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Abstract

The ability of S. aureus to infect bone and osteoblasts is correlated to its incredible virulence armamentarium that can mediate

the invasion/internalization process, cytotoxicity, membrane damage and intracellular persistence. We comparatively analyzed

the interaction, persistence and modulation of expression of selected genes as well as cell viability in an ex-vivo model using

human MG-63 osteoblasts of two previously studied and well-characterized S. aureus clinical strains belonging to ST239-

SCCmecIII-t037 and ST228-SCCmecI-t041 clones at 3h and 24h post-infection (p.i). ATCC12598 was used as a control strain.

Using Imaging Flow Cytometry analysis, we found that strains differently invaded osteoblasts after 3h and 24h: ATCC12598

internalized in 70% and 50% of cells, ST239-SCCmecIII in 50% and 45% and ST228-SCCmecI in 30% and 20%, respectively.

ST239-III, during the infection period, exerted a significative cytotoxic activity due to the over-expression of hla and psmA and

the increased expression of the genes involved in adhesion, probably due to the release and re-entry of bacteria inside MG-63

at 24h p.i. The lower invasiveness of ST228-I was also correlated with the non-cytotoxic activity inside osteoblasts. This clone

was not able to activate a sufficient cellular reaction and succumbed in-side the MG-63 cells.
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Abstract

The ability of S. aureus to infect bone and osteoblasts is correlated to its incredible virulence armamentarium
that can mediate the invasion/internalization process, cytotoxicity, membrane damage and intracellular
persistence. We comparatively analyzed the interaction, persistence and modulation of expression of selected
genes as well as cell viability in an ex-vivo model using human MG-63 osteoblasts of two previously studied
and well-characterized S. aureus clinical strains belonging to ST239-SCCmec III-t037 and ST228-SCCmec
I-t041 clones at 3h and 24h post infection (p.i). ATCC12598 was used as control strain. Using Imaging Flow
Cytometry analysis, we found that strains differently invaded osteoblasts after 3h and 24h: ATCC12598
internalized in 70% and 50% of cells, ST239-SCCmec III in 50% and 45% and ST228-SCCmec I in 30% and
20%, respectively. ST239-III, during the infection period, exerted a significative cytotoxic activity due to the
over-expression ofhla and psm A and the increased expression of the genes involved in adhesion, probably due
to the release and re-entry of bacteria inside MG-63 at 24h p.i. The lower invasiveness of ST228-I was also
correlated with the non-cytotoxic activity inside osteoblasts. This clone was not able to activate a sufficient
cellular reaction, and succumbed inside the MG-63 cells.

Keywords : MRSA, ST228, ST239, osteoblast, cross-talk mechanism, virulence toxin.

Introduction

Staphylococcus aureus is one of the main adaptable human pathogens, able to infect every organ and damage
tissues, causing severe infections and able to resist antibiotics, in particular beta-lactams and methicillin.
It is one of the main pathogens responsible for recurrent osteomyelitis (OM), accounting for more than
50%, and prosthetic joint infections (PJIs) (Wu et al ., 2019; Tuchscherret al ., 2016). PJIs can have a
dramatic impact on a patient’s quality of life, often requiring surgical intervention and prosthesis removal,
as well as prolonged antibiotics treatment (Stefani et al. , 2012; Purrello et al ., 2016; Moore et al .,
2017). These infections are often due to Healthcare-Associated Methicillin-Resistant S. aureus (HA-MRSA)
belonging to Clonal Complex 5 (Peng et al., 2019; Muñoz-Gallego et al ., 2017; Perez-Montarelo et al. ,
2018), and associated with Staphylococcal Chromosomal Cassette (SCCmec ) I and III (Hussain et al ,
2009). Among them, ST239-III is probably the oldest pandemic MRSA clone, first discovered 1970, isolated
in most countries all over the word and the most diffused in Europe and Italy (Moneke et al., 2018; Campanile
et al. , 2015; Szymanek-Majchrzak et al ., 2018). The ST228-SCCmec I is one of the most diffused clones in
Italy, associated with nosocomial infection (Campanile et al., 2012; Bongiorno et al., 2018).

The assessment of the interaction between S. aureus isolates and osteoblasts during PJIs and OM foresees
three crucial events: adhesion, invasion and post-invasion, during which S. aureus controls the expression of
adhesion and virulence determinants, with its large armamentarium of regulatory genes.

Many studies have been carried out in this field. Different authors have shown the role of many regulators
involved in the invasion and adaptation to host tissue. The role of sig B in persistence and stress response,
together with its link to sar A and consequently to its action on the agr locus was studied in osteoblasts, in
anin-vivo model, using two different strains of S. aureus , in particular, the authors used the wild type and
the defective strain for agr , sig B and sarA (Tuchscherr et al ., 2015). In fact, the global regulatory system -
agr locus - cell density-dependent controls virulence factor expression. Through its effector molecule RNAIII,
the agr locus controls the post-transcriptional regulation of proteins involved in cell-surface interaction and
virulence cytotoxic factors (Paiter et al ., 2014).

