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Chronic staphylococcal osteomyelitis can persist for long time periods causing bone
destruction. The ability of Staphylococcus aureus to develop chronic infections is linked
to its capacity to invade and replicate within osteoblasts and osteocytes and to switch
to a dormant phenotype called small colony variants. Recently, osteocytes were described
as a main reservoir for this pathogen in bone tissue. However, the mechanisms involved
in the persistence of S. aureus within these cells are still unknown. Here, we investigated
the interaction between S. aureus and osteoblasts or osteocytes during infection. While
osteoblasts are able to induce a strong antimicrobial response and eliminate intracellular
S. aureus, osteocytes trigger signals to recruit immune cells and enhance inflammation
but fail an efficient antimicrobial activity to clear the bacterial infection. Moreover, we found
that extracellular signals from osteocytes enhance intracellular bacterial clearance by
osteoblasts. Even though both cell types express Toll-like receptor (TLR) 2, the main TLR
responsible for S. aureus detection, only osteoblasts were able to increase TLR2 expression
after infection. Additionally, proteomic analysis indicates that reduced intracellular bacterial
killing activity in osteocytes is related to low antimicrobial peptide expression. Nevertheless,
high levels of lipid mediators and cytokines were secreted by osteocytes, suggesting that
they can contribute to inflammation. Taken together, our results demonstrate that
osteocytes contribute to severe inflammation observed in osteomyelitis and represent the
main niche for S. aureus persistence due to their poor capacity for intracellular
antimicrobial response.
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INTRODUCTION

Staphylococcus aureus osteomyelitis (OM) often develops to a
chronic and destructive course that is extremely difficult to
treat and can require long period of antibiotic therapies as
well as surgical interventions (Fritz and McDonald, 2008;
Kavanagh et al., 2018). Numerous antimicrobials cannot penetrate
and reach adequate concentrations for bactericidal efficacy in
bone compared to soft tissue (Thompson and Townsend, 2011;
Tuchscherr et al., 2016; Alder et al., 2020). Furthermore, some
bacteria internalize and survive within bone cells for a long
period of time, which contributes to insufficient treatments
(Tuchscherr et al, 2016; De Mesy Bentley et al., 2018; Yang
et al., 2018; Muthukrishnan et al., 2019; Masters et al., 2021).
Access to the intracellular environment protects this pathogen
from the action of the host immune response and antimicrobials,
promoting persistence (Tuchscherr et al, 2011; Horn et al,
2018). The intracellular adaptation of S. aureus in host cells
is associated with an altered bacterial phenotype, the so-called
small colony variants (SCVs; Proctor et al., 2006; Tuchscherr
et al., 2010, 2020; Garcia et al., 2013; Proctor, 2019). SCVs
form slow-growing and small colonies on agar plates and have
reduced or absent pigmentation and virulence factors (Proctor
et al., 2006). Additionally, SCVs exhibit altered drug resistance
profiles and contribute to antibiotic treatment failure (Garcia
et al., 2013; Kahl et al., 2016; Tuchscherr et al., 2016). Despite
their lack of toxin expression, SCVs are capable of inducing
strong host cell death, which associates this bacterial phenotype
with significant morbidity and poor clinical outcome
(Wickersham et al., 2017; Prince and Wong Fok Lung, 2020;
Wong Fok Lung et al., 2020).

Although different studies have described that S. aureus
can survive for long periods within osteoblasts (Kalinka et al.,
2014; Ji et al., 2020; Bongiorno et al.,, 2021; Gunn et al., 2021;
Marro et al, 2021), the mechanisms that may explain the
persistence within bone cells are still unknown. In addition
to osteoblasts, several studies have revealed osteocytes as possible
niche for bacteria within bone tissue (De Mesy Bentley et al.,
2018; Yang et al., 2018; Krauss et al., 2019; Masters et al.,
2021). Recently, the persistence of S. aureus in bone tissue
was associated with its capacity to invade the osteocyte lacuno-
canalicular network (OLCN; Masters et al., 2021). However,
the mechanisms that contribute to the development of S. aureus
persistence and immune evasion in chronic osteomyelitis are
still unknown. Moreover, the communication between osteoblasts
and osteocytes during infection is poorly studied. Osteocytes
communicate with osteoblasts and osteoclasts via diverse signaling
molecules such as the RankL/OPG axis and the Sost/Dkk1/
Wnt axis (Robling and Bonewald, 2020).

Host cells recognize the pathogen-associated molecular patterns
(PAMPs) of S. aureus via different pattern-recognition receptors
(PRRs), such as Toll-like receptors (TLRs) 1, 2, 6, and 9 and
nucleotide-binding oligomerization domains (NODs)-1 and -2.
PRR activation leads to the generation of cytokines (IL-1a, IL-1,
IFN-y, TNF-q, IL-17A, IL-17F and IL-22), chemokines (CXCLI,
CXCL2, CXCL9, CXCL10, CXCL11, CCL27, and CCL20), and
antibacterial responses, such as antimicrobial peptides and

production of reactive oxygen species (ROS; Brandt et al., 2018b).
Furthermore, the activation of TLR2 may cause production of
lipid mediators (LMs; Jimenez et al., 2005). LMs are implicated
in the inflammatory response and include prostaglandins (PGs)
and leukotrienes (LTs), which are produced from arachidonic
acid (AA, C20:4, ®-6) via cyclooxygenases (COX) and
5-lipoxygenase (LOX) pathways, respectively (Jordan et al., 2020).

To persist, S. aureus has developed diverse mechanisms to
avoid recognition by, e.g., TLRs and the subsequent activation
of antimicrobial host response (Joo and Otto, 2015; De Jong
et al., 2019). These mechanisms have been well-described for
several cells but for osteocytes little is known.

In this study, we compared the long-term survival of S. aureus
in murine MC3T3-E1 osteoblasts and MLO-Y4 osteocytes. Our
results reveal that osteocytes can induce a pro-inflammatory
response to recruit immune cells to clear the infection but
also contribute to bone destruction. Moreover, they lack efficient
antimicrobial activity to kill intracellular bacteria. Consequently,
osteocytes represent a possible reservoir for S. aureus long-
term persistence during osteomyelitis.

MATERIALS AND METHODS

Bacterial Strains

The S. aureus strains used in the present study are LS1 from a
septic arthritis isolate (Ahmed et al., 2001) and SH1000 8325-4
with functional rsbU (Horsburgh et al., 2002). All bacterial colonies
were grown on Columbia blood agar base plates (Oxoid™—
Thermo Fisher Scientific, Waltham, United States).

Preparation of Bacterial Suspension

Bacterial cultures were cultured in BHI (Oxoid™—Thermo
Fisher Scientific, Waltham, United States) medium and incubated
at 37°C at 160rpm overnight. The next day, the OD was
adjusted to an OD578nm of 0.05. The bacterial suspension
was incubated for 3h at 37°C at 160rpm to obtain bacteria
in the logarithmic growth phase. Next, after two washing steps,
the bacteria were adjusted to OD578 nm=1. The number of
bacteria or CFUs present at OD578 nm was determined as
follows: 1 was determined by plating serial dilutions onto blood
agar and counting after 24h incubation at 37°C using
ColonyQuant HD®© (Schuett-biotech GmbH, Géttingen).

