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Abstract

Osteomyelitis is an inflammatory bone infection that is caused most commonly by the oppor-
tunistic pathogen Staphylococcus aureus. Research into staphylococcal induced bone
infection is typically conducted using traditional 2D in vitro culture settings, which is not fully
representative of the dynamic in vivo environment. In this study we utilised a collagen
glycosaminoglycan scaffold, previously developed for bone tissue engineering, as a repre-
sentative 3D model of infection. The scaffold resisted degradation and retained its pore
structure, which is important for cellular function and survival, when seeded with both cells
and bacteria. Using this model, we showed that in the presence of S. aureus, osteoblast pro-
liferation was reduced over 21 days. Interestingly however these cells were more metaboli-
cally active compared to the uninfected cells and demonstrated increased mineralisation.
Protein A (SpA) is a virulence factor found on the surface of S. aureus and has been shown
to interact with osteoblasts. When SpA was removed from the surface of S. aureus, the
osteoblasts show comparable activity with the uninfected cells—demonstrating the impor-
tance of SpA in the interaction between bone cells and S. aureus. Our results suggest that
infected osteoblasts are capable of over-compensating for bone loss and bone destruction
by increasing mineralisation in a 3D environment, key elements required for ensuring bone
strength. It also reinforces our previously established result that S. aureus SpA is a critical
mediator in osteomyelitis and might be a potential novel drug target to treat osteomyelitis by
preventing the interaction between S. aureus and osteoblasts.

Introduction

Osteomyelitis is characterised by the presence of an infection in the typically sterile bone mar-
row, in particular cortical bone and periosteum. It is characterised by severe non-resolving
inflammation coupled with progressive bone loss and bone destruction [1, 2]. There are a

PLOS ONE | https://doi.org/10.1371/journal.pone.0198837 June 21,2018

1/18


https://doi.org/10.1371/journal.pone.0198837
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0198837&domain=pdf&date_stamp=2018-06-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0198837&domain=pdf&date_stamp=2018-06-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0198837&domain=pdf&date_stamp=2018-06-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0198837&domain=pdf&date_stamp=2018-06-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0198837&domain=pdf&date_stamp=2018-06-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0198837&domain=pdf&date_stamp=2018-06-21
https://doi.org/10.1371/journal.pone.0198837
https://doi.org/10.1371/journal.pone.0198837
http://creativecommons.org/licenses/by/4.0/

@° PLOS | ONE

Staphylococcus aureus interaction with osteoblasts in 3D

number of opportunistic pathogens that are capable of causing osteomyelitis including bacte-
ria, fungus and virus, however epidemiologic data suggest bacteria are the biggest offenders
[3].

Opportunistic bacteria use a number of different mechanisms to gain entry to the otherwise
sterile sites in the bone. For example, bones are highly vascularised where arterial blood travels
through the endosteal cavity to the marrow sinusoids before exiting through small vessels in
the cortex [4]. These bacteria in the blood (bacteraemia) can migrate through the vascular
endothelial bed into the bone space thus initiating what is termed haematogenous osteomyeli-
tis. Haematogenous osteomyelitis most commonly affects children and is primarily caused by
Staphylococcus aureus and, the gram-negative enteric bacteria Escherichia coli [5]. Bacteria may
also gain entry to the bone due to infection spread from a distant site. Contiguous-focus osteo-
myelitis without vascular insufficiency can form from contaminated wounds or infected sites
of implanted prosthetic material. Contaminated wounds, usually due to trauma, are often
polymicrobial however infected sites due to a prosthetic material are often caused by Staphylo-
cocci [6]. Finally, a contiguous-focus osteomyelitis with vascular insufficiency typically arises
from foot ulcers due to diabetes, where a non- resolving wound becomes infected, and often
polymicrobial in nature, however predominated by Staphylococci [7]. Regardless of the source
of the contiguous-focus osteomyelitis, the opportunistic bacteria are in close proximity with
bone to which they can attach, triggering bone loss and destruction.

S. aureus is responsible for up to 75% of osteomyelitis cases [8]. In healthy individuals S.
aureus permanently colonizes the anterior nares of the nostrils of about 20% of the population
and is transiently associated with the rest [9]. The success of S. aureus as a pathogen in osteo-
myelitis is attributed to its ability to infect the bone forming cells, osteoblasts and bone resorb-
ing cells, osteoclasts. Recent work from our lab by Claro et al., demonstrated that the major S.
aureus cell wall protein, protein A is responsible for binding to and inducing the signals that
trigger bone loss and destruction [10-12]. These studies were carried out using a two dimen-
sional (2D) cell culture based assay. The physiological relevance of traditional 2D cell culture
systems have come under increased scrutiny as they do not physiologically represent the com-
plex dynamic environment in which cells are found in the human body [13-15]. To address
the growing concern for more representative models without using animals, there has been an
emergence of 3D models using tissue engineered biomaterials across various disciplines
including cardiovascular disease, cancer, neurology and infection [16-18]. A biomaterial com-
monly used in 3D systems is collagen, a biodegradable, biomimetic and biocompatible ECM
protein. In our lab, we have been using collagen-based scaffolds initially developed for regener-
ative medicine applications as advanced 3D pathophysiology in vitro systems for drug develop-
ment and screening and for studying cellular crosstalk in co-cultures and understanding
disease states in cancer, angiogenesis, immunology and infection [19-21].