Two other genes belonging to the SARA protein family are involved in the regulation of virulence genes:
sarS (SarH1), whose expression is repressed by sar A and agr , is a repressor of hlaand etb and is a positive
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regulator of spa , androt , the “repressor of toxin”, it is a repressor of enterotoxin B (seb ) and alpha-toxin
(hla ), and it is repressed by theagr effector RNAIII and SarA (Jenul and Horswill, 2018).

In the process of adhesion, cell surface proteins (adhesins) of the Microbial Surface Component Recognizing
Adhesive Matrix Molecules (MSCRAMM), play an important role in the pathogenesis of osteoarticular (OM
and PJ) infections. Among these, fibronectin binding proteins A and B (FnbA/B), fibrinogen-binding protein
clumping factors A and B (ClfA/B), the bone sialoprotein binding protein (Bbp), the collagen-adhesin (CNA)
(Perez-Montarelo et al., 2018; Otsukaet al. , 2006) and SdrE, a serine–aspartate (SD) protein that anchors
the cell-wall interacting with complement Factor H and facilitates colonization through adherence to the cell
surface or extracellular matrix (ECM) components (Herr and Thorman, 2017).

S. aureus can invade endothelial cells and osteoblasts using cell surface integrin α5β1, binding Fn on the
surface of human cells. In particular, as already demonstrated, FnBPA and FnBPB are involved not only in
adhesion but also in internalization (Shnji et a l., 2011). Pore-forming proteins, such as Panton-Valentine
leukocidine (PVL) and α- and δ-hemolysin (Hla and Hld) together with phenol-soluble modulins (PSMs),
were able to induce local complications such as bone deformation, systemic complications such as severe
sepsis in rabbit osteomyelitis, or neutrophil and osteoblast cytotoxicity in an ex vivo model. The hla gene
was frequently present in strains associated with osteoarticular bacteremia (Perez-Montarelo et al. , 2018).
PSMs are small peptides with amphipathic properties that destabilize the lipid bilayer, this activity is related
to receptor-independent cytotoxicity to osteoblasts and specialized cells such as neutrophils. PSMs are also
implicated in biofilm formation, in bacterial interference and in cell-cycle disruptions (Davido et al. , 2016).

S. aureus, during the infection process, is able to use alternative carbon sources and, in particular, Glucose-
6-phosphate (G6P); the uptake of this alternative carbon source is possible using the hexose phosphate
antiporter UhpT (Yang et al. , 2016).

After having observed that the interaction, internalization and persistence during an osteo-blast ex-vivo
infection is a strain-dependent process, we selected two strains belonging to different genetic backgrounds
showing a preliminary different ability to internalize as a model of infection in order to study how they
differentially adapt strategies to react to changing environmental conditions and how they adjust their
virulence factor expression at the different times of infection inside the MG-63 cell line.

Materials and Methods

Strains included in the study

The study sample consisted of 2 invasive MRSA isolates already molecularly characterized by standard
genotyping methods internationally recognized to define MRSA clones. These strains were selected from a
large collection of 15 MRSA strains phenotypically and molecularly (SCCmec -Spa type) characterized as
previously reported (Campanileet al ., 2015; Bongiorno et al ., 2018) and tested for their ability to internalize
and persist in MG-63 human osteoblasts (Bongiorno, Musso et al ., 2020).

The invasive isolate ATCC12598 (Cowan ST30-t076) (ATCC® Standards Development Organization, LGC
Standards S.r.l., Sesto San Giovanni, MI, Italy) was used, as previously describe, as a control strain for
invasion and persistence assays and for the statistical analysis of the results obtained with the Imaging Flow
Cytometry (IFC) as previously reported (Bongiorno, Musso et al., 2020).

agr, toxin and MSCRAMM characterization

Genomic DNA, used as a template for PCR amplification, was extracted with QIAamp®DNA Mini Kit (Cat
No. 51306, Qiagen) following the manufacturer’s instructions, with some modifications. Briefly, a bacterial
suspension was centrifuged and the pellet was resuspended in 200ul physiological saline solution 0.9% and
subjected to freezing and thawing twice. After centrifugation the bacteria pellet was resuspended in 180μl
of enzyme solution: 20 mg/mL lysozyme (cat No. 10837059001 Sigma-Aldrich-Merck KGaA, Darmstadt,
Germany) and 100 μg/ml lysostaphin (cat. No. L7386-15MG, Sigma-Aldrich-Merck KGaA) in TE buffer pH

3



P
os

te
d

on
A

u
th

or
ea

2
O

ct
20

20
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
60

16
65

39
.9

34
59

78
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

8.0 (cat.No. AM9849 Ambion, Invitrogen). After these changes, the indications provided by the manufacturer
were followed.

Toxin and MSCRAMM genes included in the study and listed in table S1 were tested as previously described
(Stefani et al. , 2009). Theagr locus was typed using a multiplex PCR assay (Gilot et al. , 2002). PCR for the
cna gene was performed used the following primers in 5’-3’: F- GGAAAACGACCAACTGAAATCAAAG,
R- TCTGGCGTATATTTATTCGTCACAATC. PCR was performed at 57°C, the product size was 239bp,
strain MW2 was used as internal control.

