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Infectious osteomyelitis associated with periprosthetic joint infections is often recalcitrant to treatment and has a high rate of recurrence. In the case of Staphylococcus aureus, the most common pathogen in all forms of osteomyelitis, this may be attributed in part to residual intracellular infection of host cells, yet this is not generally considered in the treatment strategy. Osteocytes represent a unique cell type in this context due to their abundance, their formation of a syncytium throughout the bone that could facilitate bacterial spread and their relative inaccessibility to professional immune cells. As such, there is potential value in studying the host-pathogen interactions in the context of this cell type in a replicable and scalable in vitro model. Here, we examined the utility of the human osteosarcoma cell line SaOS2 differentiated to an osteocyte-like stage (SaOS2-OY) as an intracellular infection model for S. aureus. We demonstrate that S. aureus is capable of generating stable intracellular infections in SaOS2-OY cells but not in undifferentiated, osteoblast-like SaOS2 cells (SaOS2-OB). In SaOS2-OY cells, S. aureus transitioned towards a quasi-dormant small colony variant (SCV) growth phenotype over a 15-day post-infection period. The infected cells exhibited changes in the expression of key immunomodulatory mediators that are consistent with the infection response of primary osteocytes. Thus, SaOS2-OY is an appropriate cell line model that may be predictive of the interactions between S. aureus and human osteocytes, and this will be useful for studying mechanisms of persistence and for testing the efficacy of potential antimicrobial strategies.
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Introduction

Infectious osteomyelitis, also known as deep bone infection, is a serious clinical feature of periprosthetic joint infection (PJI) associated with chronic disease. PJI occurs in around 1-4% of hip and knee arthroplasties, although this incidence is likely underreported (Tande and Patel, 2014; Mitchell et al., 2017). This prevalence is concerning due to the high associated morbidity and mortality, with hip and knee PJI having a 5-year mortality of 21.12% and 21.64%, respectively (Lum et al., 2018; Natsuhara et al., 2019). In addition, the increased cost of treatment places a significant burden on healthcare systems, which will be exacerbated by the increasing demand for joint replacement surgery. Staphylococci are the most common causative pathogens of PJI and infectious osteomyelitis in other clinical scenarios, and Staphylococcus (S.) aureus is the most common organism (Tande and Patel, 2014).

Intracellular S. aureus has been found to be causative of antibiotic-resistant, recurrent infections in various host cell types (Plouin-Gaudon et al., 2006; Zautner et al., 2010). As few as one hundred colony forming units (CFU) of intra-osteoblastic S. aureus was capable of inducing acute bone infections in a rat open fracture model, providing strong evidence for the intracellular niche constituting a reservoir for infection recurrence (Hamza et al., 2013). Our group described the human osteocyte as a potential reservoir for S. aureus during chronic PJI (Yang et al., 2018). In that study, osteocytes were demonstrated to robustly respond to S. aureus, at least at a multiplicity of infection (MOI) of 100, through innate and adaptive immune mediator expression, among a multitude of cellular pathways, using multiple experimental models including human primary osteocyte-like cells, human bone ex vivo cultures and transcriptome analyses of post-surgical human PJI bone specimens. The intra-osteocytic bacteria transitioned to the quasi-dormant small colony variant (SCV) phenotype and importantly for the longevity of these infections, induced minimal cytotoxic effects on the host cell. This scenario has significant implications as a discrete phenomenon that can be modelled to inform assessments of sustained infection.

Quiescent bacterial growth phenotypes are well suited to intracellular persistence as their reduced expression of virulence factors reduces immunogenicity, averting acute inflammatory responses. However, quiescent bacteria remain capable of reverting to an active growth phenotype and thus initiating a new acute infection following intracellular escape (Tuchscherr et al., 2011). As bactericidal antibiotics almost all function through blocking various active biosynthetic processes (e.g. DNA, RNA, protein or cell wall synthesis), by reducing metabolic activity and replication, quasi-dormant bacterial forms are capable of tolerating antibiotic challenge. In addition, host cells can protect resident bacteria from antibiotics through poor membrane penetrance and uptake, antibiotic degradation and efflux, the sequestration of antibiotics and the bacteria into separate subcellular compartments and the induction of a transition towards quasi-dormant growth phenotypes (Vesga et al., 1996; Proctor et al., 2006; Nguyen et al., 2009; Bongers et al., 2019). For example, the low pH of phagolysosomes has been shown to increase S. aureus resistance to some antibiotics that are used clinically to treat these infections - including gentamicin, rifampicin and clindamycin - with this effect mediated through changes to the bacteria or the antibiotic itself (Lam and Mathison, 1983; Baudoux et al., 2007; Thomas et al., 2012). In addition to the reduced efficacy of many treatments, the intracellular niche is inaccessible to the humoral immune response and so any immune response to these bacteria needs to be mediated by the host cell or cell-mediated immunity.

Osteocytes are encased within the bone lacunocanalicular network. This environment limits cell-mediated immune surveillance for osteocytes relative to other cell types. In addition, osteocytes are a long-lived cell population, potentially living for decades in vivo (Prideaux et al., 2016). All of these features arguably make osteocytes the perfect harbour for intracellular, persistent pathogens. It is noteworthy, however, that we have found PJI to be associated with increased osteocyte-mediated bone matrix degradation (Ormsby et al., 2021), which could facilitate the clearance of osteocytes harbouring dormant bacteria by both the destruction of the host cell and the facilitation of access to the cell-mediated immune system, although these possibilities remain to be explored.

To date, a human cell line model of intra-osteocytic infection has not been described. We previously demonstrated that the SaOS2 cell line is capable of differentiating into an osteocyte-like state (Prideaux et al., 2014). In this study, we characterised differentiated osteocyte-like SaOS2 cells, here designated SaOS2-OY, as a human cell line model for intra-osteocytic S. aureus infection.



Materials And Methods


Cell Culture

SaOS2 cells were maintained in growth media consisting of αMEM (Gibco, NY, USA) supplemented with 10% v/v foetal calf serum (FCS), 50 μg/ml ascorbate 2-phosphate and standard tissue culture additives (10 mM HEPES, 2 mM L-Glutamine, penicillin/streptomycin each 1 unit/ml, Thermo-Fisher, VIC, Australia) at 37°C/5% CO2 (Prideaux et al., 2014). To achieve an osteocyte-like phenotype, SaOS2 cells were switched to differentiation media at confluence, consisting of αMEM supplemented with 5% v/v FCS, 50 μg/ml ascorbate 2-phosphate, standard tissue culture additives and 1.8 mM potassium di-hydrogen phosphate (Sigma, St Louis, USA) and then cultured at 37°C/5% CO2 for 28 days (Prideaux et al., 2014). For experimentation, cells were seeded at a density of 2 x104 cells/cm2 and either grown to confluence without differentiation, representing an osteoblast-like (OB) state (here designated SaOS2-OB) or differentiated for 28 days (SaOS2-OY). Based on microscopy and haemocytometry, SaOS2-OB reached a cell density of ~2.5 x104 cells/cm2 at confluence and the cell number increased to ~1 x 105 cells/cm2 for SaOS2-OY after the 28-day differentiation period.



