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Aim of the Study: Phagocytosis is a crucial element of innate immune defense involved in
bacterial killing. The aim of our study was to evaluate the influence of alantolactone on
phagocytosis and cytokines release by THP1-derived macrophages. We assessed
whether antimicrobial compound alantolactone (a sesquiterpene lactone present in
Inula helenium L.) is able to stimulate immune functions of macrophages by increase of
S. aureus uptake, phagosome acidification and further stimulation of phago-lysosomes
formation. Simultaneously, we tested influence of alantolactone on cytokines/chemokines
production and p65 NF-kB concentration. The activity of alantolactone was compared
with clarithromycin at concentration 20 µM.

Methods: The cytotoxicity of alantolactone as well as S. aureus uptake, pH of
phagosomes and phago-lysosomes fusion were analysed with flow cytometry. Reactive
oxygen species and superoxide production were evaluated spectrophotometrically. The
efficiency of phagocytosis was evaluated via quantifying viable bacteria (CFU). The effect
on p65 protein concentration and cytokine production by macrophages were measured
by enzyme-linked immunosorbent assay (ELISA).

Results: Alantolactone enhanced phagocytosis via increase of S. aureus uptake,
acidification of phagosomes, and later stimulation of phago-lysosomes fusion.
Alantolactone treatment resulted in ROS and superoxide production decrease.
Furthermore, alantolactone inhibited production of pro-inflammatory cytokines TNF-a,
IL-1b, IL-6, and IL-8 as well as decreased p65 concentration, the subunit responsible for
NF-kB activation and cytokine production and simultaneously stimulated release of anti-
inflammatory mediators (IL-10 and TGF-b).

Conclusion: Results of our study indicate that alantolactone enhances clearance of S.
aureus, and simultaneously modulates immune response, preventing collateral damage of
the surrounding tissues. Considering the importance of phagocytosis in the pathogen
killing, alantolactone may have a great potential as the supportive treatment of S. aureus
infections. Further in vivo studies are warranted to confirm this hypothesis.
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INTRODUCTION

Staphylococcus aureus, one of the world’s most prolific pathogen,
afflicts humans and animals’ morbidity and mortality world-
wide. As previously recognized, this bacteria commonly causes
nosocomial infections, but some strains have a propensity to
disseminate between otherwise healthy individuals, giving rise to
community-acquired illnesses (Mediavilla et al., 2012). The most
serious concern occurred with the emergence of multi-drug
resistant strains, such as methicillin-resistant S. aureus (MRSA)
demonstrating enhanced infectivity and virulence (Nimmo,
2012; Francis and Kuyyalil, 2018). Incredibly, these bacteria
can colonize every tissue, causing pathologies varying from
whole range of skin and soft tissue infections to fatal invasive
diseases, such as necrotizing pneumonia and sepsis (Gonzalez
et al., 2005; Labandeira-Rey et al., 2007; Saavedra-Lozano et al.,
2008). The success of S. aureus as a pathogen can be attributed,
among others, to the ability to weaken both the innate and
adaptive immune responses of the host.

Phagocytic cells, mainly neutrophils and macrophages,
are essential for effective host immune response to infections.
The interaction of neutrophils with S. aureus has been
thoroughly characterized (Spaan et al., 2013). Remarkably, S.
aureus can withstand neutrophil-mediated killing, which is an
impressive feature, considering the potent microbicidal capacity of
the neutrophils. In contrast, the interaction of S. aureus with
macrophages has not been studied thoroughly. Macrophages are
professional phagocytes that possess large armamentarium of
antimicrobial functions, and thus represent an important
component of the innate immune response. What is more,
macrophages can shape adaptive immunity through phagocytosis
of pathogens and presentation of their antigens (Flannagan et al.,
2015). Given the immune functions of the macrophages, it stands
to a reason that evasion of macrophage-dependent killing of
pathogens is essential for successful initiation and maintenance
of an infection.

Phagocytosis is an example of canonical defense against
pathogens (Tauber, 2003). Activation of membrane toll-like
receptors (TLRs) by components of bacterial cell wall, such as
lipoteichoic acid, leads to rearrangement of actin cytoskeleton of
macrophages, and subsequently, to the internalization of a
particle in the newly-formed phagosomes (Flannagan et al.,
2012). Phagosome formation is not microbicidal per se, as the
lumen of the nascent vacuole reflects the fluid phase outside the
macrophage and the surrounding phagosomal membrane is
derived directly from the cell membrane. However, the nascent
phagosome rapidly undergoes significant biochemical
remodeling, achieved by acquisition and removal of proteins
Abbreviations: ROS, Reactive Oxygen Spices; SO, Superoxide; CFU, colony
forming unit; MOI, multiplicity of infection; NF-kB, nuclear factor kappa-light-
chain-enhancer of activated B cells; TNFa, tumor necrosis alpha; IL-6, interleukin
6; IL-8, interleukin 8; IL-1b, interleukin 1b; IL-10, interleukin 10; IL-12,
interleukin 12; TGF-b, transforming growth factor beta, INF-a, interferon alfa;
PMA, Phorbol 12-myristate 13-acetate; DMSO, dimethyl sulfoxide; FCS, fetal calf
serum; PBS, phosphate buffered saline.
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and a marked decrease in pH (Pitt et al., 1992). This process of
phagosome “maturation” is comprised of a series of strictly
coordinated membrane fission/fusion events between the
phagosome and endo/lysosomes, and leads to the formation of
the mature phagolysosome, a degradative organelle possessing
potent microbicidal properties (Fairn and Grinstein, 2012). The
newly created phagolysosomes may be among the main effectors
of pathogens killing. This statement is based on extensive
correlative data associating phago-lysosomes formation with
the efficiency of the pathogen killing (Sturgill-Koszycki et al.,
1994; Clemens and Horwitz, 1995; Ullrich et al., 1999; Aberdein
et al., 2013).