PCR amplification was carried out in a Veriti Thermal Cycler (Applied Biosystems, ThermoFisher, Italy)
in a total volume of 25μl containing 2× Multiplex PCR Master Mix (cat. No. BR0200804, biotechrabbit
GmbH, Hennigsdorf, Germany), and 10ng template DNA.

δ- ηεμολψσιν προδυςτιον

The δ-hemolysis production was evaluated by cross-streaking perpendicularly our sample to S. aureus
RN4220, using 5% sheep blood agar Columbia base with 6 mg/liter vancomycin, as previously described.
The S. aureus reference strains Mu3 (hVISA) and MU50 (VISA) were used as controls for strong hemolysis
activity, NRS149 (VSSA) was used as control for absent hemolysis activity (Cafisoet al ., 2012).

Eukaryotic cell culture preparation

Infection experiments were performed on the human osteosarcoma cell line MG-63 (ATCC® CRL- 1427,
Standards Development Organization, LGC Standards S.r.l.), as previously described (Bongiorno, Musso et
al ., 2020).

A single 6-well plate was used for the Imaging Flow Cytometry (IFC), a single 6-well plate was used for RNA
extraction and a 96-well plate was used for the evaluation of eukaryotic cellular metabolism. All experiments
were performed twice in triplicate.

Evaluation of the frequency of internalization and intracellular persistence by IFC

The internalization frequency was evaluated in a cell culture model of infection in MG-63 osteoblasts at a
multiplicity of infection (MOI) of 100:1, as previously reported (Bongiorno, Musso et al ., 2020). In this work
we evaluated, with IFC, bacterial internalization after 3h p.i., and persistence after 24h p.i, as previously
reported (Bongiorno, Musso et al ., 2020). We acquired 10,000 events for each sample and as quality control
we used the stained and not stained bacterial suspension to exclude autofluorescence; a negative control of
infected, but not permeabilized cells, was also acquired to guarantee the exclusively intracellular localization
of green spots. Acquisition analysis was driven by the powerful INSPIRE(r) and IDEAS(r) packages (Amnis,
EMD Millipore, Seattle, WA, USA).

Eukaryotic cellular metabolic assay

To evaluate the metabolic status of MG-63 cells following infection withS. aureus for 3h and 24h, we used the
MTT ([3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]) assay (Pedotti et al ., 2017; Fresta et
al ., 2018). The formazan crystals obtained at the end of the procedure were dissolved by dimethyl sulfoxide
and the Multiplate reader Synergy H1 (BioTek) was used to determine the colorimetric differences, detected
as absorbance at 569 nm, between samples. The values obtained for infected cells were expressed as the
percent variation with respect to the cellular metabolic status detected in the control, not infected, cells
(which represents 100%).

qRT-PCR expression study

The expression level of transcription of some selected genes involved in the bacteria/osteoblast interaction.
The primers, reported in table 1, were designed by the Flexi(r) Vector Primer Design Tool. Real Time PCR
experiments on total RNA extracted from infected cell cultures, was carried out after 3h and 24h p.i.
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RNA extraction was performed using the RNeasy mini-kit (Cat No.74104, Qiagen, Milan, Italy) following
the manufacturer’s instructions, with some modifications. Briefly, bacteria internalized in MG-63 at 3h and
24h p.i. were collected in 500ul in RNAprotect Bacteria buffer (Cat No.76506, Qiagen) this first reaction
series was carried out at a controlled temperature of about 4degC, vortexed and incubated for 5 min at
room temperature. After centrifugation the pellet was resuspended in 100 ul of TE buffer containing: 20ul
QIAGEN Proteinase K (Cat No.9131, Qiagen), lysozyme (cat No. 10837059001 Sigma-Aldrich-Merck KGaA,
Darmstadt, Germany)150 mg/mL and lysostaphin (cat. No. L7386-15MG, Sigma-Aldrich-Merck KGaA) 20
mg/mL. After these changes, the indications provided by the manufacturer were followed.

The RNA quality was tested by Qubit(r) 3.0 Fluorometer (Cat No. Q33216, life Technologies, Thermo
Fisher Scientific Monza, Italy) using Qubit RNA HS Assay Kit (250 pg/μl and 100 ng/μl). The RNA was
normalized at 100 ng, to obtain the cDNA, using the QuantiTect reverse transcription kit (Cat No. 205311,
Qiagen) and the amplifications were performed using QuantiTect Syber Green PCR Kit (Cat. No.204145,
Qiagen) using a cDNA final concentration of 25ng/ul and 2uM primers per PCR reaction. Each sample
amplification consisted of a total reaction volume of 10μL (5μL PCR Master Mix + 1μL specific primers
+ 4μL of cDNA (25ng/ul). Reactions were run in triplicate using the following conditions: PCR initial
activation step 15 min 95°C; denaturation 15s 94°C; annealing 30s 60°C; extension 30s 72°C, the acquisition
of fluorescence was done for 50 Cycle. The negative control consisted of a reaction in the absence of cDNA
(5 μL PCR Master Mix + 1 μL specific primers + 4 μL of Tris-EDTA buffer) indicated as NTC (no template
control).

qPCRs were performed in a Light Cycler® 480 Real Time PCR System (Roche, Monza, Italy). PCR effi-
ciencies, melting curve analysis and expression rate were calculated using the Light Cycler® 480 Software
(Roche, Monza, Italy).gyr B primers were used as internal control.