The aim of this study was to develop a 3D model of bone infection to better develop our
understanding of the molecular and functional responses of bone cells to infection. Achieving
this we developed a 3D model of bone infection, using a collagen glycosaminoglycan biomate-
rial, which better represents the physiological bone microenvironment, in which bone cells,
specifically osteoblasts, are found. We demonstrate that S. aureus significantly reduced osteo-
blast proliferation. Most interestingly, the remaining osteoblasts were more metabolically
active, and resulted in hyper mineralisation which we believe is a counter measure by the oste-
oblasts to compensate for the loss of bone and bone destruction. Our results demonstrate key
events not shown previously in 2D which are critical for understanding the progression of
bone infection using a 3D model. A better understanding of the molecular interactions and
cellular responses using 3D models of bone infection is critical for the development of novel
therapeutics to treat this debilitating disease.
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Materials and methods
Bacterial strains and growth conditions

The S. aureus strains used in the functional study are Newman wildtype (WT), Newman ASpA
and Newman pCul (SpA+). All strains were cultured in Brain Heart Infusion (BHI) broth
(Sigma-Aldrich, Wicklow, Ireland) and incubated statically at 37°C for 18 h. S. aureus strain
pCul (SpA+) was cultured in BHI containing 10 ug/ mL chloramphenicol (Sigma-Aldrich,
Wicklow, Ireland). In some studies S. aureus were fixed in 4.8% formaldehyde (Sigma-Aldrich,
Wicklow, Ireland) under constant agitation, centrifuged at 4, 000 g for 10 min and washed 3x
times using phosphate buffered saline (PBS) (Sigma-Aldrich, Wicklow, Ireland). Bacteria were
adjusted to 1 x 10° or 1 x 10° CFU/ mL using a spectrophotometer (Libra $21/522, United
Kingdom).

Protein A expression on the surface of Staphylococcus aureus

A dot blot was used to determine expression of Protein A on the surface of S. aureus. Bacterial
cultures were centrifuged at 4000 g for 10 min, resuspended in PBS and set to 1 x 10® CFU/
mL. 10 pL of the bacterial suspension was dotted onto a nitrocellulose membrane and left to
dry prior to blocking in 10% milk in PBS containing 1% trition (PBST). Monoclonal anti-pro-
tein A antibody (Sigma-Aldrich, Wicklow, Ireland) was added at a concentration of 1:1000
overnight at 4°C. The membrane was washed 3x times using PBST and the secondary antibody
goat anti-mouse antibody was added at a concentration of 1:3000 for 1 h at room temperature.
The membrane was finally washed 3x times using PBST and developed using ECL kit chemical
(EMD Millipore, Massachusetts, USA).

Cell culture conditions

The mouse clonal pre-osteoblastic cell line, MC3T3 -E1 (ATCC, Middlesex, UK) was used
throughout these studies. Cells were cultured in T175 tissue culture flasks (Sarstedt, Wexford,
Ireland) containing o-MEM supplemented with 10% foetal bovine serum (FBS) (Biosera Ltd.,
East Sussex, UK), 2% penicillin-streptomycin and 1% L-glutamine (Sigma-Aldrich, Wicklow,
Ireland) and incubated at 37°C and 5% CO,. For live studies, penicillin-streptomycin was
omitted from the media. When the osteoblasts were 70-80% confluent they were harvested
using trypsin EDTA (Sigma-Aldrich, Wicklow, Ireland), re-suspended in growth medium and
counted using a haemocytomer.

Preparation of collagen glycosaminoglycan scaffolds

The collagen glycosaminoglycan (CG) suspension contained 1.8 ¢ microfibrillar type I collagen
from bovine tendon (Integra Life Sciences, New Jersey, USA) and 0.16 g chondroitin 6 sul-
phate blended at 15, 000 rpm for 90 min in 360 mL 0.05 M acetic acid (Sigma-Aldrich, Wick-
low, Ireland) using an overhead blender at a constant temperature of 4°C (Ultra Turrax T18
OverheadBlended, IKAWorks Inc.,USA). Previously, we demonstrated that larger pore sizes
were optimal for bone formation. Freeze-drying the CG suspension to a temperature of -10°C
generated scaffolds with a large pore size of 325 pM [22]. The CG scaffolds were sterilised
using dehydrothermal treatment (DHT) in a vacuum oven (VacuCell, MMM, Germany).
DHT is also a biophysical crosslinking treatment which enhances the mechanical properties of
collagen. To further improve the mechanical properties of the biomaterial, the chemical cross-
linker 1-Ethyl-3-dimethyl aminopropyl carbodiimide (EDAC) and N-hydroxysuccinimide
(NHS) (Sigma-Aldrich, Wicklow, Ireland) was used in addition to DHT [23].
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Seeding of the collagen glycosaminoglycan scaffold