Bacterial Culture and Establishment of Host Cell Infection

All S. aureus strains tested, including the methicillin-resistant (MRSA) strain WCH-SK2 (Bui et al., 2015), clinical osteomyelitis S. aureus strains isolated at the Royal Adelaide Hospital from patients undergoing distal amputation for diabetic foot infection, and RN6390 (Qazi et al., 2004), were grown in nutrient broth (NB), consisting of 5g/l NaCl, 3g/l beef extract and 10g/l peptone (Chem-Supply, SA, Australia), on a 37°C/200rpm rocking platform. The bacterial viable cell concentration for each experiment was estimated from a colony forming unit (CFU)/ml vs OD600nm standard curve, then validated by plating dilutions on NB agar, consisting of NB with 1.5% w/v bacteriological agar (Sigma-Aldrich).

For infections, bacteria were pelleted at 10000 × g for 10 min, then resuspended in sterile PBS to the target density for the various multiplicities of infection (MOI) according to the requirements of the experiment in question. Culture media was removed and the cells were washed twice with PBS before the bacterial suspension or PBS control was added. Bacteria were incubated with host cells at 37°C for 2h, followed by two further washes and incubation at 37°C with 10 µg/ml lysostaphin (AMBI Products LLC, Lawrence, NY, USA) in antibiotic-free media for 2h to eliminate extracellular bacteria. Following the removal of extracellular bacteria, fresh differentiation media with or without antibiotics, depending on the specific experiment, was added to the cells. Culture supernatants were verified to be sterile by agar plating at 24h post-infection. Media were changed every 7 days during the experimental period (Yang et al., 2018).



Fluorescent Confocal Microscopy

Both SaOS2-OB and SaOS2-OY cultures were prepared on glass chamber slides (ibidi GmbH, Martinsried, Germany) and infected with the GFP expressing S. aureus strain RN6390 (Qazi et al., 2004). Prior to imaging, infected cells were stained with Lysoview 540 (Biotium, CA, USA) and SiR-actin (Spirochrome, Switzerland) for 1h at 37°C for the visualisation of lysosomal bodies and cytoskeletal components F-actin, respectively. The invasion of S. aureus into host cells was monitored using an Olympus FV3000 confocal microscope (Olympus, Tokyo, Japan).



Measurements of Host Cell Viability, Intracellular Bacterial Number and Growth Phenotype

SaOS2-OB and SaOS2-OY cultures seeded in 48-well tissue culture plates were infected as described for 24h and processed for the measurement of host cell viability using the lactate dehydrogenase (LDH) enzyme activity assay, as per manufacturer’s instructions (Sigma-Aldrich). For the measurement of intracellular bacterial number and growth phenotype, replicate infected cultures were lysed at various time points post-infection with 0.2% v/v Triton X-100 (Sigma-Aldrich) in water for 20 min at 37°C. Serially diluted cell lysates were plated on NB agar and incubated up to 120h at 37°C in a 5% CO2 humidified incubator. For each time point, CFU were recorded after 24h incubation and at 120h, with the difference between these values, i.e. late appearing CFU, being recorded as ‘slow growth’. A comparison of colony phenotype based on size was recorded at 24h culture for each time point, with the threshold of 1mm to determine ‘large’ or ‘small’ colonies.



Measurement of Host Cell Gene Expressions by RT-PCR

For the quantification of gene expression, total RNA was isolated using Trizol reagent (Life Technologies, NY, USA) and complementary DNA (cDNA) templates were prepared using the iScript RT kit (BioRad, CA, USA), as per manufacturer’s instructions. Real-time RT-PCR reactions were then performed to determine the mRNA levels of target genes using RT2 SYBR Green Fluor qPCR Mastermix (Qiagen, Limburg, Netherlands) on a CFX Connect Real Time PCR System (BioRad). The sequences of the oligonucleotide primer sets targeting each gene are listed in Supplementary Table 1. Gene expression relative to the level of ACTB mRNA was calculated using the 2−ΔCt method.



Transmission Electron Microscopy (TEM)

To visualise infected SaOS2-OY cells by TEM, cells were cultured in 75cm2 cell culture flasks and exposed to S. aureus strain WCH-SK2, at MOI 100. Infected cells were sampled at 2h and 24h post-infection, by immediately placing TEM fixative (1.25% v/v glutaraldehyde, 4% w/v sucrose and 4% w/v paraformaldehyde in PBS) into cultures for 24h at 37°C. Cells were then demineralised by replacing the TEM fixative with 20ml of Osteosoft™ solution (Sigma-Aldrich). Each of the cell layer samples was removed by scraping and further processed for TEM imaging, as previously described (Yang et al., 2018).




Results


Osteogenic Differentiation Confers Enhanced Suppression of Intracellular Infection

In order to determine if the osteocyte-like state affected the host-pathogen interaction, initial experiments were performed to compare SaOS2 in either an undifferentiated, osteoblast-like (SaOS2-OB) or osteocyte-like (SaOS2-OY) differentiation state. In SaOS2-OB, intracellular bacteria were commonly observed in clusters after 24h, consistent with intracellular replication (Figures 1B–D). Bacteria within SaOS2-OY (Figures 1F–H) were not seen in clusters across the same time frame. Occasional bacteria in SaOS2-OY cells appeared of abnormal size (e.g. Figure 1H), perhaps representing cells undergoing abnormal fission and transitioning to an SCV phenotype (Yang et al., 2018). Interestingly, bacteria were rarely observed interacting with lysosomal bodies, especially in SaOS2-OY cells. Additionally, SaOS2-OB cells demonstrated an elevated number of lysosomal bodies, evident both at 2h following exposure to bacteria (Figures 1A, E) and within uninfected controls (Supplemental Figure 1).