The relative RNA expression level for each sample was calculated using the 2-CT method (threshold cycle
(CT) value of the gene of interest vs CT value of the housekeeping gene) (Fresta et al., 2020). For accurate
gene expression measurements with qRT-PCR, the results were normalized to the gir B housekeeping gene.

Statistical model

Statistical analysis and the relative graphs were made using GraphPadPrism 6 (GraphPad Software Inc., La
Jolla, CA, USA).

The statistical significance of the cytofluorimetric analyses were assessed used using Student’s t-test, the
number of single cell events analyzed was never less than 9,980 cells out of 10,000 events at the outset.
The significance threshold was set p -value [?]0.05 (significant), p -value [?]0.01 (highly significant), andp
-value [?]0.001 (extremely significant) (Bongiorno, Musso et al., 2020). The evaluation of the MTT assay
statistical significance was assessed using ANOVA and Sidak’s multiple comparisons test (post hoc test). The
expression analysis statistical significance was assessed using Ordinary one-way ANOVA and Bonferroni’s
Multiple Comparison Test.

Results

Genotypical characteristics, agr typing and toxin detection

The molecular features of the strains in study are reported in table 2.

S.aureus ATCC12598 was associated with agr type III, while ST239-III was associated with agr type I and
ST228-I was associated with agr type I. δ-hemolysis production was observed in all strains with the exception
of ST228-I.

Genes responsible for adhesion, such as fnb A, ica A,clf A/B, cna and sdr E (the lastbeing responsible for
platelet aggregation), were present in all strains. Clone ST228-I showed a pattern of toxin genes similar
to ATCC12598 (luk -PV, seg, sei, sem ), also carrying enterotoxin A and O genes. All strains showed the
presence of hld , and hlg, and ST239-III carried, in addition, the hl b gene.
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Evaluation of bacterial intracellular internalization and persistence

We previously demonstrated the power of Imaging Flow Cytometry (IFC) to precisely estimate the percent-
age of osteoblasts infected with S. aureus strains in a sample of 10,000 MG-63 cells. Here we report the
internalization rate, expressed as percentage of internalization after 3h of infection and the persistence rate
after 24h of infection (figures 1 and 2).

At 3h p.i., ATCC12598 internalized in 70 ±17.04% of MG-63 cells, a slightly lower ability to internalize was
found for clone ST239-III (50.24±2.26%), while ST228-I showed the lowest internalization rate, accounting
for 29.8±2.31% (p=0.015). The lower ability to internalize of the ST228 strain was also evident comparing
it to ST239 (p=0.0004) (Figure 1). Persistence inside cells was measured after 24h of incubation: 49±1.96%
of ATCC12598 bacterial cells persisted inside MG-63 cells; the same ability to persist was found in clone
ST239-III (45.2±6.2%), while ST228-I showed a decreased rate of persistence, 20.7±1.80% (p<0.0001). The
lower ability to persist of ST228 was also evident comparing it to ST239 (p=0.0028) (Figure 2).

Analysis of MG-63 cellular metabolic status

Alterations in human osteoblast metabolic status, induced during internalization and persistence, were eva-
luated in the same experimental condition, by analysing the cell viability of MG-63 cells at 3h and 24h p.i.
(Table 3).

At 3h p.i., MG-63 infected with ATCC12598 and ST228 strains showed a statistically significant increase in
their metabolic activity compared to the control MG-63 uninfected cells, respectively, of +12.27% (p<0.001)
and +7.57% (p<0.05), whereas the ST239 strain induced only a slight decrease in metabolic activity (-2.47%).

Comparing the cellular metabolic status of MG-63 infected with ST239vs ATCC12598, we found a stati-
stically significant decrease (p<0.001), while no statistical difference was found comparing the toxicity of
MG-63 cells infected with ST228 vs ATCC12598. A statistical difference in human cellular metabolic status
was found by comparing MG-63 infected with ST239 and ST228 to each other (p<0.001) (Table 3A).

At 24h p.i., ATCC12598 and ST239 intracellular persistence induced a statistically significant decrease in
metabolic activity of MG-63 cells, compared to the uninfected control cells, respectively, of -7.11% (p<0.05)
and -18.32% (p<0.001), while the ST228 strain showed only a slight increase in metabolic activity (+3.79%).

Comparing the cellular metabolic status of MG-63 infected with ST239 and ST228 vs ATCC12598, we found
a statistically significant decrease (p<0.001). Statistically significative differences in MG-63 metabolic status
was found by comparing the results obtained from cells infected with ST239 and ST228 (p<0.001) (Table
3B).

Expression studies

During the experiments of MG-63 infection, RNA was extracted and the expression of some regulatory,
adhesion and toxin genes was evaluated after 3h and 24h of intracellular persistence, in comparison with the
non-internalized bacteria (basal condition). All experiments were the average of three biological experiments
and are reported in Figure 3 and Table 4, subdivided with respect to their function.