Cell Culture

Mouse MC3T3-E1 osteoblast (CRL-2593, subclone 4, obtained
from the American Type Culture Collection, Germany) and
MLO-Y4 osteocyte (created by Dr. Bonewald, Kerafast Inc.,
Boston, United States) cell lines were used for all experiments.
Osteoblast cells were cultured in «MEM medium (Biochrom,
Berlin, Germany) supplemented with 10% FBS (Biochrom,
Berlin, Germany) and 100 U/ml penicillin/streptomycin (Merck
Millipore, Billerica, United States). Osteocyte aMEM medium
was supplemented with 5% FBS and 5% iron-fortified FBS
(Sigma-Aldrich, St. Louis, United States). Cells were seeded
and grown until they were confluent. Medium was changed
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every 2-3days. Inserts used for co-culture experiments were
obtained from ThinCert™ (Greiner, Germany).

Infections Assays

The monoculture and co-culture cell culture models followed
the same infection protocol. Volumes were adapted depending
on the type of experiment. When the confluence was 80%,
the experiment was performed as follows: the grown cells were
counted, and the amount of bacterial OD578 nm=1 suspension
needed for an MOI (multiplicity of infection) of 30 was
calculated. Cells were washed, and invasion medium [«cMEM
supplemented with 5% HSA (CSL Behring, Pennsylvania,
United States) and 2.5% HEPES (Biochrom GmbH, Berlin)]
were added to each flask. Then, the cells were incubated for
90min with S. aureus strains at 37°C and 5% CO,. After that,
the cells were washed, and stop medium [aMEM supplemented
with 10% FBS and 1% lysostaphin (WAK-chemie, Medical
GmbH, Germany)] was added and incubated for 30min at
37°C and 5% CO, to kill all extracellular bacteria. Next, the
cells were lysed by sterile ice-cold H,O. Afterward, the cells
were scrapped and centrifuged at 5,000rpm for 15min at 4°C
to release all intracellular bacteria. Serial dilutions were plated
onto blood agar plates to count bacterial CFUs the next day.
As an infection control, one flask of uninfected cells was treated
in the same way as the infected cells. Of note, osteocytes
represent 90-95% of the cells in bone. For our co-cultivation
experiments, the relation 9:1 is not possible to keep in vitro.
In all experiments, the number of osteocytes was three times
higher than the number of osteoblasts. Furthermore, all results
were adjusted to 1x10° cells to compare both cells type.

Persistence Assays

The monoculture and co-culture models followed the same
infection protocol. Volumes were adapted depending on the
type of experiment. When the confluence was 80%, the
experiment was performed as follows: mouse MC3T3-El
osteoblasts and MLO-Y4 osteocytes were infected with S. aureus
strains, and the intracellular persistence capacity of the bacteria
was traced for up to 7days as we performed in previous studies
(Tuchscherr et al., 2011, 2015). In this model, we can differentiate
the acute from the chronic phase of the infection. During the
acute phase, we observed high release of cytokines and
homogeneous bacterial phenotype while the chronic phase was
characterized by SCVs appearance and decrease in immune
response (Tuchscherr et al., 2011).

To track the intracellular persistence of S. aureus in bone
cells, cells were counted and lysed at different time points to
determine the number of intracellular bacteria. Cells were
washed two times and lysed after 90min of infection (TO0),
2days after infection (T2), 4days after infection (T4), and
7days after infection (T7). Cell lysis was performed at each
time point after the stopping medium treatment. Cultured
medium was added after the stopping medium treatment, which
was performed every 2days, in each non-lysed cell culture
flask. Co-culture experiments were performed as described for
the Infection assay.

Counting SCVs

Normal and SCV colony phenotypes were counted on blood
agar plates. SCV formation was monitored by incubating the
blood agar plates for 24, 48, and 72h for each time point.

Conditioned Medium Experiments

For these experiments, conditioned medium from infected or
uninfected control cells was used (Supplementary Figure S5).
Briefly, in the first step, cells were cultured with or without
S. aureus for 24h to obtain conditioned medium. The medium
of the cells was removed and filtered (0.2 pm filter SARSTEDT
AG & Co, Germany). This medium was called the “conditioned”
medium. The sterility of the conditioned medium was controlled
by streaking 100pl of the medium onto a blood agar plate
and incubating for 24h at 37°C. The conditioned medium
obtained from non-infected cells was called control CM whereas
the conditioned medium obtained from infected cells was called
infected CM. The conditioned medium was then added to
fresh cell cultures. Cells with conditioned medium were cultured
for 24h at 37°C and 5% CO2. After 24h, the cells were washed
with PBS 1X and infected with S. aureus LS1 as described
above. After 90min of incubation, the cells were washed and
treated with lysostaphin to kill extracellular bacteria for 30 min.
Thirty minutes later, the cells were washed and lysed to recover
intracellular bacteria.

TLR2 Measurement by Flow Cytometry
Analysis

MC3T3-El osteoblasts and MLO-Y4 osteocytes were infected
with S. aureus LS1 strain MOI 30 for 90min. After that,
extracellular bacteria were killed for 30 min, and full medium
was added. Infected cells were incubated for 24h. Next, cells
were detached by treatment with trypsin for 5min at
37°C. Afterward, the cells were centrifuged at 400g and 4°C
for 10min. To determine viability, the cells were resuspended
in 30pl (1:500) Zombie Aqua Fixable Viability Kit (BioLegend,
San Diego, CA, United States) for 5min. Non-specific antibody
binding was blocked by rat serum (5 min, 4°C) prior to antibody
staining. Then, the cells were stained with fluorochrome-labelled
antibody mixtures for 20min at 4°C. APC recombinant mouse
anti-mouse/human CD282 (TLR2) was used to detect TLR2
(0.6 pg/test, clone QA16A01, Biolegend). Fluorescent staining
for flow cytometric analysis of cells was performed in FACS
buffer (PBS plus 0.5% BSA, 5mM EDTA, and 0.1% sodium
azide). After the staining, cells fixed with 4%
paraformaldehyde (15min, 4°C). Cells were analyzed using BD
LSR Fortessa (BD Biosciences), and data were analyzed using
FlowJo X Software (BD Biosciences).

were

Agr Functionality (CAMP Assay)

Agr functionality was detected from S. aureus LS1 and SH1000
by plating the strains perpendicularly to RN4220, which produces
only B-hemolysin. This toxin induces on other strains the
synthesis of 8-hemolysin, but inhibits lysis of erythrocytes by
a-hemolysin. RN4220 strain was spread, directly from the
overnight culture, in the middle of the blood agar plate before
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the strains of interest. The plate was incubated for 5h at
37°C. After that, S. aureus LS1 and SH1000 overnight cultures
were plated with a swab perpendicularly to RN4220.
Staphylococcus aureus Mw2 and USAAagr strains were used
as positive and negative controls, respectively (Traber et al., 2008).