Killing pathogens in the phagolysosomes depends on
activation of the phagocyte NADPH oxidase (Nox2). The
NADPH oxidase catalyzes formation of highly unstable super
oxide anion (O2

−) that initiates a variety of chemical reactions,
resulting in the generation of noxious reactive oxygen species
(ROS) such as superoxide, peroxides, hydroxyl radical, a-oxygen
and singlet oxygen (Pospıśǐl et al., 2019). ROS production in
phagocytes serves multiple purposes, from cell signaling to
microbial killing. The balance between intensity and timing of
ROS production versus ROS scavenging appears to be critical for
the pathogen clearance (Dupré-Crochet et al., 2013).

Intracellular killing is a highly sophisticated process, which
requires a complex network of molecular pathways for successful
pathogen damage (Aderem, 2003). Binding of pathogen to
surface receptors, especially TLR2 and TLR4, initiates a rapid
pro-inflammatory response mediated by pro-inflammatory
transcription factors, mainly NF-kB (Schorey and Cooper,
2003). The effects typical for early events of the immune
response mediated by NF-kB include release of both, pro- and
anti-inflammatory cytokines (Hayden et al., 2006; Sur et al.,
2019). It is clear that some cytokines, like IL-1b, IFNs, or IL-10,
modulate phagocytic properties of macrophages (Zhai et al.,
2019). They may intensify the maturation of phagosomes and
intracellular killing inside of phagolysosomes (Zhai et al., 2019).
However, it is poorly understood how S. aureus modulates the
production of the other cytokines, such as IL-1b, IL-6, IL-8, INF-
a, IL-12, IL-10, and TGF-b.

Stimulation of phagocytic properties of macrophages may be
a promising treatment strategy. According to Hanckock et al., a
novel approach involves host-directed immunomodulatory
therapies, whereby natural mechanisms of the host are used to
enhance the therapeutic benefit (Hancock et al., 2012). The
objective is to initiate or enhance phagocytic properties of
leukocytes while limiting inflammation-induced tissue injury.
The latter needs proper balance between pro- and anti-
inflammatory cytokines (Cicchese et al., 2018).

The aim of our study was to evaluate the biological activity of
alantolactone, being the dominant compound occurring in Inula
species, in context of S. aureus infection (Kim et al., 2017;
Gierlikowska et al., 2020). We have evaluated influence of
alantolactone on phagocytosis and cytokines release by
macrophages. We assessed whether alantolactone, known as
antimicrobial compound (Stojanović-Radić et al., 2012), is able
to stimulate immune response of macrophages by increase of S.
September 2020 | Volume 11 | Article 1339
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aureus uptake, phagosome acidification and further stimulation
of phago-lysosomes formation. Simultaneously, we tested
influence of alantolactone on NF-kB activity and release of
cytokines/chemokines. The activity of alantolactone was
compared with clarithromycin tested at 20 µM. Clarithromycin
is a macrolide antibiotic, which has been shown to have the anti-
microbial and immunomodulatingproperties (Simpson et al., 2008;
Cervin et al., 2009). Some data highlight the ability of
clarithromycin to stimulate phagocytic properties of macrophages
(Xu et al., 1996) and neutrophils (Fietta et al., 1997).
MATERIALS AND METHODS

Chemicals and Reagents
RPMI 1640 Medium, L-glutamine, alantolactone ≥98% (HPLC),
clarithromycin ≥95% (HPLC), Lysostaphin from Staphylococcus
staphylolyticus, 12-myristate 13-acetate (PMA), DAPI solution
were bought from Sigma-Aldrich Chemie GmbH (Steinheim,
Germany). Fetal calf serum (FCS) and Phosphate buffered saline
(PBS) were obtained from Gibco (Grand Island, NY, USA) and
penicillin–streptomycin from PAA Laboratories (Pasching,
Austria). Accutase™ Cell detachment solution from BD
Biosciences (San Jose, CA, USA). Cellular ROS/Superoxide
Detection Assays were obtained from Abcam (Cambridge,
UK). S. aureus 25923 was bought from ATCC (Virginia, USA).
Alexa 647 carboxylic acid, Alexa Fluor 633 phalloidin and TMR-
and biotin-conjugated dextran were obtained from Thermo
Fisher (Massachusetts, USA). NF-kB p65 Transcription Factor
Assay kit was bought from Active Motif (CA, USA). Enzyme-
linked immunosorbent assays (ELISA) were obtained from BD
Biosciences (San Jose, USA).