Scaffolds from CG sheets were obtained using a biopsy punch and placed into a 24 well suspen-
sion plate (Sarstedt, Wexford, Ireland). The top surface of each of the scaffold was seeded with
10 uL of half the cell suspension (2.5 x 10° / 1 x10° cells). The 24 well plates were then placed in
an incubator for 15 min to allow initial cellular attachment. The scaffolds were then turned over
and the opposite surface was seeded with 10 uL of the remaining cell suspension (2.5 x 10°/ 1
x10° cells) and incubated for a further 15 min. After the second incubation period, 2 mL o:-
MEM medium was added to each well and the plates were returned to the incubator.

Infection of collagen glycosaminoglycan scaffolds

Media was removed from the wells and replaced with either live S. aureus or S. aureus fixed in
a 4.8% formaldehyde solution. When adding S. aureus Newman to the seeded scaffolds, o-
MEM media was aspirated from the CG scaffold and 1 mL fixed S. aureus Newman was added
to the well. The infected scaffolds were incubated at 37°C and 5% CO, for 1 h. To maintain
osteoblast growth on the seeded scaffolds, pre-warmed o-MEM was added to the well post 1hr
incubation. The a-MEM media was changed every 2-3 d until the end of the infection period.

Determining collagen content via hydroxyproline analysis in the presence
of live Staphylococcus aureus infection

Previously, we have demonstrated that the mechanical properties of the scaffolds significantly
influence cell attachment, proliferation and migration [23]. As collagen is the main component
of the scaffolds, collagen degradation in the presence of live bacteria was determined by the
hydroxyproline assay using the protocol described in Kafienah and Sims [24]. Briefly, samples
were mixed with 38% hydrochloric acid and incubated at 110°C for 18 h to allow hydrolysis to
occur. Thereafter the samples were dried in a fume hood overnight and the sediments were
suspended in ultra-purewater. Chloramine T and 4-(dimethylamino)benzaldehyde (Sigma-
Aldrich, Wicklow, Ireland) were added and the hydroxyproline content quantified with a
trans-4-hydroxy-l-proline (Fluka analytical, Switzerland) standard using a Synergy™ HT (Bio-
Tek Instruments Inc, Vermont, USA) multi-detection microplate reader at a wavelength of
570 nm. Hydroxyproline content was determined from the calibration curve obtained from
the hydroxproline standard concentrations and the collagen content was calculated using a
value of hydroxyproline to collagen ratio of 1:769. Each biochemical constituent was normal-
ized to the tissue dry weight [25].

Scanning Electron Microscopy (SEM) analysis of pore architecture

Scaffold pore architecture was visualized using Scanning Electron Microscopy (SEM). Scaffolds
were harvested at days 1, 3, 5 and 7 days post infection were stored in 3% glutaraldehyde (Sigma-
Aldrich, Wicklow, Ireland) at 4°C. Samples were processed using critical point drying (CPD).
CPD is a process used to dehydrate biological samples without affecting the structure of the sam-
ple due to the lack of surface tension prior to SEM. After CPD, the samples were mounted in car-
bon cement for increased electrical conductivity and coated in Gold Palladium. The samples were
imaged using Zeiss Ultra Plus SEM at 5KV with a SE2 detector (Zeiss, Oberkochen, Germany).

Confocal microscopy to determine cellular and bacterial infiltration of the
scaffolds

Collagen scaffolds were removed from culture 1 day post infection to ensure that osteoblasts
were still viable. Scaffolds were processed, embedded in paraffin wax and sectioned into 10
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micron slices using a microtome (Leica RM 2255; Leica, Vertrieb,Germany). The slices of scaf-
folds were mounted onto a glass slide and left to fix in an oven set to 60°C overnight. S. aureus
was stained using FITC anti-staphylococcal antibody (Abcam, Cambridge, UK) at a concentra-
tion of 1:1000 overnight at 4°C in a humidified environment. Osteoblasts were stained with 4,
6-diamidino-2-phenylindole (DAPI) (Invitrogen, Massachusetts, USA) following mounting
on the coverslip. Images were acquired using confocal microscopy (Zeiss 710 NLO, Germany)
following excitation at 488 nm, and emission at > 500 nm.

Quantification of osteoblast cell number in the presence and absence of
Staphylococcus aureus

PicoGreen (Invitrogen, Massachusetts, USA) was used to measure DNA concentration as a
measure of osteoblast proliferation. Osteoblasts were lysed on the scaffolds using 0.2 M lysis
buffer containing triton X-100 followed by 3x freeze thaw cycles. Lysed samples were added to
a 96 well plate along with PicoGreen reagent. All samples were measured using Varioskan
Flash multimode plate reader immediately after the addition of the PicoGreen reagent (Fisher
Scientific, Dublin, Ireland). Fluorescence for PicoGreen was measured at excitation 485 nm
and emission 538 nm. DNA concentration was deduced using a standard curve.