Expression of psma

For RNA isolation of in vitro shaking cultures, S. aureus was
grown in BHI medium after inoculation to OD578nm=0.05
from overnight cultures. After 5h, 1ml of the bacterial culture
was mixed with 1 ml of RNAprotect Bacteria Reagent (Qiagen),
for 5min at RT and centrifuged for 10min at 10,000 rpm. The
pellet was resuspended in 1 ml of RNApro Solution (MP) and
transferred into BashingBead Lysis Tubes (Zymo Research).
Homogenization was performed in a FastPrep (MP) at a setting
of 6.5 for 45s. The supernatants were mixed with 70% EtOH
and RNA was isolated by using a Total RNA Kit [peqGOLD
(Peqlab)], including the digestion of genomic DNA with
DNase (Ambion/ThermoFisher).RNA was transcribed into
complementary DNA (cDNA) by using a QuantiNova Reverse
Transcription Kit (Qiagen), following manufacturer’s instructions.
The Real-time PCR (RT-PCR) was performed using a Rotor-
Gene SYBR Green PCR Kit (Qiagen). The reaction mixture
was incubated at 95°C for 5min, followed by 40cycles at 95°C
for 5s and at 60°C for 10s using a Rotor-Gene Q (Qiagen).
Expression rates, efficiencies, and melting curves were analyzed
with Rotor-Gene Q Series software (Qiagen). The different
primers used to analyze the expression of bacterial genes are
listed in Supplementary Table S1. Fold changes in expression
were calculated as described elsewhere (Pfaffl, 2001). The gyrB
gene was used as a reference.

Proteomics Assay

Cells were infected as described above, and 24h post infection,
the supernatants were filter sterilized and stored in low protein
binding tubes (Protein LoBind® Tubes, Eppendorf).

Sample Preparation for Proteomics
Analysis

For proteomics analysis, lysis buffer (final concentration of 5%
SDS, 100mM HEPES and 50mM DTT) was added to 12.5pl
supernatant. The samples were sonicated (Bioruptor Plus,
Diagenode, Belgium) for 10cycles (30s ON/60s OFF) at a
high setting at 20°C, followed by boiling at 95°C for 5min.
Reduction was followed by alkylation with iodoacetamide (final
concentration 15mM) for 30min at room temperature in the
dark. Samples were acidified with phosphoric acid (final
concentration 2.5%), and 165 plS-trap binding buffer was added
(100mM TEAB, 90% methanol). Samples were bound on S-trap
micro spin columns (Protifi) and washed three times with
binding buffer. Trypsin in 50mM TEAB pH 7.55 was added
to the samples (1pg per sample) and incubated for 1h at
47°C. The samples were eluted in three steps with 50mM
TEAB pH 7.55, elution buffer 1 (0.2% formic acid in water)
and elution buffer 2 (50% acetonitrile and 0.2% formic acid).
The eluates were dried using a speed vacuum centrifuge

(Eppendorf Concentrator Plus, Eppendorf AG, Germany). The
samples were resuspended in Evosep buffer A (0.1% formic
acid in water) and sonicated (Bioruptor Plus, Diagenode,
Belgium) for 3cycles (60s ON/30s OFF) at a high setting
at 20°C.

The samples were loaded on Evotips (Evosep) according to
the manufacturer’s instructions. In short, Evotips were first
washed with Evosep buffer B (acetonitrile, 0.1% formic acid),
conditioned with 100% isopropanol and equilibrated with Evosep
buffer A. Afterward, the samples were loaded on the Evotips
and washed with Evosep buffer A. The loaded Evotips were
topped up with buffer A and stored until the measurement.

LC-MS Data Independent Analysis

Peptides were separated using the Evosep One system (Evosep,
Odense, Denmark) equipped with a 15cm x 150 pm i.d. packed
with a 1.9 pm Reprosil-Pur C18 bead column (Evosep Endurance,
EV-1106, PepSep, Marslev, Denmark). The samples were run
with a pre-programmed proprietary Evosep gradient of 44 min
(30 samples per day) using water and 0.1% formic acid and
solvent B acetonitrile and 0.1% formic acid as solvents. The
LC was coupled to an Orbitrap Exploris 480 (Thermo Fisher
Scientific, Bremen, Germany) using PepSep Sprayers and a
Proxeon nanospray source. The peptides were introduced into
the mass spectrometer via a PepSep Emitter 360-pm outer
diameter x 20-pum inner diameter, heated at 300°C, and a spray
voltage of 2.2kV was applied. The injection capillary temperature
was set at 300°C. The radio frequency ion funnel was set to
30%. For data independent analysis (DIA) data acquisition,
full scan mass spectrometry (MS) spectra with a mass range
of 350-1,650 m/z were acquired in profile mode in the Orbitrap
with a resolution of 120,000 FWHM. The default charge state
was set to 2+, and the filling time was set at a maximum of
60 ms with a limitation of 3 x 10° ions. DIA scans were acquired
with 40 mass window segments of differing widths across the
MS1 mass range. Higher collisional dissociation fragmentation
(stepped normalized collision energy; 25, 27.5, and 30%) was
applied, and MS/MS spectra were acquired with a resolution
of 30,000 FWHM with a fixed first mass of 200m/z after
accumulation of 1x10° ions or after filling time of 45ms
(whichever occurred first). Data were acquired in profile mode.
For data acquisition and processing of the raw data, Xcalibur
4.4 (Thermo) and Tune version 3.1 were used.

Proteomic Data Processing

Data independent analysis raw data were analyzed using
the directDIA pipeline in Spectronaut (v.13, Biognosysis,
Switzerland). The data were searched against a species-specific
(Homo sapiens, 20.186 entries) and contaminant (247 entries)
SwissProt database. The data were searched with the following
variable modifications: oxidation (M) and acetyl (protein
N-term). A maximum of two missed cleavages for trypsin
and five variable modifications were allowed. The
identifications were filtered to satisfy an FDR of 1% at the
peptide and protein levels. Relative quantification was
performed in Spectronaut for each paired comparison using
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the replicate samples from each condition. The data (candidate
table) and data reports (protein quantities) were then exported,
and further data analyses and visualization were performed
with R studio using in-house pipelines and scripts. To select
significant proteins, a log2FC cut-off of 0.58 and a g
value <0.05 were defined. The proteomics data have been
uploaded to the ProteomeXchange via the PRIDE database.'

Cell Dead Assay by Flow Cytometry
Analysis

Cells were infected as described above but with different MOlIs:
10, 30, 50, 70, and 100. Twenty-four hours post infection, the
supernatant and unattached cells were collected in the same
tube. The tubes were centrifuged at 180xg for 5min. The
supernatant was discarded, and the cellular pellet was resuspended
in 500l of PBS. Cell death was measured by flow cytometry
by staining the cells with 50pl of propidium iodine.

Measurement of IL-6 and LL-37
(Cathelicidin Antimicrobial Peptide, CAMP)
by ELISA

Cells were infected as described above, and 24 h post-infection,
the supernatants were collected and centrifuged at 1,000rpm
for 5min to exclude cellular derives. ELISA for IL-6 (DuoSet
ELISA, 5 Plates from R&D Systems, Germany) and cathelicidin
antimicrobial peptide (CAMP; assayGenie mouse CAMP ELISA
kit) was performed following the manufacturer’s instructions.
IL-6 and CAMP secretion was measured by a microplate reader
at 450 and 570nm (TECAN Infinite® 200 PRO).