Alantolactone Source and Preparation of
Stock Solutions for Bioassays
For all experiments alantolactone purchased from Sigma Aldrich
was used (Steinheim, Germany). The chemical structure of
alantolactone is presented in Figure 1A. Alantolactone was
dissolved in DMSO (10 mM stock solution) and tested at a
concentration range of 1–20 mM. As a positive control
clarithromycin tested at 20 mM was used.
Frontiers in Pharmacology | www.frontiersin.org 3
Staphylococcus aureus Culture
The bacteria were cultured in basal LB medium, centrifuged and
suspended in 1 mL of 0.1 M sodium bicarbonate (pH 8.3).
Subsequently, 50 µL of Alexa Fluor 647 carboxylic acid (10 mg/mL
DMSO) or Alexa Fluor 633 phalloidin (10 mg/mL DMSO) was
added to the cell suspension and incubated for 1 h in the dark. After
incubation, cells were washed 4 times in 100mMglycine and 2 times
in PBS. Eventually, bacteria were suspended in 200 µL of PBS
containing 0.02% sodium azide.

Antimicrobial Properties of Alantolactone
Against Staphylococcus aureus
Sensitivity of S. aureus was examined by the standard disc-
diffusion method according to CLSI (previously NCCLS)
guidelines (Watts et al., 2008). The results (diameter of the
growth inhibition zone) were read after 18 h of incubation at
35°C. Minimal Inhibitory Concentrations (MIC) were tested by
the two fold serial microdilution method (in 96-well microtiter
plates) using Mueller-Hinton Broth medium (Beckton
Dickinson) according to CLSI guidelines (Watts et al., 2008).
Alantolactone and clarithromycin were both tested at 20 µM.

THP-1 Culture
THP-1, a monocytes cell line, was purchased from the ATCC
collection. Cells were cultured in RPMI 1640 medium
supplemented with 10% heat-inactivated fetal calf serum
(FCS), penicillin and streptomycin at concentrations of 100
units/mL and 100 mg/mL respectively. Cell culturing was
performed at 37°C and 5% CO2 in a humidified atmosphere.
For differentiation, phorbol-12-myristate 13-acetate (PMA) was
added to a final concentration of 10 nM. After 48 h, the PMA
supplemented media were removed, cells were washed with PBS
and rested in fresh PMA-free media for further 24 h in order to
gain phenotypic characteristics of macrophages.

Determination of Cytotoxicity by PI
Staining
Cytotoxicity of alantolactone was determined by a standard flow
cytometric measurement using DAPI staining. Differentiated
THP-1 cells were seeded on 12-well plates, 5 × 105 cells per
well, and cultured for 24 h in a medium containing alantolactone
A B

FIGURE 1 | (A) The chemical structure of alantolactone, and (B) the cytotoxicity of alantolactone in THP-1 cells.
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in a concentration range 1-40 µM. After incubation, cells were
harvested with Accutase, centrifuged (1300 RPM; 10 min; 4°C),
labeled with DAPI and re-suspended in 400 µL of PBS. After
15 min of incubation with DAPI at room temperature, cytotoxic
effect of alantolactone was analyzed by BD LSRFortessa flow
cytometer (BD Biosciences, San Jose, CA, USA) by recording
10,000 events per sample. Cells that displayed high permeability
to DAPI were expressed as percentage of DAPI (+) cells with the
loss of cell membrane integrity.

S. aureus Uptake Assay
Differentiated THP-1 cells were seeded on 6-well plates, 1.5 × 106

cells per well. Compounds were added as described above and
cells were cultured for 24 h. Subsequently, pretreated cells were
infected with Alexa 647-labeled S. aureus for 15, 30, and 60 min
and 4 h. After infection, cells were washed twice on ice with ice-
cold PBS, then suspended in 400 µL of cold PBS, scraped and left
in tubes on ice until flow cytometry analysis. Analysis was
performed on single cells as presented in the Supplementary
Material (Figure S1). The value of geometric mean of
fluorescence (GMF) as well as representative cytograms were
shown in Figures 2 and 3. The % of positive-infected cells (cells
phagocytosed one or more bacteria) has been included in the
Supplementary Material (Figure S2). Differences between
controls (uninfected vs S. aureus-infected cells) were visualized
by Zeiss LSM 710/780 confocal microscopy after prior cell
fixation with 4% formaldehyde and DAPI staining.

Phagosomal pH Measurements
For phagosomal pH measurement, macrophages were seeded on
12-well plates as described above, pretreated for 24 h with
compounds (or calibration buffers) and then incubated for 1 h
with heat-killed S. aureus-labeled with Alexa Fluor 647.
Intracellular pH calibration was achieved by clamping
Frontiers in Pharmacology | www.frontiersin.org 4
phagosomal pH using potassium rich buffer solutions (120
mM KCl, 20 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM
HEPES with the pH adjusted from 4 to 8) for 30 min at 37°C.
Changes in pH were measured by the intensity ratios of
fluorescence using flow cytometry. The method was adapted
from Di et all protocol (Di et al., 2006; Renna et al., 2011).