In ATCC12598, sig B was significantly up-regulated after 24h p.i,sar A and sar S were up-regulated after
3h p.i. In particular, sig B gene mRNA expression showed a strong statistically significant increase at 24h
p.i. (+2.92±0.27-fold change (fd); p[?] 0.001) vs the basal condition, and comparing 24hvs 3h p.i. (p[?]
0.01). sar A gene mRNA expression showed an increase at 3h vs basal condition (+4.4+-0.98 fd, p[?] 0.05)
and a statistically significant decrease at 24h vs basal condition (+0.79+-0.36 fd, p[?] 0.05). sar S gene
mRNA expression showed an increase at 3h vs basal condition (+7.45+-0.65 fd, p[?] 0.01) and a statistically
significant decrease at 24h vs basal condition (+1.83+-0.45 fd, p[?] 0.01).

The rot gene was significantly down-regulated after 24h p.i. only in the ST228 strain. rot gene mRNA
expression of the ST228 strain showed a statistically significant decrease at 24h vs basal condition (+0.23+-
0.016 fd, p[?] 0.05) and vs 3h (p[?] 0.05).
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For the other genes involved in regulation, no other statistical differences were observed in any condition
tested. Expression of the MSCRAMM genes were reported in Figure 4 and Table 4. All the MSCRAMM
genes were differentially modulated in our sample.

In the ATCC12598 strain, fnb A gene mRNA expression showed a statistically significant increase at 3h vs
basal condition (+4255.6+-1052.8 fd, p[?] 0.05) and a statistically significant decrease at 24h p.i. vs 3h
(+86.9+- 28.03 fd, p[?] 0.05). sdr E gene mRNA expression showed a statistically significant increase at
3h vsbasal condition (+10.63+-2.48 fd, p[?] 0.05) and a statistically significant decrease at 24h p.i. vs 3h
(+1.55+- 0.1 fd, p[?] 0.05).

bbp gene mRNA expression showed a statistically significant increase (+2318.32+- 801.5 fd, p[?] 0.05) in the
ST239 strain at 3h p.i.vs basal condition, and at 24h vs basal condition (+2897.22+-156.12 fd, p[?] 0.05).
For the fnb B gene and the other strains, no other statistical differences were observed in each condition
considered. Expression of toxin genes and the sugar phosphate antiporter gene are reported in Figure 5 and
Table 4.

psm A gene mRNA expression of the ATCC12598 strain showed a statistically significant increase (+6.75+-
3.75 fd, p[?] 0.05) at 3h p.i.vs 24h. In the ST228 strain, it was statistically significantly up-regulated
(+32.84+-11.5 fd, p[?] 0.05) at 3h p.i vs basal condition.

hla gene mRNA expression showed a significant increase in the ATCC12598 strain (+1308.64+- 323.75 fd,
p[?] 0.05) at 3h p.i. vsbasal condition and a statistically significant decrease comparing 24hvs 3h p.i.
(17.58+-6.4 fd; p[?] 0.05). In the ST239 strain, it showed a statistically significant increase at 3h and 24h
when comparing 3h vs basal condition (4922.01+-840.23 fd, p[?] 0.01 and 26698.18+-130.85 fd, p[?] 0.001),
and also when comparing 3h vs 24h (p[?] 0.001). hld gene mRNA expression showed a significant decrease
in ATCC12598 at 24h vs basal condition (0.04+-0.04 fd; p[?] 0.05). For the other strains, in each condition
considered, no statistically significant differences were observed. The mRNA expression of the uhp T gene
showed a statistically significative difference only in the ATCC12598 strain, in particular an up-regulation
when comparing 3h vs basal condition (16.85+-1.5 fd; p[?] 0.05) and a down-regulation when comparing
24h vs 3h (5.32+-2.27 fd; p[?] 0.05).

Discussion

Internalization of S. aureus in non-phagocytic cells is an attractive field of study relying on the particular
ability of the microorganism to generate chronic diseases.

The process of internalization includes different phases: in the early phase, microbial surface proteins
(MSCRAMMs) are implicated in host-cell adhesion and invasion, fighting against the immune system and
entering the deep tissue structure (Painter et al., 2014); subsequently, the pathogenicity and virulence of
S. aureus is entrusted to the capacity to produce several virulence factors including enterotoxins (SEs)
and toxic shock syndrome toxin-1 (TSST), pore-forming toxins (hemolysins; Panton Valentine Leukocidin;
phenol-soluble modulins), exfoliative toxins (ETs), protein A, and several enzymes able to damage host cells
by virtue of their cytotoxic/cytolytic activity and by modulating immune responses.

In a previous study, we analysed, by a highly performing IFC assay, the differential proclivity of the main
staphylococcal clones to invade, internalize, and persist within human cells. In particular, we demonstrated
that ST5-II, ST8-IV, and ST228-I showed a statistically significant lower aptitude to intracellular subsistence,
while ST239-III and ST22-IVh isolates had intracellular frequencies equal to, or greater than, those of the
invasive ATCC12598 strain, suggesting their possible role as invasive and persistent clones responsible for
chronic and recurrent infections (Bongiorno, Musso et al ., 2020).

Based on the above observations, by using the same model of infections, we examined the differential ex-
pression of a set of genes responsible for the adhesion, invasion and internalization of two S. aureusclones
(ST228-I and ST239-III) compared with the control ATCC12598 invasive isolate.