Lipid Meditators Measured by UPLC-MS-
MS

Cells were infected as described above. After a 24h incubation
period, the supernatants (3 ml) were transferred to 6 ml of ice-cold
methanol containing deuterium-labelled internal standards (200nM
d8-5S-HETE, d4-LTB,, d5-LXA,, d5-RvD2, d4-PGE,, and 10mM
d8-AA; Cayman Chemical/Biomol GmbH, Hamburg, Germany)
to facilitate quantification and sample recovery. Sample preparation
was conducted by adapting published criteria (Werz et al., 2018).
In brief, samples were kept at —20°C overnight to allow protein
precipitation. After centrifugation (1,200g, 4°C, 10min), 27ml
acidified H,0O was added (final pH=3.5), and samples were
subjected to solid phase extraction. Solid phase cartridges (Sep-Pak
® Vac 6cc 500mg/6ml C18; Waters, Milford, MA, United States)
were equilibrated with 6 ml methanol and 2 ml H,O before samples
were loaded onto columns. After washing with 6ml H,O and
an additional 6ml n-hexane, LMs were eluted with 6 ml methyl
formate. Finally, the samples were dried using an evaporation
system (TurboVap LV, Biotage, Uppsala, Sweden) and resuspended
in 150 pl methanol/water (50/50, v/v) for UPLC/MS-MS automated
injections. LM profiling was analyzed with an Acquity UPLC
system (Waters, Milford, MA, United States) and a QTRAP 5500
Mass Spectrometer (Sciex, Darmstadt, Germany) equipped with

'http://www.ebi.ac.uk/pride

a Turbo V Source and electrospray ionization. LM was eluted
using an ACQUITY UPLC BEH C18 column (1.7 pm, 2.1 x 100 mm;
Waters, Eschborn, Germany) at 50°C with a flow rate of 0.3ml/
min and a mobile phase consisting of methanol/water/acetic acid
of 42:58:0.01 (v/v/v) that was ramped to 86:14:0.01 (v/v/v) over
12.5min and then to 98:2:0.01 (v/v/v) for 3min (Werner, 2019).
The QTrap 5500 was operated in negative ionization mode using
scheduled multiple reaction monitoring (MRM) coupled with
information-dependent acquisition. The scheduled MRM window
was 60s, optimized LM parameters were adopted (Colas et al,
2014) and the curtain gas pressure was set to 35psi. The retention
time and at least six diagnostic ions for each LM were confirmed
by means of an external standard (Cayman Chemical/Biomol
GmbH, Hamburg, Germany). Quantification was achieved by
calibration curves for each LM. Linear calibration curves were
obtained for each LM and gave r* values of 0.998 or higher
(for fatty acids 0.95 or higher). Additionally, the limit of detection
for each targeted LM was determined (Werner, 2019).

Inhibition of TLR2

MC3T3-E1 osteoblasts and MLO-Y4 osteocytes were pre-treated
with the TLR 2 inhibitor MMG-11 (50puM, solved in DMSO,
Biozol, Eching, Germany) for 1h. Afterward, cells were infected
with S. aureus LS1 strain MOI 30 for 90 min. Extracellular bacteria
were killed for 30min with lysostaphin as explained in infection
assays, and full medium was added. Infected cells were incubated
for 24 h. Next, supernatants were collected and LL-37 was measured
by ELISA (see measurement of LL-37 by ELISA in Material and
Methods). Cells were treated with sterile ice-cold H,O. Afterward,
the cells were scrapped and centrifuged at 5,000rpm for 15min
at 4°C to release all intracellular bacteria. Serial dilutions were
plated onto blood agar plates to count bacterial CFUs on the
next day. Control cells were pre-treated with DMSO only.

Statistical Analysis

Data analysis of all results was performed by using GraphPad
Prism 6.0 (GraphPad, La Jolla, CA, United States). All
experiments were repeated at least three times. Different
statistical analyses were performed according to the type of
experiment described in each figure caption in the results.
To compare several groups, one-way ANOVA was performed.
An unpaired ¢-test was performed to analyze the difference
between two groups. The statistical analysis of two variables,
such as different time points and strains, was performed by
using a two-way ANOVA test.

RESULTS

Staphylococcus aureus Predominantly

Persists in Osteocytes Than in Osteoblasts
To investigate S. aureus long-term persistence, MC3T3-El
osteoblasts and MLO-Y4 osteocytes were infected with two
independent S. aureus strains (LS1 or SH1000) for 90min.
Intracellular bacteria were counted after 90min (day 0) and
on days 2, 4, and 7 post infection. Both strains were included
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to investigate whether the interaction between bone cells and
S. aureus is influenced by the genetic background and/or virulence
profile of the bacteria. Staphylococcus aureus SH1000 expressed
higher Agr, a quorum sensing system responsible of the regulation
of virulence factors, and phenol soluble modulins (PSMs, a
virulence factor regulated by Agr) than S. aureus LS1
(Supplementary Figure S1; Siegmund et al., 2021). The viability
of both types of bone cells was not affected during the experimental
period (Supplementary Figure S2A). Moreover, no significant
differences in bacterial internalization were observed between
osteoblasts and osteocytes, suggesting that S. aureus invades
both cell lines in a similar manner (Supplementary Figure S2B).
However, significant differences in the recovered intracellular
bacteria were found after days 2, 4, and 7 when osteoblasts
and osteocytes were compared (Figure 1A). Staphylococcus aureus
LS1, as well as SH1000, were able to persist within osteocytes
in significantly higher numbers than within osteoblasts. Of note,
S. aureus SH1000 was fully cleared from osteoblasts after 7 days
compared to S. aureus LS1. Based on our results, the virulence
bacterial profile may influence the interaction between S. aureus
and bone cells (Supplementary Figure S1).

The presence of SCVs is associated with the persistence
and long-term survival of S. aureus (Tuchscherr et al., 2020).
The appearance of SCVs was investigated at each time point
during the long-term cell culture model for both types of
bone cells. SCV formation increased along with elevated
persistence in particular in osteocytes. While at days 0 and
2, all the colonies counted had normal colony phenotypes, on
day 4, large wild-type and small SCV colonies were present on the
blood agar plates. From day 4 to day 7, SCV formation increased
significantly (Supplementary Figure S3; Figures 1B,C). Of
interest, a high number of SCVs were found in osteocytes

for both S. aureus strains at day 7 (Figures 1B,C;
Supplementary Figure S3), indicating that SCV formation was
promoted mainly in osteocytes in a strain-independent manner
as previously described (Yang et al, 2018).

Elevated Persistence of Staphylococcus
aureus Occurs in Osteocytes During
Co-cultivation With Osteoblasts

To investigate the main cell type in bone tissue for long-term
persistence a transwell system was established to infect
co-cultivated osteoblasts and osteocytes cells with S. aureus LS1
or SH1000 strains (Supplementary Figure S4). The size of the
transwell pore (3pum) was selected to allow the transmigration
of S. aureus (up to 1 pm) between both types of cells. To exclude
a gravity effect, the experiments were performed in two possible
orientations (Supplementary Figure S4). Both experimental
setups showed similar results. S. aureus persisted (Figure 2A)
and formed more SCVs after 7days post infection (Figure 2B)
in osteocytes than in osteoblasts independent of the orientation
and S. aureus strain used (Supplementary Figures S5A,B).