Phagosome-Lysosome Fusion Assay
For phagosome-lysosome fusion analysis, differentiated THP-1
cells were seeded on 12-well plates as described above, they were
pretreated for 24 h with compounds and then incubated (1-h
pulse, 4-h chase) with TMR- and biotin-conjugated dextran to
load lysosomes and then fed IgG-coated fluorescent latex beads
(30-min pulse, 2-h chase). Beads were recovered by cell
disruption, the degree of bound fluorescent dextran was
quantified by flow cytometry, and average geometric mean
fluorescence was determined.

Superoxide and Reactive Oxygen Species
(ROS) Production
For superoxide and reactive oxygen species (ROS) measurement,
differentiated THP-1 were seeded on 96-well plates at a density
2 × 104 cells per well. After 24 h supernatants were removed from
cells and cells were carefully washed, treated with alantolactone
for 30 min and then infected with S. aureus for further 1 h.
Generation of superoxide and total reactive oxygen species
production in the real-time in live cells were quantified using a
Cellular ROS/Superoxide kit. Detection Assays were performed
according to the manufacturer’s instructions. Fluorescence was
measured using BioTek Synergy 4 Plate Reader (CA, USA) at
Ex = 488 nm, Em = 520 nm and Ex = 550 nm, Em = 610 nm for
the detection of ROS and superoxide, respectively. Results were
expressed as percentage of fluorescence intensity normalized to
the fluorescence of the positive control (S. aureus-infected cells).
A B

DC

FIGURE 2 | The influence of alantolactone treatment on S. aureus uptake by THP-1 cells. Data show geometric mean of fluorescence (GMF) phagocytosed heat-killed
S. aureus by THP-1 cells at different time-points: (A) 15 min after infection, (B) 30 min after infection, (C) 60 min after infection and (D) 4 hours after infection. Each
experimental set was compared to S. aureus-stimulated control.Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001 versus stimulated control, # statistically significant
(p < 0.001) versus non-stimulated control (ANOVA and Dunnett’s post hoc test); control-non-stimulated control; S. aureus - S.aureus-stimulated control.
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S. aureus Killing Assay
No Pre-Treated Differentiated THP-1 Cells
Differentiated THP-1 cells, seeded on 12-well plates as described
above, were inoculated with S. aureus (MOI 1:1) for 1 h at 37°C,
then washed with PBS twice, treated with 10 µg/mL lysostaphin
for 30 min, washed with PBS twice and then treated for 24 h at
37°C with 0.5 µg/mL lysostaphin in the presence or absence of
alantolactone or clarithromycin, as indicated. We serially diluted
the suspension and plated 20 mL on TYE agar plates. Bacteria
were counted after incubation at 37°C for 24 h and the amount
was calculated as CFU (colony forming unit).

Pre-Treated Differentiated THP-1 Cells
Differentiated THP-1 cells were seeded as described above, they
were pre-incubatedwith alantolactone or clarithromycin for 24 h at
37°C, then inoculatedwithS.aureus (MOI1:1) for 12hat37°C, then
washed with PBS twice, treated with 10 µg/mL lysostaphin for
30 min, washed with PBS twice and then treated for 24 h at 37°C
with 0.5 µg/mL lysostaphin in the presence or absence of
alantolactone or clarithromycin, as indicated. We serially diluted
the suspension and plated 20 mL on TYE agar plates. Bacteria were
counted after incubation at 37°C for 24 h and the amount was
calculated as CFU (colony forming unit).
Frontiers in Pharmacology | www.frontiersin.org 5
Pro- and Anti-Inflammatory Cytokine
Production
Differentiated THP-1 cells were seeded on 12-well plates and
infected with S. aureus (MOI 1:1). After 1 h, cells were treated
with alantolactone or clarithromycin and cultured for 24 h.
Subsequently, medium was collected and the amount of
released cytokines was measured using the OptEIA™ Set (BD
Biosciences, USA), which contains the components necessary to
develop enzyme-linked immunosorbent assays (ELISA). The
results were expressed as a percentage of the released protein
compared to the S. aureus-stimulated control.

p65 NF-kB Concentration
Differentiated THP-1 cells were seeded on 12-well plates and
infected with S. aureus (MOI 1:1). After 1 h, cells were treated
with alantolactone or clarithromycin for 24 h. Cells were washed
with ice-cold PBS, suspended in hypotonic buffer (20 mM
HEPES, 5 mM NaF, 10 µM Na2MoO4, 0.1 mM EDTA) and
left on ice for 15 min. Next, cells were centrifuged and
supernatant (cytoplasmic fraction) was removed. The nuclear
pellets were suspended in complete lysis buffer supplemented
with protease inhibitor cocktail and left on ice for 30 min. Pellets
were centrifuged for 10 min 2500 RPM and stored at -80°C for
FIGURE 3 | The influence of alantolactone on S. aureus uptake by THP-1 cells at different time-points (15, 30, 60 min, and 4 h). Data show representative
cytograms obtained at different time-points (15, 30, 60 min, and 4 h).
September 2020 | Volume 11 | Article 1339
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further analysis. The protein concentration was determined by
using Bradford-based assay, following manufacturer’s protocol.