The pathotype gene profile of the two strains included in the study showed only few differences.
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S. aureus ST228 is one of the most predominant clones associated with orthopedic infection (Jain et al .,
2019) showing a high rate of virulence, drug resistance and longer duration of hospital stay. It exhibited two
more enterotoxins (SEA and SEO), suggesting a potential augmented role in eliciting and deregulating the
immune system of the host (Hussain et al., 2009).

Conversely, ST239 was the only strain carrying the hlb gene coding for a pore-forming toxin involved in
chronic skin infections and phagosomal escape (Katayama et al ., 2013), and producing δ-hemolysis, demon-
strating that the agr locus is not defective.

To further investigate these differences, we evaluated the expression of a selected set of genes grouped into
three different general categories, i.e. regulators, adhesion factors (the MSCRAMMs), and toxins (table
5). Moreover, to evaluate the metabolic activity of internalized bacteria, we evaluated a hexose phosphate
antiporter for G6P. The expression of the regulator global network SigB, SarA, SarS, agr locus and Rot
controls the expression of a set of virulence factors involved in adhesion and cytotoxic/cytolytic activities.

Genes responsible for invasiveness and persistence were analyzed comparing the ability to infect and inter-
nalize into MG-63 osteoblasts, according to their cytotoxic potential (by means of cellular metabolic status
of infected MG-63 osteoblasts) and the expression levels of surface and secreted toxins, at 3h and 24h p.i.

As was preliminary observed and now confirmed (Bongiorno, Musso et al ., 2020), the ability of MSSA
ATCC12598-ST30 and MRSA ST239-III to internalized and persist in MG-63 is very similar, while MRSA
ST228-I behaves differently (20.7±1.80%). These differences among clones were evaluated also by measuring
the MG-63 metabolic status in terms of cytotoxicity, demonstrating that ST239 was immediately able to
decrease the cell metabolic activity at 3h p.i. maintaining it at 24h p.i. The ATCC12598 clone was able to
interfere with the cells at 24h p.i., while ST228 only slightly affected the metabolic status of the cells.

These results are in agreement with other studies (Botelho et al ., 2019), demonstrating that the ST239
clone is able to adapt to diverse pathological conditions (diverse syndromes), undergoes genomic adaptations,
developing a distinct pattern of virulence-associated genes.

Strain ATCC12598 was included as an invasive model. It displayed, at 3h p.i., a higher ability to infect
and internalize into MG-63 human osteoblasts (70%), associated with a significative increment of the cel-
lular metabolic status compared to the uninfected cell-line. At 24h p.i., despite the fact that intracellular
persistence decreased to 50%, ATCC12598 bacteria exerted a high intracellular cytotoxic activity against
osteoblasts, as demonstrated by a decrease in the cellular metabolic status. The regulation of gene expression
in ATCC12598, during internalization and, especially, during persistence steps, followed an expected sche-
me: a significant increase of the expression of the genes involved in the regulation to environmental stress
(in particularsar A, sig B), resulting in the up-regulation of the expression of the genes involved both in
adherence (in particular tofnb A and sdr E) and virulence (psm A and hla ) at 3h p.i, although rot , the
toxin repressor gene, did not undergo statistically significant changes, this is still in line with the expression
of toxins.

In particular, psm A and hla over-expression could be related to the 20% decrease in persistence; moreover,
the over-expression of α-hemolysin could enhance internalization and survival by modulating osteoblast
expression of β1 integrin, as previously reported (Goldmann et al ., 2016), and also could be involved in
pore formation and cellular lysis, which could explain the cellular metabolism decrease associated with
enhanced cytotoxic activity. This is in line with previous studies in which Hla expression was required
for the pathogenesis of invasive disease (Oliveira et al., 2018). At 24h p.i there was an over-decrease in the
expression of regulatory genes, with the exception of sig B, probably due to cellular stimulation, which results
in a decrease of the expression of genes involved in adhesion (fnb A and sdr E) and virulence (psm A and
hla ). We can conclude that for the ATCC12598 strain, all the events involving both adhesion/invasion and
damage of host cells, occurred within 3h p.i. Furthermore, its metabolism, adapted to intracellular conditions,
showed an up-regulation of the alternative antiporter of carbon source (UhpT) at 3h p.i., confirmed by the
12% increase in the cellular metabolic status; while there was a significant decrease in metabolism at 24h
p.i. vs 3h, confirmed by the loss of -7.11% of the cell metabolic status. The down-regulation ofhld gene
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expression in ATCC12598 leads us to conclude that it was not involved in cellular adaptation or invasion.