Osteocytes Trigger Osteoblasts to
Eliminate Intracellular Bacteria but Not
Vice Versa

To investigate whether possible crosstalk between osteocytes
and osteoblasts may interfere with the ability of S. aureus to
survive intracellularly, experiments with conditioned medium
were performed (Supplementary Figure S6). Conditioned
medium contains numerous secreted enzymes, growth factors,
cytokines and hormones or other soluble mediators that regulate
cell-cell interactions. Thus, the conditioned medium from
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infected bone cells was used to incubate fresh cells prior to
a new infection.

Osteoblasts or osteocytes were incubated for 24h with conditioned
medium (CM) taken from either uninfected cells (control CM)
or cells previously infected with S. aureus LS1 (infected CM).
After 24h, CFU quantification revealed significant differences when
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FIGURE 2 | Elevated persistence of Staphylococcusaureus occurs in
osteocytes during co-cultivation with osteoblasts. (A) Intracellular bacteria (log
CFU/106 cells) recovered from infected osteoblasts and osteocytes with S.
aureus LS1 strain at different time points and both possible orientations in
transwell experiments (co-cultivation); (B) SCV (log SCVs/106 cells) formation
of S. aureus LS1 strain for both possible orientations. Statistical analysis was
performed using two-way ANOVA with Tukey’s multiple comparison test;
*p<0.01, **p<0.001, and ***p<0.0001. The bars and whiskers represent
the means +SD of different independent experiments; n=3.

osteoblasts were incubated prior to infection with infected CM
from osteoblasts or osteocytes (Figure 3) compared to cells cultured
with control CM. In particular, when osteoblasts were cultured
with infected CM, the number of intracellular bacteria was
significantly reduced. In contrast, no significant differences were
observed between osteocytes cultured with control and infected
CM (Figure 3). Similar results were obtained with the S. aureus
SH1000 strain (Supplementary Figure S6). The incubation of
the cells with the CM had no effect on cell viability
(Supplementary Table S2). Therefore, the reduced CFU count
was not due to reduced osteoblast viability. However, we could
not exclude a possible effect of CM on cellular functionality of
osteoblasts that may affect the persistence of S. aureus within
osteoblasts. Next, we investigated whether the reduced number
of intracellular CFUs within osteoblasts cultured with infected
CM was due to an increased intracellular elimination (Table 1).

To quantify the intracellular killing, the elimination factor
was calculated for each condition by comparing the initial added
bacteria to the total recovered bacteria (Table 1). A value of
“0” or around “0” indicates nor or poor elimination, and a value
higher than “1” suggests intracellular killing. According to these
calculations, we found that the bacteria were more efficiently
killed in osteoblasts cultured with CM from infected osteoblasts
(**p<0.01) and osteocytes (***p<0.01) than in CM from control
osteoblasts (Table 1). However, no differences were observed for
osteocytes treated with control or conditioned CM.

Osteocytes Express Lower Levels of TLR2
Compared to Osteoblasts

Next, we examined possible underlying mechanisms of enhanced
elimination of intracellular S. aureus in osteoblasts. S. aureus
is recognized by osteoblasts via TLR2 (Josse et al., 2015), which
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FIGURE 3 | Osteocytes trigger osteoblasts to eliminate intracellular bacteria but not vice versa. (A) Model of infection. (B) Infected osteoblast (Ob) or osteocytes
(Oc) cultured with control CM or infected CM were lysed and the numbers of intracellular bacteria were quantified by serial dilutions on blood agar plates (log
CFU/106 cells). Statistical analysis was performed using the unpaired t-test for each pair; *p<0.01. The bars and whiskers represent the means +SD of different
independent experiments; n=6, n=4, n=4, and n=5, respectively. CM, conditioned medium.
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TABLE 1 | Quantification of intracellular bacteria from conditioned cells. Intracellular clearance was calculated for each experiment (Is-Tg).

Initial added bacteria

Total recovered bacteria

Eliminated bacteria Comparison between control

and conditioned cells

Is Tg=Extrag +Intrag Iz-Tg
Unpaired t-test
(p value)
Osteoblasts Control osteoblasts CM 7.83 7.57 0.26 ** p <0.01
Infected osteoblasts CM 7.76 6.21 1.55
Control osteocytes CM 7.65 7.65 -0.00 #xk n <(0.001
Infected osteocytes CM 7.6 4.71 2.89
Osteocytes Control osteocytes CM 8.05 8.78 -0.73 NS
Infected osteocytes CM 8.02 7.91 0.1
Control osteoblasts CM 7.96 8.82 -0.86 NS
Infected osteoblasts CM 7.91 7.99 -0.08

Is, mean of the initial amount added of Staphylococcus aureus LS1 (expressed in log CFU/mI). Ts, mean of the total amount of extracellular and intracellular Staphylococcus aureus
LS1 strain recovered (Tg=Extrag+Intrag; expressed in log CFU/mI). Statistical analysis was performed using the unpaired t-test for each pair; n=4-6. "p<0.01 and ""p<0.001.

triggers the activation of MyD88-dependent transcription factors
such as NF-kB, AP1, and CREB to generate cytokines,
chemokines, and antimicrobial effectors (Brandt et al., 2018a).

To investigate whether the differences between bacterial
elimination by osteoblasts and osteocytes were due to differences
in TLR2 receptors, the expression of this receptor was investigated
by flow cytometry in infected and non-infected cells as described
in material and methods (Figure 4). A significant increase in
the levels of TLR2 expression was observed in osteoblasts upon
infection but no differences were observed in osteocytes (Figure 4).

Osteocytes Fail to Eliminate Intracellular
Bacteria Due to Poor Production of
Antimicrobial Peptides
To further characterize the response of osteoblasts and osteocytes
to S. aureus infection, we performed proteomics analysis
(Figure 5; Table 2; Supplementary Tables S3-5). Osteoblasts
and osteocyte cell lines were infected with the S. aureus LS1
strain, and the supernatants were collected and analyzed by
mass spectrometry. Principal component analysis (PCA) of the
host cell proteins revealed that samples were clustered according
to the treatment (infected vs. non-infected) rather than the
cell type (osteoblasts vs. osteocytes; Figure 5A). In line with
this observation, specific expression signatures were found for
infected osteoblasts and osteocytes. Interestingly, a clear separation
was seen between infected osteoblasts and osteocytes, while
non-infected cells of osteoblast and osteocyte clustered closely
together. These results suggest that osteoblast and osteocyte
cell lines respond differently to S. aureus infection (Figure 5A).

Next, metabolic pathway impact analysis was conducted in
a pairwise manner to investigate the detailed pathway perturbations
between and infected non-infected cells (Figures 5B,C;
Supplementary Tables S3, S4). Comparison between infected
vs. non-infected cells showed significant upregulation of pathways
related to the induction of apoptosis and matrix degradation
upon S. aureus infection [Supplementary Table S3: ob (osteoblasts)
non-infected vs. ob infected and Supplementary Table S4: oc
(osteocytes) non-infected vs. oc infected].