Figure 1 | Infection dynamics in SaOS2-OB and SaOS2-OY cells. (A–H) Fluorescent confocal images taken from live samples with the GFP-expressing S. aureus strain RN6390 (green), Lysoview 540 which stains lysosomal bodies (red) and SiR-actin which stains F-actin (blue). Images were taken 2h following inoculation in SaOS2-OB (A) and SaOS2-OY (E), as well as after 24h in SaOS2-OB (B) and SaOS2-OY (F). Higher magnification images of intracellular bacteria represented by white squares in (B, F) are shown in (C, D, G, H), respectively. (I) the % cytotoxicity of 24h of WCH-SK2 infection of either SaOS2-OB or SaOS2-OY was measured using an LDH assay at an MOI of 1. (J) Intracellular infection dynamics were determined using CFU counts recovered from either SaOS2-OB or SaOS2-OY cell lysates infected with WCH-SK2 (MOI of 1). The cells were cultured within antibiotic-free media following 2h of lysostaphin treatment immediately post-infection to kill bacteria that failed to invade into the intracellular niche. Data shown are means of biological triplicates ± standard error of the mean. Significant differences between cell types are indicated by *p < 0.05 and **p < 0.01, respectively. Significant change as a function of time is indicated by #p < 0.05.



SaOS2-OB were more susceptible to cytotoxicity than SaOS2-OY in response to 24h of infection (Figure 1I). Following exposure of the two cell types to S. aureus at a similar low MOI of approximately 1, SaOS2-OY took up significantly fewer of the inoculating bacteria (6.5% v. 67.8% for SaOS2-OY and SaOS2-OB, respectively, p < 0.01) (Figure 1J). The culturable bacteria within SaOS2-OB replicated more readily and between 1 and 4 days post-infection (DPI) escaped into the media. SaOS2-OY across this same time period suppressed the replication of culturable bacteria resulting in a downward trend in CFU/well over time with no bacteria culturable within the media at 4 DPI.



Intracellular Persistence of S. aureus Within SaOS2-OY

As it was apparent that osteogenic differentiation modified the host-bacteria interaction, we sought to characterise the infection dynamics. Following a 2h exposure of SaOS2-OY to WCH-SK2, bacteria were observed co-localised with the plasma membrane and undergoing internalisation (Figures 2A, B). Intact intracellular bacteria were observed after 24h within structures consistent with those commonly reported as autophagosomes or phagosomes, i.e. vacuoles containing a large electron lucent gap surrounding the entrapped bacteria (Figure 2F). Bacterial cells were also observed either free within the cytoplasm or within less well-defined vacuoles with either intact (Figure 2C), semi-compromised (Figure 2D) or fully compromised (Figure 2E) cell walls. Additionally, cells undergoing abnormal division evidenced by small electron lucent puncta at the division plane and/or asymmetrical division were also observed (Figures 2A, F), consistent with reports of cell stress and SCV generation (Li et al., 2011; Onyango et al., 2012; Loss et al., 2019).




Figure 2 | Characterisation of the intracellular infection of SaOS2-OY. (A–F) Transmission electron microscopy images of SaOS2-OY either following 2h (A, B) or 24h (C–F) of exposure to WCH-SK2. (G) Representative images of colonies grown after 24h of plate incubation from the infection presented in (H). (H) Infection dynamics of WCH-SK2 within the lysate of SaOS2-OY cultured within lysostaphin enriched media. Data shown are means ± 95% confidence intervals. (I) Distribution of colony morphology classifications across the duration of the infection presented in H. (J) Bacterial burden measured after 24h of intracellular infection with a range of S. aureus clinical osteomyelitis isolates, all assayed at a confirmed MOI of 0.5. DPI, Days post-infection; CFU, Colony forming units.



Following infection of SaOS2-OY cells with WCH-SK2, host cell lysates were cultured on nutrient agar plates at multiple time points over a 15d period (Figures 2G, H). The total CFU number decreased with time (Figure 2H), and the colony morphology transitioned from a ‘large’ growth phenotype (defined here as >1 mm in colony diameter after 24h of plate incubation) to predominantly ‘small’ colonies (defined here as <1 mm in colony diameter after 24h of plate incubation) (Figures 2G, I). Additionally at both 7 and 15 DPI a proportion of ‘slow growth’ colonies arose.

Exposure of this cell model to a range of clinical osteomyelitis isolates of S. aureus resulted in the consistent establishment of intracellular infections that were culturable at 1 DPI, albeit with differing intracellular yields (Figure 2J).



SaOS2-OY Displays a Proinflammatory Response to WCH-SK2 Infection

We next characterised the impact of intracellular infection on host gene expression. Based on our findings with human primary osteocyte-like cells (Yang et al., 2018; Ormsby et al., 2021), we selected a panel of genes representing the innate immune response and bone remodeling or degradation markers, and measured their expression change relative to uninfected cells as a function of MOI and time post-infection.

CCL5 was up-regulated by infection at 7 DPI although only at the highest MOI. This response returned to basal levels by 15 DPI (Figure 3A). CXCL6 was only upregulated at 15 DPI and in response to the highest MOI (Figure 3B). CXCL9 maintained a strong response to the highest MOI across both time points (Figure 3C). CXCL10 expression displayed a clear dose-dependent effect throughout the 15d period, with a significant and proportionally lower response at MOI 30 compared to MOI 300, although with decreased magnitude at the later time point (Figure 3D). It is noteworthy that none of the immune-modulatory genes tested showed a significant increase of expression at the low MOI of 3, and indeed trended downwards, suggesting that very low level infections might not trigger innate immune responses in osteocytes rendering them sub-clinical.




Figure 3 | SaOS2-OY gene expression modulation in response to a logarithmic dose range of WCH-SK2 infection over time. Gene expression was normalised to that of the housekeeping gene ACTB. Genes tested were either immunomodulatory (A–D), osteocytic markers and mediators of bone turnover (E, F) or extracellular matrix effectors (G–J). Data shown are means of biological triplicates each measured in duplicate ± standard error of the mean. Significant changes of the treatment group against the uninfected control within the same time point is indicated by *,**,*** signifying p < 0.05, 0.01, and 0.001, respectively, in an ANOVA multiple comparison test. Significant changes for the same MOI at different time points is indicated by #,##, ### signifying p < 0.05, 0.01, and 0.001, respectively. MOI, multiplicity of infection; DPI, days post-infection.



In addition to testing immunomodulatory genes, we examined the expression of osteocyte marker genes. SOST, encoding sclerostin– an antagonist of the osteogenic canonical Wnt pathway (Schaffler et al., 2014; Prideaux et al., 2016) and a potent regulator of bone remodelling via effects on the osteocyte (Atkins et al., 2011; Wijenayaka et al., 2011), was upregulated at 7 DPI at the lowest MOI tested, which returned to baseline levels at higher MOIs and finally, by 15 DPI there was a significant and dose-dependent decrease in SOST expression (Figure 3E). RANKL, whose expression primarily by osteocytes drives osteoclastic differentiation in adult bone (Xiong and O'Brien, 2012), was upregulated in response to the highest MOI tested at 15 DPI (Figure 3F).