The strain belonging to ST239-III, which did not show any toxin gene (Botelho et al ., 2019) except for sdr
E presence, was able to infect (3h p.i.) 50% of MG-63 human osteoblasts, and induced a cellular metabolic
slowdown activity, that could be due to the production of hemolysins Hlb, Hla, and PsmA. The ST239-
III strain displayed, at 3h p.i., a significant increase of bbp that is necessary for adhesion and invasion in
MG-63 cells, and the increase ofagr A expression, resulting in an up-regulation of hla andpsm A, associated
with a good ability to internalize and infect MG-63 cells. At 24h p.i., ST239-III bacteria stably persisted
intracellularly (45%) and exerted an extremely significative cytotoxic activity against osteoblasts, due to
the over-expression of hla,as demonstrated by a remarkable decrease in the cellular metabolic status, also
confirmed by the expression of the uhp T gene. Some studies have demonstrated the importance of this
toxin for S. aureus pathogenicity, phagosomal escape and induction of biofilm formation (Katayama et al.,
2013 ; Tajima et al., 2009). At 24h p.i there was an increased expression of the genes involved in adhesion.
A possible explanation could be that the bacterial cells exit and enter MG-63 through the membrane, using
the integrins located in the cell wall.

The significatively higher rates of intracellular invasion of ST239 bacteria could justify their cytotoxicity
despite the loss of toxin production, and contribute to their survival in a higher number. These findings
suggest that ST239 is associated with an intracellular adaptation that leads to decreased virulence and host
immune escape, making this clone more prone to persistent infections.

During internalization and persistence, we did not find differences in the expression of the genes involved
in the regulation to environmental stress (sar A, sig B, sarS,agr ) and in those involved in adherence (fnb
A and fnb B) with respect to the basal condition; this phenomenon could be probably due to the fact that
these genes are normally over-expressed at the basal condition; while in the same condition, genes involved
in toxicity and phagosomal escape (psm A and hla ) were down-regulated.

On the contrary, the strain belonging to ST228-I was found to be less able to internalize (30%) after 3h
p.i.; correlation analysis between regulatory genes and virulence factors showed that the ST228-I strain
displayed at 3h p.i. a basal level of agr A expression and an up-regulation of sig B and sar A, leading to
an up-regulation of the surface-proteins and up-regulation of secreted toxins, such as PSMα, Hla and Hld,
associated with a significative non-cytotoxic activity inside osteoblasts, and a lower ability to internalize and
infect MG-63 cells. Even if these variations were not statistically significant, their expression levels showed
an expected scheme. This strain is also characterized by the presence of thepls gene, carried by SCCmec I,
known to be involved in the failure to adhere to the cell surface (Hussain et al. , 2009).

After 24h of intracellular persistence, all the regulatory genes were down-expressed, in particular rot and
consequently the genes involved in adhesion and virulence (except for an increased expression of hla at 3h
p.i.): 20% of MG-63 cells were infected and the cellular metabolic status did not show any variation with
respect to the uninfected cell-line; the expression of uhp T supported these results.

The impact of PSMα suggests that regardless of the lower invasiveness, ST228 bacteria exert their potential
to damage osteoblasts by a cytotoxic effect. ST228 is not capable of activating a sufficient cellular reaction,
rather it seemed to “succumb” inside the MG-63 cells. This variation in the expression of agr , sig B,hla and
fnb A was previously associated with the passage from extracellular to intracellular behavior, due to changes
in the expression of the fibronectin-binding protein and adhesion binding protein, important for host/cell
invasion but difficult for intracellular persistence (Tuchscherr and Löffler, 2016).

Our results, arising from the qualitative and quantitative assays of virulence and toxin factors, are in line
with recently published studies in which the genetic and phenotypic different characteristics of staphylo-
coccal strains favor the infection process, invasiveness and persistence inside host cells (Davis and Isberg.,
2018; Recker et al., 2017; Tuchscherr et al. , 2019). In our study, we analyzed two different genetic back-
grounds to elucidate how bacteria can differentially adapt strategies with the interplay among regulatory
and adhesion/toxin genes, and rapidly react to changing environmental conditions and dynamically adjust
their virulence factor expression at different times of infection. Recent data from our group considering
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pro-inflammatory and pro-oxidant response in an ST239-III osteoblast infection, demonstrated a significant
increase of gene expression of both interleukin-6 and TNF-α (paper submitted). This ability was identified
in this clone and not in others. The idea to consider new strategies, including the clonal approach, to treat
S. aureusbone infection is being studied.

Conclusion

We found that the ST239-III clone was able to infect, at 3h p.i., 50% of MG-63 human osteoblasts and these
rates stably persisted at 24h p.i.; during the infection peri-od it exerted an extremely significative cytotoxic
activity against osteoblasts, due to the over- expression ofhla and psm A, as demonstrated by a remarkable
decrease in the cellular metabolic status. The increase of hla and psmA has as a consequence the increased
of expression of the genes involved in adhesion (bbp ), probably due to the release and re-entry of bacteria
inside MG-63 at 24h p.i. Our results lead us to conclude that the ST239 clone is more prone to persistent
infections.