Furthermore, the comparison between infected osteoblasts
and osteocytes showed that the cells had differential metabolic
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FIGURE 4 | TLR2 expression is not altered in infected osteocytes. Influence
of Staphylococcus aureus on osteoblasts and osteocytes surface TLR2
expression. Expression of TLR2 among living cells was analyzed by flow
cytometry. The mean fluorescence intensity (MFI) of TLR2 was determined.
Statistics are calculated with raw data (MFI), infected vs. uninfected and a
statistical analysis was performed using the unpaired t-test for each pair
unpaired t-test; *p<0.05. The bars and whiskers represent the means +SD of

different independent experiments; n=3. —: control cells and +: infected cells.

profiles (Figure 5D). Proteins related to the extracellular matrix
were significantly downregulated in osteoblasts compared to
osteocytes. Interestingly, antimicrobial peptides were significantly
upregulated in infected osteoblasts compared to osteocytes
(Table 2). For validation of these results, secretion of LL-37,
one of the main antimicrobial peptides, was measured in
infected osteoblasts and osteocytes (Figure 6A). Secretion of
LL-37 was significantly higher 24 h post infection with S. aureus
LS1 in osteoblasts than in osteocytes. Taken together, our results
suggest that infected osteocytes are not able to clear intracellular
bacteria due to a reduced antimicrobial peptide production.
To test, whether the host cells can resist the infection,
osteoblast and osteocyte cell lines were infected with increased
doses of S. aureus (multiplicity of infection, MOIs) and the
cytotoxic effect was measured (Figure 6B). Cytotoxicity was
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FIGURE 5 | Proteomic analysis of osteoblasts and osteocytes infected with the Staphylococcus aureus LS1 strain. At 24 h post infection, the supernatants of
infected and non-infected cells were collected and analyzed by mass spectrometry. (A) Principal component analysis (PCA) score plot comparing metabolic profiles
of infected and non-infected osteoblasts and osteocytes. (B-D) Volcano plot (g-value vs. log, fold change) for differentially expressed proteins: (B) Infected vs.
non-infected osteoblasts. (C) Infected vs. non-infected osteocytes. (D) Infected osteoblasts vs. infected osteocytes. The X axis represents —log10Q value (values of
p <0.05); the Y axis represents log, values of protein fold changes. See details in Supplementary Tables S3-5; n=3.

significantly higher in osteocytes than in osteoblasts at MOIs
higher than 30, indicating that osteoblasts are better prepared
to resist an infection than osteocytes.

The Inflammatory Response Is More
Pronounced in Infected Osteocytes Than
in Osteoblasts

Staphylococcus aureus infection triggers early cytokine secretion,
such as TNF-a, IL-1B, and IL-6, which promotes the
inflammatory response and recruits other immune cells to

combat invading microorganisms (Brandt et al, 2018a).
Osteoblasts and osteocytes were infected with S. aureus LSI,
and the release of IL-6 was measured 24h post infection.
Interestingly, osteocytes released significantly more IL-6 than
osteoblasts (Figure 7A).

To further investigate the inflammatory response, we analyzed
the release of lipid mediators (LMs; Jimenez et al., 2005) at
24h post infection in both bone cell lines (Figure 7B).
Pro-inflammatory LMs such prostaglandins (PGs) and leukotrienes
(LTs) are produced from arachidonic acid (AA, C20:4, ®-6) by
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TABLE 2 | Antimicrobial proteins of infected osteoblasts vs. osteocytes (ob/oc).

Protein description

Function

Group Protein groups AVG Log2 Ratio Qvalue
Q96FQ6 QO6FQ6 1.52 0.0008
P0O7339 P07339 1.58 0.0000
P29508 P29508 1.83 0.0000
P61626 P61626 1.87 0.0001
PO6702 P0O6702 1.88 0.0000
Q96P63 Q96P63 1.94 0.0000
043240 043240 1.95 0.0122
P81605 P81605 1.97 0.0000
P00441 P00441 2.02 0.0057
P31151 P31151 2.09 0.0008
Q8IW75 Q8IW75 2.27 0.0014
P05109 P05109 2.29 0.0003
Q9H1E1 Q9H1E1 2.39 0.0002
QBP4A8 QBP4A8 2.45 0.0000
060911 060911 2.74 0.0007
P02788 P02788 2.91 0.0000
075635 075635 3.17 0.0010
P31025 P31025 3.61 0.0009

Protein S100-A16
Cathepsin D
Serpin B3

Lysozyme C
Protein $S100-A9
Serpin B12
Kallikrein-10
Dermcidin

Superoxide dismutase [Cu-Zn]

Protein S100-A7
Serpin A12

Protein S100-A8
Ribonuclease 7
Phospholipase B-like 1
Cathepsin L2
Lactotransferrin
Serpin B7

Lipocalin-1

Antimicrobial peptide
Antimicrobial peptide

Related to the expression of proteins
S100/antimicrobial peptide

Antimicrobial peptide
Antimicrobial peptide
Host defenses

Antimicrobial peptide
Antimicrobial peptide
Antimicrobial peptide
Antimicrobial peptide
Antimicrobial peptide
Antimicrobial peptide
Antimicrobial peptide
Antimicrobial peptide
Antimicrobial peptide
Antimicrobial peptide
Antimicrobial peptide
Antimicrobial peptide

Biological relevance of differentially expressed antimicrobial peptides between infected osteoblasts and osteocytes determined by proteomic analysis. Average of Log2ratios (AVG

Log2-ratios) and Q values are indicated.
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FIGURE 6 | Antimicrobial response and cytotoxicity induced by Staphylococcus
aureus in osteoblasts and osteocytes. (A) Secretion of LL-37 was measured by
ELISA in osteoblasts and osteocytes cell free supernatants, 24 h after infection
(ng/10%cells). Uninfected values were subtracted from infected values; n=3. (B) %
Cell death induced by S. aureus in osteoblasts and osteocytes at different doses
(MOQls). Twenty-four hours post infection, cell death was measured by flow
cytometry by staining cells with propidium iodine; n=>5. Statistical analysis was
performed using the unpaired t-test and two-way ANOVA with Sidak’s multiple
comparison test; “p<0.05, **p<0.01, **p<0.001, and “**p<0.001. The bars
and whiskers represent the means +SD of different independent experiments.

cyclooxygenases (COXs) and 5-lipoxygenase (LOX), respectively
(Jordan et al., 2020). These bioactive LMs are strongly involved
in the inflammatory response and therefore may play a crucial
role in the progression of prolonged osteomyelitis (Plotquin
et al, 1991), bone destruction, and bacterial clearance. Bone
cells were infected as described above, and the supernatants
were collected 24h post infection. The expression of LMs was
measured by UPLC-MS-MS (Figure 7B; Supplementary Table S6).
The infected osteocytes produced higher levels of pro-inflammatory
COX-derived  PGs  than  osteoblasts  (Figure  7B;

Supplementary Table S6). These results show that cyclooxygenase-
mediated prostaglandins are upregulated in osteoblasts and
osteocytes after exposure to pathogenic S. aureus, whereas
osteocytes produce significantly higher amounts, especially for
pro-inﬂammatory PGE,, suggesting stronger pro-inﬂammatory
response via the COX pathway in these cells.