In addition to the role of osteocytes as orchestrators of bone resorption by osteoclasts, contributing to the bone destruction associated with osteomyelitis (Hofstee et al., 2020), they are also involved directly in the modification of their extracellular matrix (Tsourdi et al., 2018). Our recent findings show that PJI is associated with loss of intact type I collagen in the bone matrix, contributed to by osteocytes (Ormsby et al., 2021). As such, we tested genes involved in the degradation or deposition of bone extracellular matrix, namely MMP1, MMP13 and CTSK or COL1A1, respectively. MMP1 and MMP13, whose activated protein products are capable of degrading type I collagen, demonstrated significant up-regulation of expression in response to the highest MOI at 7 DPI (Figures 3G, H), consistent with our recent findings in PJI bone, experimentally infected human bone and primary osteocyte-like cells (Ormsby et al., 2021). MMP1 expression remained elevated at 15 DPI, whilst the MMP13 response decreased over the duration of the infection CTSK, which encodes a major collagenase associated most commonly with osteoclastic bone resorption but also with osteocytic osteolysis, was significantly upregulated by infection at both DPIs tested and whilst the effect was only present in the highest MOI tested at 7 DPI, the up-regulation became uniform across all MOI at 15 DPI (Figure 3I). In concert with the elevated levels of collagenases in response to infection, COL1A1, which encodes the major fibril of type I collagen, was significantly down-regulated across the course of the infection (Figure 3J).



Effect of Clinically-Relevant Antibiotics on Intracellular S. aureus Killing

We next sought to use the intracellular infection model to test the ability of clinically utilised antibiotics to clear intracellular S. aureus. Infected SaOS2-OY were treated with the minimum bactericidal concentration (MBC) of each antibiotic required to achieve complete killing of the planktonic growth phenotype. Treatment of infected cells with rifampicin was found to cause an over 95% reduction in culturable intracellular bacterial burden at both 24h and 72h, in comparison to the antibiotic-free media controls (Figures 4). Conversely, gentamicin had no effect on intracellular bacterial burden at either time point. In all tested cultured wells, we did not find any bacterial out-growth into media, indicating that the bactericidal effects were confined to intracellular bacteria.




Figure 4 | Treatment of SaOS2-OY infected with an MOI of 1 WCH-SK2 with clinically utilised antibiotics. The antibiotic concentrations used were the minimum bactericidal concentration for planktonic growth of this strain, namely 450µg/ml and 0.75µg/ml for gentamicin and rifampicin, respectively. CFU were quantified after 24 and 72 hours of infection from either the lysate to determine bacterial burden or the supernatant to detect potential antibiotic resistance and escape from the intracellular niche. The negative control group was treated with lysostaphin for 2 hours post-infection to clear extracellular bacteria followed by culture in antibiotic free media. Data shown are means of quadruplicate wells ± SD. Significant difference between treatments is indicated by ##p < 0.01 and ###p < 0.001. Significant difference between time points is indicated by *p < 0.05.






Discussion

The examination of intracellular infection dynamics between SaOS2 before and after differentiation into an osteocyte-like stage strongly supports the biological relevance of this cell line as a model of osteocyte infection. Consistent with our previous work with primary osteoblasts and osteocytes, SaOS2-OY were more capable of both resisting and suppressing infection. Within undifferentiated SaOS2-OB, we observed clusters of apparently replicating bacteria and the escape of bacteria from the intracellular niche, which was likely facilitated in part through the greater cytotoxic response seen in this cell type. This result was consistent with similar work using SaOS2 by Dusane et al., who found that removal of antibiotic pressure resulted in the proliferation and escape of intracellular S. aureus (Dusane et al., 2018). In contrast, bacteria within SaOS2-OY did not appear to replicate. A blockade of replication is consistent with the decrease in culturable bacteria over time observed in cell lysates. Bacteria in either host cell type but particularly in SaOS2-OY cells were not co-localised with lysosomes (Figures 1 and 2), indicating either inhibition of co-localisation, consistent with previous reports of S. aureus blocking autophagosome-lysosome fusion (Schnaith et al., 2007), or that successful lysosomal fusion results in rapid clearance, the latter possibility being supported by the decline in culturable bacteria with time and the observation of bacteria being degraded within SaOS2-OY by TEM. The evidently greater number of lysosomes in SaOS2-OB (Supplementary Figure S1) is consistent with their less differentiated state (Prideaux et al., 2014), although this did not appear to assist with suppression of bacterial load. Escape from the intracellular niche was not observed in infected SaOS2-OY cells, unlike the corresponding SaOS2-OB cultures, consistent with the lower cytotoxic effect of infection on osteocytes (Carli et al., 2018). A range of clinical osteomyelitis S. aureus isolates were found to cause intracellular infection within SaOS2-OY, although there was a large variation in recovered CFU between these isolates (Figure 2J). While we have not explored this further, it is likely attributable to variations in the genetic profiles of the isolates and therefore differences in their ability to be internalised, virulence factor expression, and the relative ability to persist within the host cell environment, for example their relative capability of switching to quasi-dormant lifestyles, such as SCV.

The observed differences in invasiveness and intracellular bacterial dynamics between the osteoblast and osteocyte-like differentiation states can be conceptualised in terms of the respective physiologic niches occupied by these two cell types in bone. As osteoblasts are located on the bone surface they would be more likely to be exposed to greater numbers of bacteria during an infection and as they are a less differentiated cell type with greater proliferative potential, they are less of a metabolic burden to replace following cell death. Localisation at the bone surface also increases the accessibility of immune cells. As such, it is conceivably advantageous to the host for infected osteoblasts to preferentially die rather than risk establishment of a long-lived intracellular bacterial niche. Indeed, it has been reported that undifferentiated SaOS2 cells readily die following intracellular infection (Mohamed et al., 2014). In contrast, bone-encased osteocytes represent a significant metabolic burden to replace via bone remodelling and are relatively inaccessible to immune cells (Jilka et al., 2013). Thus, if the host osteocyte dies in response to infection, it is more likely to result in the establishment of an inaccessible biofilm deep within the lacunocanalicular network than beneficial presentation to local professional phagocytic cells, as has been observed in vivo (de Mesy Bentley et al., 2017). Long-term dormancy within osteocytes is also more favourable for the pathogen than within osteoblasts, due to the long lifespan of osteocytes and their physical separation from the cell-mediated immune system that functions to detect and eliminate such infections and as such there is the potential for an evolutionary imperative for osteocytes to be better equipped to resist intracellular infection than other bone cell types.

