFN relative to the same time p.i.; #p<0.05 IFN + WT 0h vs. IFN + WT 2h; # #p<0.005 IFN + WT 2 h vs. IFN + WT 24 h; ^p<0.05 IFN + SCV 2 h vs.

IFN + SCV 24h. (C) cells were treated with WT or SCV in presence of rapamycin for 0 h, 2 h, 24 h post infection. iNOS synthesis was assessed by ELISA in the

incubation medium. Data are expressed as means ± SD and are representative of 3 independent experiments. Data are expressed as means ± SD and are

representative of 3 independent experiments. K indicates negative control of untreated and unstimulated cells. Rapa indicates macrophages treated with

rapamycin. Where indicated �, ��, ���p<0.05 all relative to control (K); &p<0.05 Rapa + WT vs. Rapa + SCV; &&p<0.05 Rapa + WT vs. Rapa; &&&p<0.05 Rapa

+ SCV vs. Rapa relative to the same time p.i.; #p<0.05 Rapa + WT 0h vs. Rapa + WT 2h; # #p<0.005 Rapa + WT 2 h vs. Rapa + WT 24 h; ^^p<0.05 Rapa + SCV

0h vs. Rapa + SCV 24h; ^^^p<0.05 Rapa + SCV 2 h vs. Rapa + SCV 24h. (D) Effect of priming with IFN-γ and rapamycin on iNOS concentration in relation to S.

epidermidis WT and SCV. Data are expressed as means ± SD and are representative of 3 independent experiments. Where indicated #p<0.05 WT vs. IFN + WT;

# # #p<0.05 IFN + WT vs. Rapa + WT; �p<0.05 SCV vs. IFN + SCV; ���p<0.05 IFN + SCV vs. Rapa + SCV.

https://doi.org/10.1371/journal.pone.0207312.g004
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The obtained data show that priming with IFN-γ for 24 h has several important effects on

the interaction between S. epidermidis WT and SCV and THP-activated macrophages. First,

the stimulation of macrophages with the cytokine resulted in a high proportion of colocalisa-

tion of the WT and SCV strains with LysoTracker positive organelles after 2 h p.i. with their

significant reduction after 24 h p.i. The high proportion of lysosome-associated WT and SCV

bacteria in the present study may be explained by the fact suggested by Gordon et al. implying

that IFN-γ increases the process of bacterial adherence and internalisation by an increase in

the number or density of surface receptors on the cells [25]. Despite a high number of coloca-

lised WT and SCV strains in acidic organelles in IFN-γ primed cells, there was a significant

reduction in the percentage of colocalised WT and SCV bacteria with LysoTracker positive

organelles over the 24 h period of the study. Moreover, it was found that 12% of SCV bacteria

reverted to normal growth within infected macrophages during study period. Reduction in

LysoTracker positive organelles density as a consequence of IFN-γ priming, 24 h post infection

was also observed. Leimer found that rising pH within phagolysosomes reverted S. aureus SCV

strain to normal phenotype making it more vulnerable to intracellular antibiotics [22]. Phago-

lyzosomal alkalization is also an effective strategy for eradicating other obligate intracellular

pathogens, Coxiella burnetti [26]. When IFN-γ was added before cell infection, it was able to

stimulate C. burnetii killing but it also induced vacuolar alkalization [26]. Considering that

phagosomal acidification is essential for the intracellular survival of SCV and that those can

easily persist at low pH, the results suggest that priming macrophages with proinflammatory

cytokine stimulates efficient anti-bacterial strategies to mediate intracellular killing of both S.

epidermidis phenotypes. IFN-γ as an effective inducer of antimicrobial strategies of macro-

phages prevented intracellular persistence showing significant reduction in bacterial colocali-

sation 24 h p.i.

Secondly, as a consequence of pre-exposure of macrophages to IFN-γ, an increase in iNOS

synthesis was observed 24 h p.i. Priming with IFN-γ gives the uninfected macrophages power-

ful advantages against future bacterial infection [27]. It has been demonstrated that iNOS

expression was weakly upregulated by SCV per se. However, upon induction with IFN-γ, a

potent inflammatory stimulus, SCV augmented synthesis of iNOS at a level similar to WT.