Determining osteoblast viability in the presence and absence of
Staphylococcus aureus

Alamar Blue (Thermofisher, Dublin, Ireland) was used to measure cell viability. At days 0, 7,
14 and 21 post addition of S. aureus, Alamar Blue was added to the osteoblast media to a final
concentration of 10% of the final volume. The plate was agitated using an orbital rotator for 4
h at 70 rpm, at 37°C in 5% CO,. After 4 h, 100 ul of the media was removed, added into black
96 well plates and fluorescence was read at a wavelength 560 nm for excitation and 590 nm for
emission on a spectrophotometer (Varioskan Flash, Thermofisher, Ireland).

Quantification of alkaline phosphatase activity in the presence of
Staphylococcus aureus

Para-NitroPhenyl Phosphate (Anaspec, California, USA) was used to measure alkaline phos-
phatase. To measure intracellular alkaline phosphatase, scaffolds at days 0, 7, 14 and 21 post
addition of S. aureus were removed and suspended in lysis buffer (0.1 M sodium acetate buffer
and 2% triton X-100). To measure extracellular alkaline phosphatase, the culture media was
aspirated from the well at days 0, 7, 14 and 21 after the addition of S. aureus and incubated
with 10 mM para-nitrophenyl Phosphate for 30-60 min. Photometric absorbance was read at
A4osnm ON a spectrophotometer (Varioskan Flash, Thermofisher, Ireland).

Determining osteoblast mineralisation by measuring calcium production

StanBio Calcium Assay (Invitrogen, Massachusetts, USA) was used to measure calcium depo-
sition, or mineralisation in the scaffolds. Quantification was carried out according to the man-
ufacturer’s instructions. Briefly, at days 0, 7, 14 and 21 post addition of S. aureus, scaffolds
were incubated at 4°C in 0.5 M HCL overnight. Following this incubation, 10 uL of each sam-
ple was added to a 96 well plate and 200 pL of the chromogenic reagent working solution was
added to the samples. Photometric absorbance was read at Asgg,,, On a spectrophotometer
(Varioskan Flash, Thermofisher, Ireland).

PLOS ONE | https://doi.org/10.1371/journal.pone.0198837 June 21,2018 5/18


https://doi.org/10.1371/journal.pone.0198837

iggl’L‘)S;|ONE

Staphylococcus aureus interaction with osteoblasts in 3D

Statistical analysis

Statistical analysis was determined by using Graph Pad software. The representative N num-
bers represent a technical triplicate over several independent experiments. The statistical dif-
ferences between two groups were calculated by un-paired Student’s t-test and two way
analysis of variance (ANOVA) with Tukeys post hoc test. Data were represented as the
mean values + the standard error of the mean (SEM). Statistical significance was declared at
P<0.05.

Results

Scaffolds crosslinked with DHT and EDAC resists collagen degradation
when co-cultured with both osteoblasts and Staphylococcus aureus

Pore architecture is critical for cellular survival in 3D collagen scaffolds (30). S. aureus is able
to produce many proteases capable of degrading collagen, which can significantly affect the
stability and architecture of the scaffold [26]. Therefore we first sought to investigate if the
presence of live S. aureus infection could degrade collagen in the scaffolds. Scaffolds are cross
linked with either DHT or a combination of EDAC and DHT to ensure that the architecture
conducive for cell survival is maintained throughout the study. Following infection, scaffolds
crosslinked using DHT only had a significantly higher rate of collagen degradation, than those
crosslinked using the combination DHT and EDAC. This could be seen across the lower seed-
ing density (Fig 1A-1D) and the higher seeding density (Fig 1E-1H) over 7 days (Fig 1). This
result demonstrates the importance of robustly crosslinking the collagen scaffolds in order to
resist degradation and preserve the porous architecture when the scaffolds are cultured with
live bacteria.

We next investigated the pore architecture in the presence of infection. Scaffolds seeded
with 5x10° osteoblasts and infected with 1x10°® S. aureus retain the original porous nature of
the biomaterial. However, scaffolds infected with the higher densities of 2x10° osteoblasts
infected with 1x10° S. aureus failed to retain the porous nature of the collagen scaffold
(Fig 2). The porosity, pore interconnectivity, pore size and pore shape are all important
components of the scaffold microarchitecture [27]. SEM images demonstrate that scaffolds
seeded with 5 x 10° osteoblasts and infected with 1 x 10® S. aureus have a more open and
polygonal architecture compared to scaffolds seeded with 2 x 10° osteoblasts infected with 1
x 10° S. aureus, which demonstrate non-uniform and non-equiaxed architecture. Thus the
optimal seeding density on CG scaffolds crosslinked using DHT and EDAC is 5 x 10> osteo-
blasts, infected with 1 x 10® S. aureus. These conditions were used throughout the rest of the
study.