TEM analysis of infected SaOS2-OY revealed evidence for at least some degree of bacterial clearance. Bacteria undergoing degradation were observed to be contained within structures consistent with late autophagolysosomes (Yuan et al., 2012; Hosseini et al., 2014). Large electron lucent gaps surrounding intracellular bacteria were also observed, which are commonly reported to be the structure of phagosomes/autophagosomes prior to lysosomal fusion (Schnaith et al., 2007; Neumann et al., 2016). The observation of bacteria binding to and the invagination of the host cell membrane indicates the existence of the canonical phagocytic pathway of entry into this cell line (Josse et al., 2017). In addition, we observed intact bacteria free within the cytoplasm, indicating the capacity of S. aureus to escape from the degradative pathway in osteocytes, consistent with our observations of a lack of co-localisation with lysosomes, perhaps as a prelude to persistence (Moldovan and Fraunholz, 2019).

Analysis of the infection dynamics within SaOS2-OY showed that when S. aureus is contained within the intracellular niche, there is a logarithmic decline in culturable bacteria over time, in addition to a transition to a SCV growth phenotype, consistent with our observations in human primary osteocytes (Yang et al., 2018). Time-related enrichment of a quasi-dormant SCV phenotype is consistent with a pathogenic mechanism to adopt a low metabolic and low virulence state that favours long-term intracellular survival. This may decrease the likelihood that the host cell will mount an effective innate immune response to clear the infection or be triggered to undergo apoptosis, both of which would counter this niche of persistence (Ou et al., 2016).

The induction of an SCV growth phenotype was associated with a lower magnitude induction of proinflammatory gene expression. There was reduced expression with time for the majority of the inflammatory chemokines tested. CCL5 expression most notably was completely abrogated as the infection transitioned into a quasi-dormant state. For example, CXCL10 expression in response to the highest MOI tested dropped from 307-fold to 45-fold higher than uninfected cells over the experimental time course. This decline would presumably reduce the ability of the infected osteocyte to initiate a sustained immunogenic phenotype, as CXCL10 functions through its receptor CXCR3, which is predominantly expressed by activated T cells, in addition to a high proportion of circulating B, T and natural killer cells (Qin et al., 1998). Additionally, the elevated expression of CXCL10 could play a role in the bone resorption phenotype typical of PJI by promoting osteoclastogenesis (Kwak et al., 2008). CXCL9 is also part of the CXCR3 family of chemokines and shares functional overlap with CXCL10. Whilst the expression of both genes was found to be significantly induced by WCH-SK2 infection, the magnitude of modulation and dose-dependency was notably different. This is consistent with observations in other cell types, where CXCL9 was predominantly expressed by the immune infiltrate and not the local tissue at the site of inflammation (Flier et al., 2001). CXCL6 was upregulated in response to infection only at the 15 DPI time point, consistent with its role in chronic inflammation (Gijsbers et al., 2004).

The expression changes of the bone matrix modifying factors tested were consistent with osteomyelitic osteolysis. All three collagenases (MMP1, MMP13 and CTSK) tested demonstrated increased expression in response to infection. Similarly, a reduction in COL1A1 expression was seen, together suggesting both a reduction in matrix formation and increased osteocyte-mediated matrix degradation, consistent with our recent observations in PJI patient bone, ex vivo human bone and primary osteocyte models of infection (Ormsby et al., 2021). This transition to a catabolic state is also supported by the increased expression of RANKL within late and high dose infections, which would confer an increased rate of osteoclast differentiation at the bone surface.

Finally, the intracellular niche of persistence is associated with antimicrobial resistance (Proctor et al., 2006; Nguyen et al., 2009), as discussed above. As a proof-of-concept, we confirmed the relative resistance of intra-osteocytic S. aureus to the clinically utilised antibiotics rifampicin and gentamicin at their respective MBCs for the infective MRSA strain in the planktonic growth state. Whilst rifampicin, which can passively diffuse across the plasma membrane, did cause a significant reduction in recoverable intracellular CFU, an appreciable number of culturable bacteria remained (Figure 4). As expected, gentamicin, which is not cell membrane permeable, did not cause a reduction in recoverable CFU. These findings serve to illustrate the point that new antimicrobial strategies need to be designed for the clearance of chronic osteomyelitis where the potential for intracellular infection exists.

In summary, SaOS2-OY cells are a useful and biologically relevant human osteocyte-like cell line model, with which to explore mechanisms of S. aureus intracellular persistence in the context of infectious osteomyelitis. This model offers ease of availability over primary cell models and intra-assay consistency independent from human donor variation. As a human cell line, the model may also provide findings of closer immediate clinical relevance than the extant non-human in vitro models. Further, it may prove suitable for high throughput applications, such as screening candidate antimicrobial treatments against intracellular infections.
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Adenosine synthase A (AdsA) is a key virulence factor of Staphylococcus aureus, a dangerous microbe that causes fatal diseases in humans. Together with staphylococcal nuclease, AdsA generates deoxyadenosine (dAdo) from neutrophil extracellular DNA traps thereby igniting caspase-3-dependent cell death in host immune cells that aim at penetrating infectious foci. Powered by a multi-technological approach, we here illustrate that the enzymatic activity of AdsA in abscess-mimicking microenvironments is not restricted to the biogenesis of dAdo but rather comprises excessive biosynthesis of deoxyguanosine (dGuo), a cytotoxic deoxyribonucleoside generated by S. aureus to eradicate macrophages of human and animal origin. Based on a genome-wide CRISPR-Cas9 knock-out screen, we further demonstrate that dGuo-induced cytotoxicity in phagocytes involves targeting of the mammalian purine salvage pathway-apoptosis axis, a signaling cascade that is concomitantly stimulated by staphylococcal dAdo. Strikingly, synchronous targeting of this route by AdsA-derived dGuo and dAdo boosts macrophage cell death, indicating that S. aureus multiplexes death-effector deoxyribonucleosides to maximize intra-host survival. Overall, these data provide unique insights into the cunning lifestyle of a deadly pathogen and may help to design therapeutic intervention strategies to combat multidrug-resistant staphylococci.
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Introduction