These results confirm that priming enables macrophages to produce proinflammatory

response against S. epidermidis, irrelevant of its phenotype [27]. This, in part, may be related to

the phenotype switch, as 12% of studied S. epidermidis SCV reverted to fast growth in IFN-γ
stimulated macrophages after 24h of inoculation. The mechanisms by which IFN-γ limits the

amount of intracellular bacteria in macrophages is not limited to iNOS expression with subse-

quent NO production, and multiple antibacterial mechanisms combine to mediate pathogens

killing. Beekhuizen found that IFN-γ inhibits intracellular replication of S. aureus by limiting

availability of essential nutrients such as iron and tryptophan [28]. Killing of intracellular bac-

teria by the cytokine activated macrophages is also aided by anti-microbial peptides and is

linked to autophagy [23].

Autophagy, as a fundamental process in eukaryotic cells normally maintains cellular

homeostasis by degrading damaged or unnecessary cytosolic components and recycling the

resulting metabolites and maintaining ATP production [17, 29, 30]. Apart from its function

maintaining cellular homeostasis, cells use autophagy as an anti-infective machinery for the

clearance of intracellular bacteria [17, 29, 30, 31]. Autophagic response is triggered by many

intracellular pathogens, including Shigella, Salmonella, Listeria or Mycobacterium that at least

in part inhibits their intracellular replication. However, the same pathogens can actively sup-

press autophagic process and survive within the host cells [17, 31].

Autophagy is regulated by multiple pathways and a master regulatory kinase, mTOR plays a

crucial role in this process. mTOR impacts several cellular functions, stimulating synthesis of
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proteins, lipids and nucleotides and blocking catabolic processes such as autophagy [18]. On

the other hand, its activity is suppressed when cells are starved for nutrients, lack cellular

energy or amino acids which results in an increase of autophagy and inhibition of protein

translation [17, 29]. It is confirmed that mTOR activity is also suppressed during infection of

macrophages by pathogenic bacteria, which suggests that the process may be beneficial for the

host cell [17, 29]. Thus, this finding prompted the authors to study the role of rapamycin-

mediated inhibition of mTOR in the fate of S. epidermidis WT and SCV strains in macro-

phages. The results revealed that pharmacological inhibition of mTOR by rapamycin resulted

in the overall decrease in S. epidermidis WT and SCV colocalisation within phagosomes com-

paring to non-primed cells. However, rapamycin treatment did not significantly influence the

percentage of SCV containing phagosomes during the study time, whereas the proportion of

LysoTracker positive WT containing organelles was drastically decreased 24 h p.i. These data

indicate that the proportion of bacteria in phagosomes can be modulated using rapamycin, a

known inhibitor of mTOR. Although a decrease in S. epidermidis SCV and WT colocalisation

with LysoTracker positive phagosomes was observed in rapamycin-treated cells as soon as 2 h

post infection, the colocalisation of SCV with acidic organelles was significantly higher when

compared to its parental WT strain. This may indicate that WT strain of S. epidermidis is more

susceptible to autophagic killing than SCV strain so SCV seems to be able to, in part, subvert

the autophagy pathway induced by rapamycin. But additional experiments are required to

completely understand the role of autophagy in WT and SCV infections.

Regardless of the S. epidermidis strain infecting macrophages, rapamycin did not modify

the iNOS level and the amount of the enzyme was comparable to the level when bacteria alone

were incubated with the cells. These findings clearly indicate that blocking of mTOR signaling

pathway is involved in regulation of the iNOS synthesis and that the effect observed can be

regarded as anti-inflammatory. In accordance with the presented report, it has been shown

that rapamycin down regulates LPS-induced iNOS protein expression and subsequent NO

production in mouse macrophages [32, 33]. It is suggested that rapamycin reduces the level of

iNOS by a dual mechanism involving mTOR signaling and by promoting its degradation

through 20S proteosomal activation [33].

Conclusions

In conclusion, it was demonstrated that haemin auxotrophic SCV strain of S. epidermidis can

persist inside macrophages and its intracellular persistence is supported by the induction of

phagosomal acidification. The ability to reduce the high proportion of LysoTracker positive

SCV containing phagosomes was exclusively found when IFN-γ was used. The findings sug-

gest that IFN-γ mediates SCV killing via two distinct mechanisms, phagosome alkalisation and

an increased iNOS synthesis, so the cytokine may control S. epidermidis WT and SCV infec-

tion in macrophages. Staphylococcus epidermidis SCV is a less potent stimulus of iNOS than

the WT strain and the feature may help SCV to persist in hostile environment of macrophages.

Rapamycin treatment did not influence the iNOS synthesis but reduced the percentage of both

bacterial strains within acidic organelles. However, the percentage of SCV within LysoTracker

positive organelles, even though reduced comparing to non-primed cells, was higher than in

the WT strain indicating that Staphylococcus epidermidis possesses unique metabolic features

allowing haemin auxotrophic SCV to survive within macrophages.
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