On the contrary, ST228-I was found to be less able to internalize (30%), with respect to the control strain
and ST239-III, after 3h p.i. and to persist (20%) at 24h p.i., and this lower in-vasiveness was also correlated
with the non-cytotoxic activity inside osteoblasts. This is probably due to the presence of the pls gene into
SCCmec I, that is involved in the failure to adhere to the cell surface. This clone is not able to activate a
sufficient cellular reaction, and succumbs inside the MG-63 cells.
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Tuchscherr, L., Pöllath, C., Siegmund, A., Deinhardt-Emmer, S., Hoerr, V., Svensson, C.M., Thilo Figge, M.,
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Vyver, H., Fraunholz, M.J., Cheung, A.L., Herrmann, M., Völker, U., Sordelli, D.O., Peters, G., Löffler, B.
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aureus-st228-and-st239-as-models-for-expression-studies-of-diverse-markers-during-

osteoblast-infection-and-persistence

Table 1. Regulators, MSCRAMMs, toxins and other genes used to evaluate gene expression in Real Time
PCR.
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aureus-st228-and-st239-as-models-for-expression-studies-of-diverse-markers-during-

osteoblast-infection-and-persistence

Table 2. Molecular characteristics of the samples included in the study. Clone characterization by means
of: ST - Sequence Type; SCCmec - Staphylococcal Cassette Chromosome mec ;spa type - staphylococcal
protein A; agr type – locusagr ; delta-hemolysis production. fnb A- fibronectin binding protein A; ica A -
Intracellular adhesion; sdr E- Platelet aggregation; clf A/B – clumping factor A/B; cna - Adesin binding
to collagen; luk -PV - Panton-Valentine Leucocidin;eta /b - Exfoliative toxin A/B; hlb/d/g –hemolysins
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Beta/Delta/Gamma; tst - Toxic shock syndrome toxin; se A-P - Staphylococcal enterotoxin from A to P;
spa – protein A;agr - Accessory gene regulated.

Hosted file

image3.emf available at https://authorea.com/users/363765/articles/484478-staphylococcus-
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Table 3 . Cellular metabolic status during infection and persistence. Cellular metabolic status was deter-
mined using the MTT assay. Data are the mean of at least 8 independent experiments and are expressed
as the percent variation with respect to the cellular metabolic status detected in control, uninfected cells
(100%).A. Cellular metabolic status 3h p.i. B. cellular metabolic status at 24h p.i. Statistical significance
was assessed using ANOVA and Sidak’s multiple comparisons test (post hoc test): significant (S)*p [?] 0.05
vs no bacteria; highly significant (HS) ** p < 0.01 vs no bacteria; extremely significant (ES) ***p [?] 0.001
vs no bacteria; extremely significant (ES) ###p [?] 0.001vs ATCC12598; extremely significant (ES) θθθp
[?] 0.001 vs ST239-SCCmec III.
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aureus-st228-and-st239-as-models-for-expression-studies-of-diverse-markers-during-

osteoblast-infection-and-persistence

Table 4. The table reports the up/down regulations of the genes considered in the study, at 3h and 24h
p.i. Statistically significant: p>0.05 ns; p -value [?]0.05 *; highly significant [?]0.01**; extremely significant
[?]0.001***.
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Table 5. Comparison of % internalized MG-63, cellular metabolic status, adhesin and toxin gene regula-
tion. Statistically significance: not significant (ns), p-value [?] 0.05 ns; significant, p-value [?]0.05*; highly
significant, p-value [?]0.01**; extremely significant, [?]0.001***

Figure legend:

Figure 1 . Evaluation of the internalization frequency by IFC evaluation and cellular metabolism viability,
after 3h p.i. at an MOI of 100:1. A. Percentage of spots per cell ± SD for each strain for three different
experiments. B . Detailed statistical data obtained using Student’s t-test vs ATCC12598: p-value, 95%
confidence and R squared. Statistically significant p-value [?]0.05 *; highly significant [?]0.01**; extremely
significant [?]0.001***.

Figure 2 . Evaluation of the intracellular persistence by IFC evaluation and cellular metabolism viability,
after 24h p.i. at an MOI of 100:1. A. Percentage of spots per cell +- SD for each strain for three different
experiments. B. Detailed statistical data obtained using Student’s t-test vs ATCC12598: p- value, 95%
confidence and R squared. Statistically significant p -value [?]0.05 *; highly significant [?]0.01**; extremely
significant [?]0.001***, more than extremely significant [?]0.0001****.

Figure 3 . Evaluation of the relative mRNA expression of genes involved in regulation in ATCC12598,
ST239 and ST228 strains after 3h and 24h p.i. vs basal condition. Horizontal bars report statistical analysis
conducted vs ATCC12598 and between ST239 and ST228. Statistically significant p -value [?]0.05 *; highly
significant [?]0.01**; extremely significant [?]0.001***.
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Figure 4 . Evaluation of the relative mRNA expression of the MSCRAMM genes in ATCC12598, ST239 and
ST228 strains after 3h and 24h p.i. vs basal condition. Horizontal bars show statistical analysis conducted
vs ATCC12598 and between ST239 and ST228. Statistically significant p -value [?]0.05 *; highly significant
[?]0.01**; extremely significant [?]0.001***.

Figure 5 . Evaluation of the relative mRNA expression of toxin genes in ATCC12598, ST239 and ST228
strains after 3h and 24h p.i.vs basal condition. Horizontal bars show statistical analysis conducted vs
ATCC12598 and between ST239 and ST228. Statistically significant p -value [?]0.05 *; highly significant
[?]0.01**; extremely significant [?]0.001***.

Appendices

Table A1. MSCRAMMs, toxins and other genes used to evaluate the pathotype profile in qualitative PCR.
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