Inhibition of TLR2 Does Not Affect
Bacterial Persistence

Taking in consideration that S. aureus was cleared faster from
osteoblasts than osteocytes and the differences in TLR2 expression,
we studied a possible link between persistence and TLR2. Osteoblasts
and osteocytes were pre-treated or not with 50pM of MMG-11
(TLR2 inhibitor) and infected with S. aureus LS1. Twenty-four
hours post infection, intracellular bacteria were quantified by serial
dilutions as described above and LL-37 was measured from all
supernatants (Figure 8). Surprisingly, the inhibition of the TLR
has not increased persistence; even a slight reduction has been
observed (Figure 8A). Furthermore, the inhibition of TLR2 did
not affect the intracellular bacterial load in osteocytes (Figure 8B).
However, almost significant differences in LL-37 release were
observed in TLR2-inhibited osteoblasts compared to non-treated
cells (p=0.055; Figure 8C). Interestingly, the amount of secreted
LL-37 was much higher in osteoblasts when compared to osteocytes.
The amount of LL-37 did not differed between treated and
untreated osteocytes (Figure 8D). Taken together, our results
suggested that the differences in TLR2 expression were not directly
linked to intracellular persistence of S. aureus within osteocytes.

DISCUSSION

Staphylococcus aureus osteomyelitis is a severe and destructive
infection that can develop into a chronic course. Recent findings
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FIGURE 7 | Inflammatory responses are more pronounced in infected osteocytes than in osteoblasts. (A) Infected cells were incubated for 24 h and IL-6 was measured
by ELISA in cell free supernatants. Uninfected values were subtracted from infected values (pg/10°cells); n=3. (B) Infected cells were incubated for 24 h. Next, extracted
LMs were analyzed by UPLC-MS-MS (pg/10°cells); n=6. Statistical analysis was performed using unpaired t-test with Welch'’s correction: *p<0.05, *p<0.01,
***p<0.001, and ***p<0.0001. The bars and whiskers represent the means +SEM of different independent experiments. —: control cells and +: infected cells.
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have shown that S. aureus can invade bone cells during chronic
osteomyelitis providing a niche for bacterial persistence (Yang
et al.,, 2018; Masters et al., 2021). However, the characteristics
of bone cells that facilitate staphylococcal persistence have been
poorly investigated so far.

In the present study, we focused on osteoblasts and osteocytes,
as main non-phagocytic cells in bone tissue. We show that
osteocytes have a dual role during S. aureus infection, that is,
they secrete several mediators that foster the inflammatory response
but fail to eliminate intracellular S. aureus. In this way they
represent a safe niche for intracellular bacterial persistence. In
contrast, osteoblasts can efficiently eliminate intracellular bacteria
and contribute partially to the inflammatory response.

In this study, bone cell infections were performed in in
vitro mono- and co-culture models for 7days. No differences
were evident between osteoblasts and osteocytes directly after
host cell invasion. A possible mechanism for S. aureus invasion
into osteoblasts and osteocytes might be the recognition of
a5p1 integrins on host cells through fibronectin binding proteins
(FnBPA and FnBPB; Niemann et al., 2021). However, further
experiments should be performed to investigate this pathway
in the present model.

Following internalization, the bacteria can evade cell death
via persistence within vacuoles, endosomal escape, or by
preventing phagolysosomal fusion (Moldovan and Fraunholz,
2019; Siegmund et al, 2021). Intracellular persistence was
investigated in cell culture of both cell types up to 7days.
Higher intracellular bacteria counts were found in osteocytes
compared to osteoblasts. These results are in line with other
studies that propose osteocytes as a niche for staphylococcal
persistence (Muthukrishnan et al., 2019; Gunn et al., 2021).
Staphylococcal persistence is related to a switch to a slow-
growing, metabolically inactive phenotype called small colony
variants (SCVs; Sendi et al., 2006; Tuchscherr et al., 2011).
SCVs were detectable within osteoblasts and osteocytes as
previously described (Yang et al., 2018). Higher SCV formation
was found in osteocytes than in osteoblasts in mono- and
co-culture models. These results suggest that the osteocyte
intracellular environment favors SCV formation, contributing
to the chronicity of the infection. Culturing osteoblasts with

conditioned medium obtained from infected bone cells
(osteocytes or osteoblasts) primed the osteoblasts resulting in
significantly more killed intracellular bacteria compared to the
control culture. However, no differences in bacterial clearance
were found when osteocytes were cultured with infected
conditioned medium and control conditioned medium. After
infection, osteoblasts secrete cytokines, chemokines, enzymes
and antimicrobial peptides (Josse et al, 2015; Brandt et al,
2018b). These signals are recognized by receptors such as toll-
like receptors present on the membrane of other cells to activate
antimicrobial response. Our results suggest that osteoblasts
recognized molecules present in conditioned media and trigger
the killing of intracellular bacteria. In contrast, osteocytes were
not able to recognize these signals and failed to clear the
intracellular bacteria. The lack of intracellular bacterial killing
can be related to (1) a deficiency or absence of host receptors
that recognize pathogens and/or (2) a deficient induction of
host defenses (Brandt et al., 2018b).

Toll-like receptors (TLRs) play a central role in innate
immunity by mediating the recognition of pathogen-associated
microbial patterns (PAMPs; Brandt et al., 2018b). As the
recognition of S. aureus by TLR2 is linked with the host
immune response activation (De Oliviera Nascimento et al.,
2012), we analyzed the presence of this receptor on both cell
lines by flow cytometry. We demonstrated that the expression
of TLR2 was higher in infected osteoblasts than in uninfected
ones. However, non- and infected osteocytes expressed similar
amounts of TLR2. Since the activation of antimicrobial peptides
is linked to TLR2 (Varoga et al., 2008a), we thought that there
can be a link between the low expression of this receptor and
the persistence of S. aureus within osteocytes. However, inhibition
of TLR2 receptor in osteoblasts did not increase the bacterial
persistence. These results are in contrast to our assumption.
Of note, a previous study performed in monocytes found the
opposite effect of what we expected based on our data: the
persistence of S. aureus was reduced in knock out cells for
TLR2 (Musilova et al., 2019). However, the expression of LL-37
was reduced after TLR2 inhibition in osteoblasts. Therefore,
future studies will be necessary to find out which pathway is
involved in the expression of antimicrobial peptides in bone
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FIGURE 8 | Inhibition of TLR2 does not affect bacterial persistence. (A,B)
Osteoblasts (A) and osteocytes (B) were treated with 50 uM MMG-11 or not
and infected with S. aureus LS1. Intracellular bacteria were quantified after
24 h post infection. (C,D) LL-37 was measured after 24 post infection from
the supernatants from treated and non-treated osteoblasts (C) and
osteocytes (D). Statistical analysis was performed using unpaired t-test. The
bars and whiskers represent the means +SD of different independent
experiments n=3.

cells, since the expression of antimicrobial peptides is influenced
by other systems (Askarian et al., 2018).