10 µg of nuclear fraction was incubated in 96-well plates pre-
coated with immobilized oligonucleotide containing a consensus
binding site for p65, following the manufacturer’s instructions
(Active Motif, CA, USA). The nuclear fractions were incubated
with the primary antibody (1:1000 dilution) for 1 h, washed 3
times with wash buffer provided by manufacturer and incubated
with HRP-conjugated antibody (1:1000 dilution) for 1 h. After
incubation, plate was washed 3 times, reaction was stopped by
adding stop solution and concentration of NF-kB p65 was
measured spectrophotometrically at 450 nm.

Statistical Analysis
The results were expressed as the mean ± SEM from three
independent experiments assayed in triplicates. All analyses
were performed using Statistica 13.1 software. GraphPad Prism
(version 5.01) was used to plot data. The statistical significance of
the differences between means was established by ANOVA with
Dunnett’s post hoc test. P values below 0.05 were considered
statistically significant.
RESULTS

Alantolactone Suppresses S. aureus
Growth
To validate the direct impact of alantolactone on S. aureus
viability, growth inhibition zone (GIZ) was measured. The GIZ
was visible for S. aureus treated with alantolactone and
clarithromycin tested at 20 µM. GIZ was estimated to be
14 mm for alantolactone and 23 mm for clarithromycin.
Minimal inhibitory concentration (MIC) was detectable only
for clarithromycin and was estimated as 0.25 µg/mL (~ 0.36 µM).
Obtained results were comparable with reference values present
at EUCAST (The European Committee on Antimicrobial
Susceptibility Testing).

Cytotoxicity
To evaluate cytotoxic effect of alantolactone, DAPI staining was
performed. Alantolactone in concentrations up to 20 mM did not
influence the viability of differentiated THP-1 cells after 24 h
incubation (Figure 1B). At 20 µM, we noticed 13.67 ± 4.93%
DAPI-positive cells, which expressed % of cells with damaged
cellular membrane (dead and/or necrotic) (Figure 1) The IC50

concentration against tested cells may be estimated to be 38 µM.
Clarithromycin tested at 20 µM induced 10,33 ± 2,52% DAPI-
positive cells.

Alantolactone Stimulates S. aureus Uptake
The canonical immune response of macrophages to bacterial
infection is phagocytosis. The effect of alantolactone on S. aureus
uptake was most pronounced at the beginning of the treatment
(approximately 2 timeshigher uptake compared toS. aureus treated
cells at 15 min) (Figures 2, 3, 4 and Figure S3). The number of
uptaken bacteria was alantolactone dose- dependent. After 1 h,
Frontiers in Pharmacology | www.frontiersin.org 6
the dynamics of phagocytosis changed and macrophages
started to accumulate more bacteria than they were able to
phagocyte (overaccumulation).

Alantolactone Treatment Leads to
Phagosome Acidification
Phagosomal pH of THP-1 cells was measured in the response to
heat-killed S. aureus suspended in sodium azide. THP-1 cells
were incubated with buffer solutions for the pH adjustment from
4 to 8 for intracellular calibration. We confirmed that treatment
with alantolactone (up to 5 µM) strongly stimulates phagosomal
acidification (p < 0.01) (Figure 5A). Similarly to uptake results,
the level of acidification was dose-dependent. The pH of the
highest alantolactone concentrations (10 and 20 µM) were
comparable to pH of clarithromycin tested at 20 µM.

Alantolactone Treatment Intensifies
Phago-Lysosome Fusion
Matured and acidified phagosomes fuse with lysosomes forming
phagolysosomes. To exclude non-specific quenching of
fluorescence, analysis was performed with S. aureus suspended
in sodium azide, as described above. S. aureus infection increased
the phago-lysosomes fusion (Figure 5B). Alantolactone at the
highest concentrations (10 and 20 mM) stimulated phago-
lysosomal fusion by about 30%.

Alantolactone Treatment Decreases
Superoxide and Reactive Oxygen Species
(ROS) Production
Stimulation ofmacrophageswith S. aureus resulted in increasedROS
production by these cells (Figures 6A, B). Alantolactone treatment
resulted in the reduction of the oxidative stress. The drug in dose
above 2.5 µM attenuated ROS production equally to clarithromycin
at 20 µM. Summarizing, the suppression of ROS production by
alantolactone may maintain phagocytic properties of macrophages
(especially if the infection is at an early stage).

Alantolactone Treatment Enhances
Phagocytosis Efficiency
The evaluation of phagocytosis efficiency was performed on
THP-1 cells infected with S. aureus, as described above. The
measurement of CFU value was performed 24 h after starting
treatment (Figures 7A, B). Obtained results clearly indicate that
alantolactone significantly decreased CFU value at 12 h after the
treatment onset, and the effect was maintained at the later time
points (18 and 24 h after treatment). Clarithromycin significantly
decreased CFU value, and biological effect was detectable earlier
than for alantolactone (6 h after starting treatment).