Staphylococcus aureus is a dangerous pathogen that persistently colonizes large segments of the human population (1, 2). S. aureus resides within the anterior nares of humans but also colonizes the skin surfaces, axillae, the gastrointestinal tract, and the inguinal region (2–5). While nasopharyngeal carriage of S. aureus is not harmful per se, colonized individuals, children and the elderly, or hospitalized patients with major surgery, hemodialysis, endotracheal intubation, diabetes, or immunosuppressive therapies are at elevated risk to acquire invasive disease (2, 6–8). Nonetheless, most staphylococcal infections occur in immunocompetent or otherwise healthy individuals (6, 7). Staphylococcal disease includes skin and soft tissue infections, bacteremia, sepsis, septic arthritis, and osteomyelitis (1, 6, 9). Moreover, S. aureus is a frequent cause of abscesses, endocarditis, ventilator-associated pneumonia, toxic-shock syndrome, or surgical wound infections (1, 6, 9). Successful treatment of these infections remains challenging and often requires administration of last-resort antibiotics as the large-scale usage of antimicrobial agents has selected for methicillin-resistant S. aureus (MRSA) and other multidrug-resistant clones (6, 9, 10). In addition, staphylococci frequently exchange new resistance and virulence genes by horizontal gene transfer events resulting in the emergence of new hyper-virulent variants such as community-acquired MRSA (CA-MRSA), a major cause of fulminant infections with poor or lethal clinical outcomes (6, 10, 11). Combined with the pathogen’s ability to trigger recurrent and chronic infections, hospital- and community-acquired infections caused by MRSA are still associated with high morbidity and mortality rates in many countries (9, 12, 13).

Staphylococcal invasion and proliferation in host tissues is accompanied by a massive release of bacterial products (i.e. peptidoglycan, formyl-peptides, and lipoproteins) and the secretion of cytolytic toxins that together trigger immune signaling and host cell death (14–17). Concurrently, damaged host tissues produce cytokines and chemo-attractants in response to staphylococci, or release otherwise-sequestered intracellular molecules such as nucleosomes or mitochondrially synthesized N-formylated peptides known to potentiate inflammation (18–21). These danger signals primarily attract neutrophils to infectious foci, providing the pathophysiological basis for the development of pyogenic abscesses, a major hallmark of staphylococcal disease (18, 19, 22). Such lesions consist of replicating staphylococcal abscess communities surrounded by broad layers of infiltrating innate immune cells of the mammalian host (22–24). Further, abscess architecture involves the formation of pathogen-immobilizing neutrophil extracellular DNA traps (NETs) as well as the deposition of structural fibrin capsules that shield healthy tissues from the disseminating pathogen (19, 22, 23, 25). However, macrophages and other phagocytes capable of eliminating staphylococci are excluded from the deeper cavity of these lesion, raising the possibility that selective maneuvers of the invading microbe are at play (26–28). In fact, emerging literature suggests that two synergistically acting enzymes of staphylococci, secreted nuclease (Nuc) and the cell surface-attached 5’-3’-nucleotidase adenosine synthase A (AdsA), impede abscess entry of macrophages thereby exacerbating pathology scores and disease outcomes in mouse models of infectious disease (26, 27). Specifically, Nuc-mediated disruption of NETs provokes the formation of deoxyadenosine monophosphate (dAMP) which is subsequently converted by AdsA into deoxyadenosine (dAdo), a potent deoxyribonucleoside that exquisitely kills macrophages during abscess formation by targeting the mammalian purine salvage pathway (26, 29). Following this strategy, S. aureus induces caspase-3-dependent cell death of phagocytes that aim at penetrating the deeper cavity of abscesses (26, 27). Consistent with this model, mice lacking caspase-3 expression in hematopoietic cells, including macrophages and dendritic cells, displayed increased resistance to S. aureus as loss of caspase-3 rendered host phagocytes resistant to staphylococcal dAdo and led to the accumulation of macrophages along with accelerated clearance of staphylococci in deep-seated abscesses, thereby underscoring the paradigm of dAdo-driven immune evasion (27). Nonetheless, deep histological profiling of abscess thin-sections not only uncovered the infiltration behavior and spatial location of specific innate immune cells within these lesions in response to staphylococcal stimuli, but also populations of necrotic immune cells that certainly release large quantities of DNA material into the abscess cavity (23, 28). Thus, staphylococcal infectious foci represent complex multicellular assemblies and particularly DNA-rich microenvironments where Nuc-mediated fragmentation of DNA strands expelled from toxin-damaged or netting immune cells may release auxiliary substrates for AdsA, ultimately questioning the biochemical repertoire of AdsA at the abscess-microbe interface.

Here, we used a multi-facetted approach to investigate the enzymatic properties of AdsA in a DNA-rich microenvironment that aims at simulating staphylococcal abscesses. We show that the activity of AdsA is not limited to the formation of dAdo, but rather involves excessive biogenesis of deoxyguanosine (dGuo). Of note, dGuo exhibits cytotoxic properties and is generated by S. aureus to eliminate host phagocytes by targeting the mammalian purine-salvage pathway-apoptosis axis. As this cell death signaling cascade is co-stimulated by staphylococcal dAdo, we further reveal that simultaneous targeting of this pathway potentiates killing of macrophages. These results suggest that a coordinated biogenesis of purine deoxyribonucleosides by AdsA may tune staphylococcal survival within infectious foci and hostile host environments.



Material and Methods


Bacterial Strains

All bacterial strains used in this study are listed in Table 1. Bacteria were grown in lysogeny broth (LB) or tryptic soy broth (TSB) at permissive temperatures. Media were supplemented with appropriate antibiotics (ampicillin 100 µg/ml; chloramphenicol 10 µg/ml).


Table 1 | Bacterial strains and cell lines used in this study.





Cell Culture

HEK293FT cells were obtained from Thermo Fisher and grown in DMEM medium (Gibco) supplemented 10% fetal bovine serum, 0.1 mM MEM non-essential amino acids, 6 mM L-glutamine, 1 mM sodium pyruvate, and 500 µg/ml Geneticin according to the manufacturer’s instructions. U937 cells were purchased from American Type Culture Collection (ATCC) and grown in Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco) supplemented with 10% heat-inactivated fetal bovine serum (hi-FBS) according to the manufacturer’s instructions. RPMI 1640 medium containing 10% hi-FBS was further used to cultivate HL-60 cells. HL-60 cells were differentiated into neutrophil-like cells in the same medium supplemented with 1.2% dimethyl sulfoxide (DMSO) for 3 days. RAW264.7 cells were obtained from ATCC and grown in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% hi-FBS according to the manufacturer’s instructions. Cells were grown at 37°C under 5% CO2. All mammalian cell lines used in this study are listed in Table 1.