Staphylococcus aureus and osteoblasts co-infiltrate the scaffold
successfully

Encapsulation of the cells around the periphery of the scaffold is a common issue in 3D culture
of biomaterials. Therefore to ensure that the collagen scaffolds are successfully infiltrated by
both osteoblasts and S. aureus, both cells and bacteria were visualised on the scaffold using
confocal microscopy. Analysis of the infected scaffolds demonstrates successful co-infiltration
of both osteoblasts and S. aureus into the centre of the scaffold (Fig 3A). Both osteoblasts and
S. aureus were shown to align along the collagen struts, demonstrating their attachment to the
scaffold (Fig 3B and 3C, respectively). These results suggest that bacterial and osteoblast migra-
tion into the centre of the scaffold is occurring and represents the physiological conditions
found at sites of infection within the bone.
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Fig 1. The collagen content of scaffolds following infection by Staphylococcus aureus for 7 days. Scaffolds were seeded
with 5 x 10° osteoblasts and infected with 1 x 10® S. aureus (A-D) and 2 x 10° osteoblasts infected with 1 x 10° S. aureus
(E-H), hydrochloric acid boiled and hydroxyproline content measured. Scaffolds across both seeding densities crosslinked
using DHT only have significantly reduced collagen content compared to scaffolds crosslinked using DHT /EDAC *

P < 0.05,** P< 0.005, *** P < 0.0001 (N = 3).

https://doi.org/10.1371/journal.pone.0198837.9001

Osteoblast proliferation is significantly reduced following in the presence
of Staphylococcus aureus when cultured in a 3D matrix

Having established the optimal conditions necessary to study bone infection in our 3D model,
we next sought to investigate osteoblast response to the presence of S. aureus. Live S. aureus
can use nutrients in tissue culture media to grow and divide. If the S. aureus use or compete
with the osteoblasts for these critical growth nutrients it will prevent the growth and expansion
of the cultured osteoblasts. As we are predominantly interested in the osteoblasts response to
infection we fixed the S. aureus in a mild formaldehyde solution to prevent them using the
essential nutrients required for osteoblast proliferation. Consistent with previous observations,

CG scaffold only

-
100, Mage NOX  S00W M2 S AO«1Thme 20 Vw07

——— N - ZETXY
Asvanced Womecopy Laboratory (AVL)

Osteoblasts 5x10°
/
S. aureus
1x108
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/
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Fig 2. Qualitative assessment of the pore architecture using SEM of scaffolds seeded with osteoblasts and infected by S. aureus Newman. Scaffolds seeded with
MC3T3-E1 5 x 10° and infected with 1 x 10°® S. aureus Newman retained a porous structure across the 7 days of infection compared to scaffolds seeded at a higher density.
Images are representative fields taken from three independent experiments that yielded similar results.

https://doi.org/10.1371/journal.pone.0198837.9002
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Fig 3. Qualitative assessment of cellular and bacterial co infiltration of the collagen scaffold. Scaffolds were seeded
with 5 x 10° osteoblasts (cyan) for 7 days, infected by 1 x 10® S. aureus Newman (red) for 24 hr. After 24 hr, scaffolds
were harvested, sectioned into 10micron sections and imaged using confocal microscopy. Overall, it can be seen that
both cells and bacteria infiltrate to the centre of the scaffold (A). When zoomed in, it can be seen that both osteoblasts
(B) and bacteria (C) are organised along the collagen fibres of the scaffold (10X) (B) demonstrating that S. aureus
Newman interacts with both the CG scaffold and osteoblasts (100X). Scale bars are 300 uM (A), and 50 uM (B and C).
Images are representative fields taken from three independent experiments that yielded similar results.

https://doi.org/10.1371/journal.pone.0198837.9003

mild S. aureus fixation failed to have any effect on the expression of major cell wall proteins,
specifically Protein A as determined by dot blot (Fig 4A) nor did contribute or influence how
the bacteria bind to osteoblasts [10].

In the absence of S. aureus, osteoblasts proliferated at a constant rate over a 21 day period.
Addition of wildtype S. aureus significantly reduced osteoblast proliferation at days 14 and 21
(Fig 4B). Previously we demonstrated that S. aureus major cell wall protein, protein A (SpA),
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Fig 4. The presence / absence of SpA on the surface of S. aureus Newman WT, ASpA and pCulspa was confirmed
by dot blot (A+C, n = 3). Uninfected osteoblasts (5 x 10°) were seeded for 7 days on CG scaffold (Blue) and incubated
with S. aureus Newman (Red), S. aureus Newman AspA (Green) or S. aureus Newman SpA pCu 1(SpA™) (Purple).
Following 0, 7, 14 and 21 days post infection, remaining DNA was measured using Pico Green (B). “P < 0.05,
(n=5-17).