Alantolactone Modulates Cytokine
Production and p65 NF-kB Concentration
The stimulation with S. aureus resulted in a statistically significant
induction of cytokines and chemokines release. Alantolactone
treatment resulted in a suppression of selected pro-inflammatory
cytokines (TNF-a, IL-1b, IL-6, IL-8, and INF-a) production
(Figure 8). For concentrations above 5 µM, production of
September 2020 | Volume 11 | Article 1339
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mentioned cytokines was suppressed by alantolactone in dose-
dependent manner. At 1 µM (the lowest tested concentration)
alantolactone was able to suppress TNF-a and IL-6 with
significance p < 0.001 for TNF-a and p < 0.05 for IL-6,
respectively (Figures 8A, C). Importantly, our observations
indicated that alantolactone tested at the concentration > 5 µM
stimulated IL-12 production (Figure 8G). Alantolactone also
stimulated the production of anti-inflammatory cytokines IL-10,
but only at the highest concentration (20 µM); moreover,
it increased TGF-b release at the concentration > 2.5 µM
(Figures 8E, F).
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Clarithromycin at the concentration of 20 mM suppressed TNF-
a, IL-1b, IL-6, and INF-a production (p < 0.001) and IL-8
production (p < 0.01) (in comparison to stimulated control 100%
of release). Additionally, clarithromycin enhanced production of IL-
10 and TGF-b (Figures 8E, F), and observed effect was comparable
to alantolactone tested at 20 µM. These observations indicate the
potential anti-inflammatory properties of clarithromycin (mainly
known as drug with strong anti-microbial properties).

Evaluation of p65 NF-kB concentration explains the molecular
mechanism responsible for previously observed cytokine
concentration changes. Our data show that alantolactone at the
A B

FIGURE 5 | The influence of alantolactone on (A) phagosomal pH and (B) phago-lysosome fusion. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001 versus
stimulated control (ANOVA and Dunnett’s post hoc test); control—non-stimulated control; S. aureus—S.aureus-stimulated control. # statistically significant (p < 0.001)
versus non-stimulated control.
FIGURE 4 | The infection of THP-1 cells by S. aureus. Data show photographed controls (not infected cells) and S. aureus infected cells (15 min after infection). The
blue marker—DAPI-labelled nucleus, the pink marker—Alexa 647 labelled-S. aureus.
A B

FIGURE 6 | The influence of alantolactone on (A) superoxide and (B) ROS production by S.aureus-stimulated THP-1 cells. Statistical significance: *p < 0.05,
**p < 0.01, ***p < 0.001 versus stimulated control (ANOVA and Dunnett’s post hoc test); control—non-stimulated control; S. aureus—S.aureus-stimulated
control. # statistically significant (p < 0.001) versus non-stimulated control.
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concentration above 5 µM significantly decreased p65 production
(p < 0.001) (Figure 9). Similarly, clarithromycin tested at 20 µM
significantly inhibited p65 production, and final effect was
comparable to alantolactone tested at 5 µM.

A graphical summary of our results is shown in Figure 10.
Frontiers in Pharmacology | www.frontiersin.org 8
DISCUSSION

The immunomodulatory characteristics of plant-based therapeutics
have gathered the attention of researchers. Innovative technologies
and the excessive research on immunomodulatory natural
A B

FIGURE 7 | The effect of alantolactone on S. aureus phagocytosis efficiency performed by (A) THP-1 cells treated with alantolactone after infection (B) and THP-1
cells pretreated before infection and treated after infection. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001 versus stimulated control (ANOVA and
Dunnett’s post hoc test); S. aureus—S. aureus-stimulated control.
A B

D

E F

G H

C

FIGURE 8 | The influence of alantolactone on the pro- and anti-inflammatory cytokines production by THP-1 cells (A–H) Statistical significance: *p < 0.05, **p <
0.01, ***p < 0.001 versus stimulated control (ANOVA and Dunnett’s post hoc test); control—non-stimulated control; S. aureus—S. aureus-stimulated control.
# statistically significant (p < 0.001) versus non-stimulated control.
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products, plants, their extracts, and their active moieties
with immunomodulatory potential, have provided valuable
entities to develop novel immunomodulatory agents to
supplement the present therapies. The immunomodulatory
properties of phagocytes can be enhanced pharmacologically
(Xu et al., 1996).

Many plant-derived medications (plant extracts, compounds)
show immunomodulatory, anti-inflammatory and anti-
microbial properties, thus can be considered as promising and
novel anti-S. aureus compounds. An example of plant with
documented anti-S. aureus activity is Inula helenium L.
(Asteraceae) (O’Shea et al., 2009). Root of I. helenium was used
in the traditional medicine to treat bacteria-induced respiratory
tract infections (Gierlikowska et al., 2020). I. helenium extract
relieves symptoms of bronchial and throat infection, bronchitis,
catarrh and colds (Ivancheva and Stantcheva, 2000; Leporatti
and Ivancheva, 2003; Jarić et al., 2015). It also has an antitussive
Frontiers in Pharmacology | www.frontiersin.org 9
effect and aids coughing up of mucus (Seca et al., 2014; Shikov
et al., 2014; Pranskuniene et al., 2018).