Molecular Genetics

S. aureus adsA was deleted by using pBASE6 and a published protocol (33). Briefly, the adsA gene flanking regions were amplified via PCR from S. aureus Newman genomic DNA and combined via overlap PCR using the primers listed in Table 2. The purified PCR product was cloned into linearized pBASE6 plasmid at the BglII and SacI restriction sites resulting in pBASE6-adsA. This plasmid was isolated from Escherichia coli DC10B cells (30) and transferred to S. aureus Newman via electroporation as described elsewhere (34). pBASE6-adsA was integrated into the genome at a permissive temperature of 43°C and in the presence of 10 µg/ml chloramphenicol. Following integration, a counterselection step was performed at 30°C using anhydrotetracycline (0.2 µg/ml). Resulting clones were streaked onto tryptic soy agar (TSA) plates with or without chloramphenicol (10 µg/ml) and screened for plasmid loss. Chloramphenicol-sensitive colonies were screened via PCR and Sanger sequencing to confirm gene deletion. For complementation studies, the coding sequence of the S. aureus adsA gene including its native promoter was amplified via PCR from S. aureus Newman genomic DNA, purified, and cloned into the previously described shuttle plasmid pRB473 at the SacI/EcoRI restriction sites (35). Primers are listed in Table 2. The resulting complementation plasmid pRB473-adsA was transferred to the S. aureus Newman adsA knock-out strain via electroporation as described before (34). Construction of the pGEX-2T plasmid required for expression of S. aureus AdsA in E. coli BL21 is described elsewhere (31).


Table 2 | Oligonucleotides used to generate knock-out and complementation plasmids.





Isolation of Primary Cells

Human primary polymorphonuclear cells (PMNs or neutrophils) were isolated by a standard density gradient separation method as previously described (36). Peripheral blood mononuclear cells (PBMCs) were isolated from heparinized blood by density gradient centrifugation on Ficoll-Paque (PAN Biotech) according to standard laboratory protocols. Human primary monocytes were isolated from PBMCs by using magnetic nanobeads and the MojoSort™ Human CD14 Selection Kit (BioLegend) according to the manufacturer’s instructions. Following isolation, purified primary CD14+ monocytes were resuspended in RPMI 1640 medium supplemented with 10% hi-FBS and 1% penicillin‐streptomycin for cytotoxicity experiments or subsequently differentiated into human monocyte-derived macrophages (hMDM) in the same medium supplemented with 50 ng/ml of human macrophage colony stimulating factor (hM-CSF; Sigma). hMDM were used at day 7 post differentiation for cytotoxicity experiments. Murine bone marrow-derived macrophages (BMDM) were isolated as described earlier, with minor modifications (27). In brief, female C57BL/6 mice were purchased from Janvier Laboratories and kept under specific pathogen-free conditions in our central mouse facility (TWINCORE, Center for Experimental and Clinical Infection Research, Hannover, Germany). Mice were killed and the femur and tibia were removed according to standard laboratory protocols. Subsequently, bones were sterilized with 70% ethanol, and washed with sterile phosphate-buffered saline (PBS). Next, the ends of the bones were removed to flush out the bone marrow with RPMI 1640 containing 10% hi-FBS and 1% penicillin-streptomycin. The bone marrow was carefully resuspended and passed through a nylon cell strainer (BD; 40 μm) to remove unwanted tissue and cellular debris. The resulting cell suspension was centrifuged for 10 min at 200 x g and 4°C. Following centrifugation, the cell pellet was resuspended in red blood cell (RBC) lysis buffer (Roche) and incubated for 5 min at RT to lyse RBC according to the manufacturer’s instructions. Next, the cell suspension was centrifuged (10 min, 4°C, 200 × g) to obtain a RBC-free cell pellet which was resuspended in BMDM medium (RPMI 1640 containing 10% hi-FBS, 1% penicillin-streptomycin, and 50 ng/ml of mouse macrophage colony-stimulating factor (Genscript)). Cells were then seeded into tissue culture treated dishes to deplete bone marrow cells from fibroblasts. At day 1 post extraction, suspension bone marrow cells were collected via centrifugation (10 min, 4°C, 200 × g). Finally, cells were enumerated by using a hemocytometer, adjusted to 6.0 x 105 cells/ml in BMDM medium, and re-seeded into bacteriological dishes. At day 4 post extraction, cells were incubated with an additional 10 ml of BMDM medium. BMDM were used at days 7 post extraction.



Protein Purification

A recombinant and glutathione S-transferase (GST)-tagged variant of S. aureus AdsA (rAdsA) was expressed in E. coli BL21 using the pGEX-2T plasmid (GE Healthcare). Proteins were purified as described elsewhere using glutathione S-transferase affinity chromatography (31). The N-terminal GST tag was removed via thrombin cleavage. Thrombin was removed from the protein sample by using benzamidine sepharose beads according to the manufacturer’s instructions (GE Healthcare). Purified rAdsA was analyzed by Coomassie-stained SDS-PAGE according to standard laboratory protocols.



Chromatography Methods

Formation of dGuo was analyzed using a thin-layer chromatography (TLC) protocol described elsewhere (37). Briefly, dGMP (final conc. 1.19 mM) was mixed with rAdsA (2.5 µg/µl) and incubated in reaction buffer (30 mM Tris-HCl, pH 7.5; 1.5 mM MgCl2; 1.5 mM MnCl2) for 16 h at 37°C. Controls lacked dGMP or rAdsA. Following incubation, reaction products along with standards were directly applied to TLC sheets (SIL G, Macherey-Nagel) which were developed in the ascending direction at room temperature by using a water/isopropanol/ammonium bicarbonate mixture (25%:75%:0.2 M). The migratory positions of dGuo and dGMP were identified with pure dGuo and dGMP standards (Sigma) that were visualized under UV light at 254 nm. rAdsA-derived dGuo was further analyzed and quantified by LC-MS/MS analytics as described before (38). Briefly, rAdsA (1.4 µg/µl) was incubated with dGMP at 37°C in reaction buffer as described above. Controls lacked dGMP or rAdsA. Following incubation, all reactions were terminated by using EDTA (final conc. 50 mM). Next, reversed phase chromatographic separation was performed using a Shimadzu HPLC-system (Shimadzu, Duisburg, Germany) consisting of two HPLC-Pumps (LC-30AD), a temperature controlled autosampler (SIL-30AC), a degasser (DGU-20A5), an oven (CTO-20AC), and a control unit (CBM-20A). A Hypercarb (30 x 4.6 mm; 5 µm; Thermo Scientific, Waltham, Massachusetts, USA) connected to a C18 security guard (Phenomenex, Aschaffenburg, Germany) along with a 0.5 µm column saver were used. The column was maintained at 50°C. Solvent A was 10 mM ammonium acetate (pH 10; adjusted with 25% NH3). Solvent B was acetonitrile. For analyte separation, a gradient was applied: 0 to 8 min, 4 to 60% B; 8 to 12 min 4% B. The flow rate was kept at 600 µL/min. Analysis of target substances was carried out by a tandem mass spectrometer (5500QTRAP; Sciex, Framingham, Massachusetts) equipped with an electrospray ionization source (ESI), operating in positive ionization mode and using an ion spray voltage of 4500 V. Further ESI parameters were: curtain gas (CUR): 30 psi, collision gas (CAD): 9, temperature: 600°C, gas 1: 60 psi and gas 2: 75 psi, respectively. For selected-reaction monitoring (SRM), the following mass transitions were used: dGMP: m/z 348→ 152 (quantifier), m/z 348 → 135 (identifier) and dGuo: m/z 268 → 152 (quantifier), m/z 268 → 135 (identifier). The following mass transitions were used for the internal standards: tenofovir: m/z 288 → 176. Control of LC and the mass spectrometer as well as data sampling was performed by Analyst software (version 1.7, Sciex). For quantification, calibration curves were created by plotting peak area ratios of the target analyte, and the internal standard versus the nominal concentration of the calibrators. The calibration curve was calculated using quadratic regression and 1/x weighing.