https://doi.org/10.1371/journal.pone.0198837.9004
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plays a key role in attachment to osteoblasts. Using a strain defective in protein A expression
(ASpA) acted similar to the uninfected osteoblasts that failed to have any significant effect oste-
oblast proliferation (P = NS). However, complementing the ASpA strain with the spa gene
(pCU1spa) significantly inhibited osteoblast proliferation comparable to cells in the presence
of S. aureus WT (* P < 0.05) (Fig 4B). The presence / absence of SpA on the surface of S. aureus
WT, ASpA and pCulspa was confirmed by dot blot (Fig 4C). As the fixed bacteria are not met-
abolically active they do not have the ability to produce toxins or exoproteins thus suggesting
that protein A plays a key role in preventing osteoblast proliferation.

Osteoblasts are more metabolically active when infected by Staphylococcus
aureus in a 3D matrix

When bacteria interact with host cells, a variety of physiological responses are triggered. These
responses include multiple metabolic changes in the affected host cells [9]. To investigate if the
metabolic activity of osteoblasts is altered in the presence of S. aureus we measured the mito-
chondrial activity of the osteoblasts. Our results demonstrate that there was a significant
increase in metabolic activity in osteoblasts in the presence of fixed wildtype S. aureus at days
14 and 21compared to the uninfected osteoblasts. There was no increase in metabolic activity
in osteoblasts in the presence of fixed S. aureus defective in expression of SpA over the 21 day
period. There was a significant increase in metabolic control in osteoblasts in the presence of
fixed S. aureus ASpA strain complimented with the SpA gene (pCU1spa) at day 14 and 21, and
was comparable to the increase in metabolic activity in osteoblasts in the presence of wildtype
S. aureus (Fig 5). These results suggest that in the presence of S. aureus, osteoblasts have an
increased metabolic activity and this is driven by SpA binding to the osteoblast.
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Fig 5. Assessment of osteoblast metabolic activity in the presence and absence of Staphylococcus aureus. Scaffolds
were seeded with 5 x 10> MC3T3-E1 for 7 days then co cultured with 1 x 10® S. aureus Newman for a further 0, 7, 14
and 21 days. At each time point, Alamar blue was added to the media for 4 hr, an aliquot was removed and the
fluorescent activity was measured. When normalised to the DNA content, osteoblasts co cultured with S. aureus
Newman WT (red) and pCul (SpA+) (purple) demonstrate a significant increase in metabolic activity post 14 days
compared to the control osteoblasts (blue). Osteoblasts metabolic activity is unaffected in the presence of S. aureus
Newman lacking SpA (green) (B). * P < 0.05, ** P < 0.0001, (n = 3-9).

https://doi.org/10.1371/journal.pone.0198837.9005
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Osteoblasts infected by Staphylococcus aureus result in increased
extracellular alkaline phosphatase activity

As the metabolic activity of the osteoblasts is increased following addition of S. aureus, we next
investigated if this was due to osteogenic differentiation. Early bone formation is commonly
measured using alkaline phosphatase, which is an enzyme found in both the membrane and
cytosolic vesicles of osteoblasts [28]. Our results demonstrate that intracellular alkaline phos-
phatase activity is significantly decreased across all groups in the presence of fixed S. aureus
over 21 days (Fig 6A). In contrast, extracellular alkaline phosphatase is significantly increased
in osteoblasts in the presence of wildtype S. aureus at days 14 and 21. Osteoblasts cultured with
fixed S. aureus strain defective in expression of protein A, failed to significantly affect osteo-
blast extracellular alkaline phosphatase activity compared to the uninfected osteoblasts. In the
presence of fixed S. aureus ASpA strain complimented with the SpA gene (pCU1spa) osteo-
blasts had a significant increase in extracellular alkaline phosphatase activity at days 14 and 21
and was comparable to the increase in alkaline phosphatase in osteoblasts with fixed wildtype
S. aureus (Fig 6B). These results suggest that in the presence of S. aureus, osteoblasts are releas-
ing alkaline phosphatase activity and this is driven by SpA binding to the osteoblast.

Osteoblasts produce more mineral in a 3D environment when infected by
Staphylococcus aureus

Alkaline phosphatase plays a key role in calcification. We next investigated if the increase of
alkaline phosphatase leads to changes in calcification following infection. In the presence of
fixed S. aureus, osteoblasts are producing significantly more calcium at day 14 and 21 com-
pared to the uninfected osteoblasts. Osteoblasts cultured with a fixed S. aureus strain defective
in expression of protein A, failed to significantly affect calcium deposition compared to the
uninfected osteoblasts over the 21 day period. In the presence of fixed S. aureus ASpA strain
complimented with the SpA gene (pCU1spa) osteoblasts had a significant increase in calcium
deposition at days 14 and 21 and was comparable to that of wildtype S. aureus infected osteo-
blasts (Fig 7). These results suggest that osteoblasts are hyper mineralising the osteoblasts pos-
sibly in response to increased alkaline phosphatase release.