Following bacterial stimulation, a signaling cascade is
initiated that triggers the nuclear translocation of nuclear
factor-kB (NF-xB). This nuclear factor modulates the
transcription of the genes that participate in the antimicrobial
response and in inflammatory cytokine production (Varoga
et al,, 2008a,b; De Oliviera Nascimento et al., 2012). The
host antimicrobial response involves the production of
antibacterial weapons against pathogens such as antimicrobial
peptides (Varoga et al., 2008b; Brandt et al., 2018a). Due to
the differences in persistence in both bone cells, we expected
a reduced antimicrobial response in osteocytes. In fact,
proteomic analysis of the supernatants of both bone cell lines
revealed a significant downregulation of antimicrobial peptides
in osteocytes. Moreover, these results were confirmed by

measurement of a higher level of LL-37 in the supernatant
of infected osteoblasts compared to osteocytes.

According to proteomic analysis, we conclude that the survival
of S. aureus within osteocytes is promoted by the lack of an
efficient antimicrobial response. In fact, these results suggest
that, compared to osteoblasts, osteocytes are more susceptible
to S. aureus infection. By testing increasing doses of S. aureus
on both bone cells, we observed highly significant cytotoxic
effects on osteocytes at very high doses. However, no differences
were observed with low doses. By contrast, a recent publication
has shown that osteoblasts were more susceptible to S. aureus
infection than osteocytes (Gunn et al, 2021). This possible
discrepancy may be related to the staphylococcal strains and
cells used in both studies. In general, the cell death induced
by S. aureus in osteoblasts and osteocytes might contribute
to the destructive bone loss that can be observed in chronic
forms of osteomyelitis (Yang et al., 2018). Of note, the intracellular
environment of osteoblasts and osteocytes may differ and may
influence the bacterial regulation of intracellular bacteria. The
effect of intracellular environment on bacterial virulence
regulation may affect as well the outcome of the infection.
Further proteomic analysis on intracellular S. aureus within
both bone cells is needed to investigate this point.

Immune cells are attracted to the infection due to cytokines
and LMs (Sadik and Luster, 2012). To determine the role of
both bone cells in the recruitment of immune cells,
we investigated the release of IL-6 and LMs in the supernatant
from infected cells. Interestingly, a highly significant secretion
of IL-6 was found by osteocytes infected with S. aureus.
Furthermore, the pro-inflammatory LMs related to COX were
secreted by infected osteocytes but not by osteoblasts. These
results are in line with a previous study in which the expression
of COX was measured at high concentrations in osteocytes
in samples from patients who suffered from osteoarthritis (Tu
et al.,, 2019).

Of note, osteoblasts and osteocytes released prostaglandins
(PGs) following a S. aureus infection, but significantly higher
secretion of PGE, was found in osteocytes than in osteoblasts.
PGE, can modulate several pathways that can either have
adverse or beneficial effects on the ability of the immune
system to fend off pathogens (Kalinski, 2012). High production
of PGE, was proposed as a mechanism to prevent osteocytes
apoptosis via Wnt pathway. According to our results, S. aureus
may trigger a protective effect on osteocytes through PGE,
(Bonewald and Johnson, 2008) to prevent destruction of these
host cells and promote its intracellular persistence. Further
experiments are necessary to determine the relationship between
PGE,, apoptosis and S. aureus infection.

The data gained from the different experimental approaches
used in this study indicate dedicated defense mechanisms of
osteoblasts and osteocytes against S. aureus. Further studies
are necessary now, to elucidate these in more detail. A limitation
of these studies is the use of cell lines of osteocytes and
osteoblasts which might respond differently compared to primary
bone cells, and intense data comparisons are necessary to define
physiologically relevant effects. This limitation is difficult to
overcome at the moment due to the lack of efficient protocols

Frontiers in Microbiology | www.frontiersin.org

July 2022 | Volume 13 | Article 937466


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Garcia-Moreno et al.

Staphylococcus aureus Persists in Osteocytes

to isolate primary osteocytes in high amounts. However, the
used MLO-Y4 cell line is a very established cell line for osteocyte
research. The MLO-Y4 cells are different to primary osteocytes
(in vitro/in vivo) as they do not express the osteocyte marker
Sclerostin and FGF23 (Zhang et al, 2019). Further cell lines
have been developed, such as the pre-osteocytes ML0O-A5, pre-
to late-osteocytes IDG-SW3 and mature osteocytes Ocy 454.
They all express sclerostin, but they also have limitations, as
they are also modified proliferating cell lines (Zhang et al,
2019). MLO-Y4 cells build dendritic extensions connecting
them to neighboring cells in 2D culture (Wu et al, 2013) as
seen in vivo. For the osteoblast experiments the well-established
cell line MC3T3-E1 subclone 4 was used. As described by
Hwang et al., the MC3T3 sub clones show differences between
each other and also compared to primary osteoblasts on a
transcriptional level and regarding mineralization capacity
(Hwang and Horton, 2019). However, primary cells would also
show a high variability making the use of cells from different
donors necessary. The isolation of human osteocyte from human
trabecular bone has been described (Prideaux et al., 2016);
but the number of harvested cells is very low and not sufficient
to be used in larger experimental series. Recently, a new model
of a human osteocyte cell line with SaO-2 cells was described
for studying S. aureus persistence (Gunn et al., 2021). In this
study, the SaO-2 cells were cultivated for 28days to obtain
osteocytes-like cells. However, these cells lack the expression
of E11, one of the osteocytes markers, and express a phenotype
more related to the transition from osteoblasts to osteocytes
(Prideaux et al., 2014; Gunn et al., 2021). To mimic the human
in vivo situation best, 3D cultures systems of human primary
osteocytes in combination with osteoblast and osteoclast have
been developed (Bernhardt et al, 2020) and these systems
might be suitable for further investigations of bacterial persistence
in bone cells.

In addition, anatomical and morphological differences between
the in vivo and in vitro situation may play a role in the
clearance of S. aureus by bone cells. Osteocytes cell line MLO-Y4
expresses a similar dendritic phenotype as primary osteocytes.
However, MLO-Y4 cells under in vitro conditions used in this
study grow in 2D. Even though, 3D in vivo osteocytes might
have a larger surface, the contact area to S. aureus might
be smaller, because the cells are embedded in the bone matrix.
In vitro, the entire cell is exposed to the bacteria and therefore
more bacteria might invade the cells. Moreover, osteocytes are
relatively inaccessible to immune cells in vivo due to their
localization within the matrix (Prideaux et al., 2014; Gunn
et al, 2021). Contrary, osteoblasts are located on the bone
surface and exposed to bacteria and immune cells during
infection (Gunn et al., 2021). These characteristics may affect
the entry of S. aureus and its clearance from osteocytes between
the in vivo and in vitro scenario.

CONCLUSION

Taken together, our findings demonstrate the ability of S. aureus
to survive and persist within osteocytes due to poor intracellular

bacterial clearance. We revealed a controversial role of osteocytes
versus osteoblasts during infection, with osteocytes representing
the main promotor of the inflammatory response that might
mediate bone destruction in chronic osteomyelitis and at the
same time being the main reservoir for intracellular S. aureus.
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