The phytochemical analysis clearly indicated alantolactone as
a dominant compound in the plant material (alantolactone,
52.4%) (Bourrel et al., 1993). According to the records of
the European and China Pharmacopoeia (Wang et al.,
2017), alantolactone possesses a wide range of biological
properties, such as anti-inflammatory, antibacterial, antifungal
and immunomodulatory activities. Chemically, alantolactone
belongs to sesquiterpene lactones including the a-methylene-g-
lactone group, which may potentially predispose to delayed
hypersensitivity (Dupuis et al., 1980; Warshaw and Zug, 1996),
but also exerts strong anti-inflammatory effects by interaction
with NF-kB transcription factor (Siedle et al., 2004). Chun et al.
reported the anti-inflammatory properties of alantolactone and
proved that alantolactone at 10 µM suppresses inducible nitric
oxide and cyclooxygenase 2 (COX-2) expression by down-
FIGURE 9 | The influence of alantolactone on p65 NF-kB concentration after S. aureus infection. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001 versus
stimulated control (ANOVA and Dunnett’s post hoc test); control—non-stimulated control; S. aureus—S. aureus-stimulated control. # statistically significant (p < 0.001)
versus non-stimulated control.
A B

FIGURE 10 | Scheme of alantolactone influence on macrophage immunomodulatory and inflammatory properties (A, B).
September 2020 | Volume 11 | Article 1339

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Gierlikowska et al. Alantolactone Modulates Phagocytosis and Inflammation
regulating mitogen-activated protein kinase (MAPK), NF-kB
and activator protein 1 (AP-1) in LPS-stimulated RAW 264.7
cells (Chun et al., 2012). Lim et al. (2015) reported that
alantolacone at 5 µM down-regulates STAT1 signaling in TNF-
a and IFN-g-stimulated cells. The STATs regulate various
aspects of growth, survival, and differentiation in cells (Dai
et al., 2006). Some studies demonstrated that STAT proteins
are involved in the development and function of the immune
system and play a role in maintaining immune tolerance (Dai
et al., 2008). Chun et al. (2015) highlighted the ability of
alantolactone to inhibit STAT3, which makes this compound a
potential therapeutic agent against breast cancer.

Although alantolactone has well-documented anti-
inflammatory properties, it was unknown how it regulates
immunomodulatory functions of phagocytes. To answer this
question, we used a standard THP-1 cell line, infected with S.
aureus and then treated with alantolactone. Our main findings
explain how alantolactone influences molecular mechanisms
involved in phagocytosis.

We confirmed that at low micromolar concentrations (1–20
µM) alantolactone intensifies uptake of S. aureus. The effect was
the most pronounced especially at the beginning of the
observation (approximately 2 times higher uptake compared to
S. aureus treated cells at 15 min). The prolonged infection time
(over 1 h) may lead to overaccumulation of S. aureus inside of
macrophages and impairment of phagocytic properties of
macrophages. The literature confirms the paralysis of the
phagocytosis in the prolonged infection. According to Jubrail
et al. (2016) at low MOI (closely related to the beginning of
infection) macrophages can kill almost all ingested S. aureus, but
the capacity to up-regulate killing is decreased as the bacterial
load grows. Moreover, some intracellular bacteria may
develop the potential to survive inside macrophages (Ibarra and
Steele-Mortimer, 2009; Pumerantz et al., 2011). Thus, the
pharmacological enhancement of uptake of S. aureus at the early
time point (15 min) may significantly accelerate redirecting
pathogens to phagolysosomes to remove them successfully.

Additionally, we observed that alantolactone treatment leads to
acidification of phagosomes. Inmacrophages, in which phagosome
acidification is impaired, the response to S. aureus can be
significantly limited (Ip et al., 2010). Taken together, these
observations delineate the inter-dependence of phagocytosis with
pH of phagosomes and suggest that therapeutics augmenting
functions and biochemical properties of phagosomes may be
useful in increasing host response to S. aureus.

It is worth emphasizing that the phagosomal pH changes in
response to both dead (heat-killed, as we tested) (Renna et al., 2011)
and alive bacteria (Jubrail et al., 2016). However, for scientific
purposes heat-killed are recommended. Accurate measurement of
phagosomal pH is challenging, mainly due to the myeloperoxidase
(MPO) production by phagocytes (Sugiyama et al., 2001). The
respiratory burst produces H2O2, which reacts with MPO and
chloride anions form hypochlorous acid (Takeshita et al., 2006).
The chlorination of compounds results in a quenching of
fluorescence as well as a shift in their spectral properties, giving a
false indication of acidification (Hurst et al., 1984). This unwanted
Frontiers in Pharmacology | www.frontiersin.org 10
effect can be avoided by inhibitingMPO directly with sodium azide
(Nauseef et al., 1983), as we did (see Materials and Methods:
Staphylococcus aureus culture).

Our next finding was that alantolactone stimulates
phagolysosome formation/fusion. The phagolysosome formation
is crucial for further intracellular pathogen killing and successful
clearance (Jordao et al., 2008; Clarke and Weiser, 2011). Thus,
pharmacological stimulation of this process (by alantolactone or
other compound/s) may potentially enhance the phagocytosis
efficiency. The obtained finding is strengthened by the
knowledge, that S.aureus possesses diverse mechanisms, allowing
avoidance of destruction in phagolysosomes (Staali et al., 2006).