Discussion

The traditional method for studying the molecular biology of bacteria bone interactions is
using in vitro infections of osteoblasts or osteoclasts cultured as a two-dimensional (2D)
monolayer of cells. Results presented from these 2D studies have provided critical insight into
the molecular mechanisms that bacteria use to attach to and dysregulate osteoblast/osteoclast
function [15]. While critical for advancing our understanding of the interactions between the
cells, the nature of these experiments eludes the complex environment central to how the oste-
oblasts and osteoclasts develop into healthy bone giving strength and rigidity in the skeletal
system [13]. To address this void, investigators have relied on a variety of animal models of
osteomyelitis. While these animal models provide additional whole body responses to infec-
tion in the bone, there is a growing awareness that bacteria often behave very differently in ani-
mals as non-commensal hosts [29, 30]. This places a direct need for the development of a
physiologically relevant in vitro ex vivo model system that better replicates the environment of
the human body.

To address this we developed a three-dimensional (3D) bone infection model to examine
the processes of S. aureus bone colonisation and infection. Using a well characterised collagen
glycosaminoglycan biomaterial cross-linked with EDAC we co-cultured osteoblasts and S.
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Fig 6. Assessment of osteogenesis in the presence and absence of Staphylococcus aureus. Scaffolds were seeded with
5x 10° MC3T3-E1 for 7days then co cultured with 1 x 10% S. aureus Newman for a further 0, 7, 14 and 21 days. For
intracellular alkaline phosphatase, at each time point, scaffolds were removed from the well, the osteoblasts on the
scaffold were lysed and the lysate was incubated with PnPP. For extracellular alkaline phosphatase, an aliquot was
removed from the well and incubated with PnPP. Osteoblasts cultured in the presence of all S. aureus Newman strains
demonstrate a peak in intracellular alkaline phosphatase at day 14 (A). However overall, there is a reduction in
intracellular alkaline phosphatase activity. Conversely, there is a significant increase in extracellular phosphatase
activity in osteoblasts co cultured with S. aureus Newman WT (red) and pCul (SpA+) (purple) at day 14 compared to
the control osteoblasts (blue). Osteoblasts extracellular alkaline phosphatase activity is unaffected in the presence of S.
aureus lacking SpA (green) (B). * P < 0.05, ** P < 0.0001, (n = 5-15).

https://doi.org/10.1371/journal.pone.0198837.9006
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Fig 7. Assessment of osteoblast mineralisation in the presence and absence of Staphylococcus aureus. Scaffolds
were seeded with 5 x 10° MC3T3-E1 for 7days then co cultured with 1 x 10% S. aureus Newman for a further 0, 7, 14
and 21 days. At each time point, an aliquot of supernatant was removed from the well, incubated overnight at 4°C in
HCL, and the absorbance was then measured. When normalised to the DNA content, osteoblasts co cultured with S.
aureus Newman WT (red) and pCul (SpA+) (purple) demonstrate a significant increase in metabolic activity post 14
days compared to the control osteoblasts (blue). Osteoblast mineral production is unaffected in the presence of S.
aureus Newman lacking SpA (green) (A). * P < 0.05, ** P < 0.0001, (n = 3-7).

https://doi.org/10.1371/journal.pone.0198837.9g007

aureus without any degradation or damage to the porous architecture of the scaffold. Both
osteoblasts and S. aureus successfully migrated into the centre of the scaffold. Binding resulted
in the loss of ability of the osteoblasts to proliferate over a 21 day period however most interest-
ingly; these osteoblasts were more metabolically active than the uninfected osteoblasts. This
increase in metabolic activity in the infected osteoblasts does not appear to be due to osteogen-
esis but rather a significant increase in calcium deposition and mineralisation on the scaffold.
In order to elucidate the molecular mechanism that triggers the signals that result in these
effects we used a strain of S. aureus deficient in expression of SpA, the major cell wall protein
that has previously been shown to bind to osteoblast TNFR1 [10-12]. Critically none of these
effects was seen in a mutant of S. aureus lacking SpA. Complementing the SpA-defective
mutant with a plasmid expressing spa resulted in attachment to osteoblasts, loss of prolifera-
tion, increased metabolic rates and increased mineralisation similar to wildtype effects, sug-
gesting SpA plays a key role in the colonisation and infection of osteoblasts in a 3D model.
However most strikingly our results demonstrate a potential compensatory mechanism
through which osteoblasts attempt to strengthen the bone by hyper-mineralisation as bone
mass is diminished during infection.