Although alantolactone inhibits ROS production inside the
phagosomes and phagolysosomes, it does not decrease the final
phagocytosis efficiency. ROS functions are clearly concentration-
dependent (Radak et al., 2013). Low amounts of ROS are essential
for activation of molecular pathways responsible for intracellular
microbial killing (Dupré-Crochet et al., 2013). However, the
excessive amounts of ROS lead to oxidative stress and damage of
phagocytic functions of immune cells, as well as surrounding host’s
tissues. The antioxidants of immune cells play a pivotal role in the
protection against oxidative stress and therefore preserving their
adequate functions. Thus, decrease of ROS amounts during
bacterial infection may potentially protect phagocytes, with their
phagocytic functions, and other host’s tissues from dysfunction
(Chakraborty et al., 2012).

Signal transduction by ROS often takes place on a subcellular
scale over periods of seconds or minutes, thus in our
experimental variant (1 h after infection) decrease of ROS is
consistent with previous observations (Wu et al., 2012) and
prognoses the appropriate function of ROS. Thus, attenuation
of over-production of oxygen species may increase phagocytosis
and in consequence decrease bacterial viability.

When macrophages are exposed to bacterial infection, they
secrete a wide spectrum of pro- and anti-inflammatory cytokines.
Cytokines are multi-functional signaling molecules, which play a
crucial role during infection and inflammation progression.
Cytokines modulate phagocytic functions of immune cells, thus
the appropriate cytokine concentration may enhance pathogen
eradication and decrease morbidity and/or mortality (Hübel et al.,
2002). Recent data indicate that the low amounts of TNF-a and
IL-1b increase phagocytes chemotaxis, enable intracellular
phagosome maturation and stimulate phagolysosome formation,
necessary for final intracellular killing (Kaufmann and Dorhoi,
2016). Also, TNF-a, IL-1b, IL-6, IL-8 may activate oxidative and
non-oxidative metabolic responses of immune cells to pathogens
(Seider et al., 2011). Wahl et al. documented enhancement of
phagolysosome degradative properties by INFs and TGF-b (Wahl
et al., 2004). It is known that cytokines promote adequate immune
response, but prolonged cytokines production by leukocytes and
damaged tissues may exacerbate inflammation, leading to
cytokine storm. The side effects arise from excessive leukocyte
chemotaxis and over-stimulation of their pro-inflammatory and
immunomodulatory functions.

Our findings indicate that alantolactone significantly
modulates cytokines production via p65 NF-kB suppression.
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Based on our experiments performed on a simplified in vitro
model, we can speculate that alantolactone at early phase of
infection may potentially decrease chemotaxis of leukocytes, but,
on the other hand, phagocytes are very sensitive to cytokines
released to bloodstream, thus even small amounts of secreted
cytokines may activate adequate immune response. Stimulation
of IL-10 and TGF-b during development of inflammation is
beneficial for homeostasis, as both cytokines stimulate
macrophages migration and clearance of apoptotic neutrophils,
pathogens and damaged tissues, contributing to the effective
counterbalance of inflammation.

Comparing the activity of alantolactone with clarithromycin,
it is worth to emphasize the promising competitiveness of
phytotherapy. The searching of a new biological properties of
plant-derived compounds has been experiencing a renaissance in
recent years (Bocanegra-Garcıá et al., 2009). The differences
between phagocytosis modulated by clarithromycin- and
alantolactone-treated cells can be explained by the fact, that
clarithromycin can be accumulated in phagocytic cells and
possesses significant intracellular bactericidal activity for a long
time. In contrast to clarithromycin, alantolactone is poorly
absorbed by the cells (Zhou et al., 2018). Thus, it is more
probable, that the observed effect for alantolactone is a
consequence of modulation of the phagocytic functions of the
cells, not of the direct effect of compound on bacteria.

Sesquiterpene lactones are potent NF-kB inhibitors, which
determines their anti-inflammatory properties, but so far, they
are not classified as immunomodulators. Till now, there was no
data regarding modulation of phagocytosis by sesquiterpene
lactones. Among known plant-derived compounds, some were
identified as potential immunomodulators, including flavonoids,
alkaloids, diterpenoids, polysaccharides and glycosides. Examples
of plant-derived compounds, which have exhibited potent effects
on cellular and humoral immune functions in pre-clinical
investigations, are curcumin, resveratrol, quercetin, colchicine,
capsaicin, andrographolide, genistein and artemisinin (Jantan
et al., 2015).

To conclude, it becomes obvious that alantolactone exerts
immunomodulatory and anti-inflammatory effect via multiple
Frontiers in Pharmacology | www.frontiersin.org 11
pathways. Alantolactone enhances phagocytosis, one of
the main components of innate immune response, and
simultaneously modulates p65 NF-kB activation affecting pro-
and anti-inflammatory cytokine production involved in
phagolysosome formation. We postulate that such additive
pharmacodynamic effects can be beneficial for the patients with
the S. aureus infections.
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