Developing a 3D model of osteomyelitis that truly represents the physiological environment
of bone requires careful attention. The use of collagen that forms the basis of a 3D scaffold is
commonly used due to a number of functionally beneficial properties. Collagen scaffolds have
pore microstructures that can simultaneously block cell-mediated contraction at the same
time as supporting cell adhesion, proliferation, and synthesis of a functional extracellular
matrix [22, 27, 31]. Reconstituted collagen has a low stiffness rate and thus fails to hold in a 3D
structure when cultured with host cells including osteoblasts. To address this chemical
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crosslinking can be applied to enhance the chemical properties of collagen and protect it from
enzymatic degradation. Our scaffolds were sterilized and dehydrothermally (DHT) crosslinked
however consistent with previous observations there was significant collagen degradation fol-
lowing osteoblast and bacterial seeding [23, 32]. To provide further strength to the collagen,
the DHT treated scaffold was further chemically crosslinked with EDAC which reduced colla-
gen degradation resulting in improved osteoblast and bacteria migration and attachment.
These conditions were used for all experiments going forward.

Significant advances have been made recently identifying the underlying pathophysiology
of osteomyelitis. Current evidence suggests invading bacteria use a number of cell wall proteins
to interact with host receptors on osteoblasts which lead to the generation of multiple dysregu-
lated signals that result in bone loss and bone destruction [33, 34]. For example, S. aureus
fibronectin binding proteins bind fibronectin and bridges the bacteria to the osteoblast via the
fibronectin binding integrin, 581 [35]. Integrin clustering results in a series of cell signalling
that ultimately leads to internalisation into phagocytic vesicles in the osteoblast. Once internal-
ized, bacteria can escape the phagosome and cause osteonecrosis, causing severe weakening of
the bone [36, 37]. S. aureus SpA can also bind directly to tumour necrosis factor receptor 1
(TNFR1) expressed on osteoblasts which triggers an acute inflammatory response and apopto-
sis which results in bone loss. At the same time there is an upregulation of RANKL, a key
induction molecule involved in osteoclast activation and bone resorption which leads to bone
destruction [38, 39]. Despite the significant bone loss and bone destruction, osteomyelitis
patients have remarkably strong bones. In patient cases of chronic osteomyelitis, bone thicken-
ing and new bone formation reported and is mostly related to the cortical bone and periosteal
lining whereby as a result of chronic infection, new bone is generated to create the involucrum
which provides support to the affected bone [40]. Our results demonstrate a significant
increase in metabolic rate in the infected osteoblasts. Typically a high cellular metabolic rate
indicates the increased need for energy to carry out a specific cellular function often cell
growth and or cell division [41]. Consistent with previous observations, we demonstrate a loss
in ability of osteoblast growth or proliferation following infection, suggesting another process
is being switched on, one that requires significant energy.

Mineralisation requires significant energy as it aims to deposit calcium in the bone in order
to provide additional strength and rigidity in the skeletal system. Using our 3D model we dem-
onstrate a significant increase in mineralisation in the infected osteoblasts compared to the
uninfected osteoblasts. It appears that although there is significant bone loss and bone destruc-
tion during infection, osteoblasts attempt to overcome this weakness by increasing the deposi-
tion of calcium in an attempt to provide strength to the weakening bone. This finding is novel
however is only seen in a 3D environment. Previously we demonstrated that in 2D cell culture
conditions mineralisation was significantly reduced in S. aureus infected osteoblasts, which
highlights the limitations of using 2D cell culture based models to study bone infection [10-
12]. The process of increasing bone strength by increasing calcification and mineralisation
also occurs in osteoporosis. Osteoporosis is the weakening of the bone due to low bone mass
and microarchitectural deterioration of bone tissue with the ultimate result of weakness in the
bone. Standard pharmacological intervention for osteoporosis patients is calcium supplemen-
tation in order to provide increased mineralisation, strength and rigidity in a bone where mass
is significantly reduced [42, 43]. The critical difference between osteoporosis and osteomyelitis
is that it appears in infected bone, osteoblasts are capable of over-compensating the bone loss
by laying down more mineral in order to strengthen the bone, a role driven by SpA binding to
the osteoblast.

In summary, work presented here highlights the critical role of using 3D models to improve
our understanding of the pathophysiological events underlying osteomyelitis. Previously, we
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demonstrated that under 2D cell culture conditions, S. aureus protein A mediates attachment
to osteoblasts. Upon binding there was a loss of proliferation, induction of apoptosis and inhi-
bition of mineralization in the cultured osteoblasts in 2D. The development of collagen-based
scaffolds for tissue regeneration has presented a unique focus for studying a more physiologi-
cally relevant bone infection. Using this model we confirmed that S. aureus SpA is critical for
attachment to osteoblasts however in contrast with results observed in 2D, bacteria attachment
resulted in hypermineralization of the osteoblasts, correlating with increased metabolic activ-
ity, when the bacteria are cultured in a 3D bone matrix. This is a critical observation that has
not been demonstrated previously and aligns with the characteristic signs of osteomyelitis
observed clinically. Using such 3D models will greatly improve our understanding of disease
progression and thus inform our decisions for translating into in vivo models.
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