Biochemical Assays

AdsA-mediated production of deoxyribonucleosides in DNA-rich microenvironments was determined as described elsewhere with minor modifications (26). In brief, nuclease-derived thymus DNA digests were treated with rAdsA (2.9 µg/µl) in reaction buffer (190.3 mM Tris, pH 7.4; 1.77 mM MgCl2; 1.77 mM CaCl2; 0.64 mM MnCl2) for 16 h at 37°C. Controls lacked rAdsA or DNA. All reaction products were analyzed via TLC as described above. To analyze S. aureus-mediated hydrolysis of dGMP, the S. aureus Newman strain panel was grown in TSB to the early log phase and washed twice in reaction buffer (30 mM Tris-HCl, pH 7.4; 2.0 mM MnCl2; 2.0 mM MgCl2). Each bacterial strain (1.0 × 107 CFU) was then incubated with dGMP (final conc. 5 mM) in reaction buffer for 90 min at 37°C. Controls included reaction buffer only or lacked bacteria or dGMP. Next, samples were centrifuged for 10 min at 16,000 x g. Hydrolysis of dGMP and the associated release of inorganic phosphate in resulting culture supernatants was analyzed using a colorimetric phosphate detection kit according to the manufacturer’s instructions (Abcam). AdsA-dependent formation of dGuo was further analyzed by using S. aureus-derived cell wall extracts using a method described elsewhere (31, 38). Briefly, S. aureus overnight cultures were diluted 1:100 in TSB medium and grown to an optical density (600 nm) of 1.0. Staphylococci were washed twice in sterile PBS, and 3 ml of the resulting suspension were centrifuged and suspended in 100 µl of TSM buffer (50 mM Tris-HCl, pH 7.5; 0.5 M sucrose; 10 mM MgCl2) containing lysostaphin (70 µg/ml). Reactions were incubated for 30 min at 37°C and centrifuged at 9,000 x g to obtain released cell surface proteins. Fifteen microliters of the resulting cell wall extracts were incubated with 3 µl dGMP (stock solution: 10 mM) for 30 min at 37°C. Samples were applied to TLC plates and analyzed as described above. Individual dGuo spots of independent biological replicates were quantified by using the ImageJ processing package Fiji (39).



Cytotoxicity Assays

To assess dGuo-mediated cytotoxicity, 4.0 × 105 U937 cells per well were seeded in a 24-well plate and incubated for 48 h at 37°C under 5% CO2 in RPMI growth medium supplemented with 160 nM phorbol 12-myristate 13-acetate (PMA). Resulting U937-derived macrophages were washed once and incubated in RPMI growth medium lacking PMA for additional 24 h. Similarly, 2.0 x 105 RAW264.7 cells or 4.0 x 105 BMDM per well were seeded in 24-well plates and incubated for 24 h at 37°C under 5% CO2 in corresponding growth media. Following incubation, growth media were replaced by normal growth medium containing various concentrations of dGuo (160 µM for U937-derived macrophages and BMDM; 320 µM for RAW264.7-derived macrophages). Macrophages were further incubated for different time periods at 37°C under 5% CO2 as indicated in figure legends. Where indicated, cells were also exposed to the hENT1 inhibitor dipyridamole or nitrobenzylthioinosine (NBTI) (both Sigma) two hours prior treatment with dGuo, or were simultaneously treated with a mixture of dGuo and dAdo as indicated in the figure legends. Phagocytes were detached by using trypsin-EDTA solution (U937-derived macrophages; BMDM) or a cell scraper (RAW264.7-derived macrophages). Dead cells were stained with trypan blue and counted by using a microscope to calculate killing efficiency. To analyze dGuo-mediated cytotoxicity in neutrophil-like cells or primary human neutrophils (PMNs), 2.0 x 105 DMSO-differentiated HL-60 cells (nHL-60) or 2.0 x 105 PMNs per well were seeded in 24-well plates and incubated for 24 h at 37°C under 5% CO2 in standard RPMI growth medium supplemented with 160 µM dGuo. Similarly, primary CD14+ monocytes or hMDM were exposed to dGuo (160 µM for CD14+ monocytes; 320 µM for hMDM) in corresponding growth media for 24 h at 37°C under 5% CO2. Following incubation, hMDM were detached by using trypsin-EDTA solution. Viability of nHL-60 cells, PMNs, CD14+ monocytes or hMDM was recorded via trypan blue staining and microscopy as described above.

Cytotoxicity mediated by S. aureus-derived dGuo was analyzed by incubating the S. aureus Newman strain panel in the presence or absence of dGMP and subsequent incubation with U937-derived macrophages or RAW264.7 cells. In brief, the indicated S. aureus strains were grown overnight at 37°C in TSB, diluted 1:100 in fresh TSB medium and grown at 37°C to 1.5 x 108 CFU/ml. Staphylococci were centrifuged (10 min, RT, 8,000 x g), washed twice in sterile wash buffer (50 mM Tris-HCl; pH 7.5), and adjusted to 3.2 x 108 CFU/ml. 8.0 x 107 CFU were incubated in reaction buffer (30 mM Tris-HCl, pH 7.5; 2 mM MgCl2) containing dGMP (final conc. 5 mM) for 90 min at 37°C. For experiments with RAW264.7 cells, the final concentration of dGMP was 10 mM. Controls lacked dGMP or bacteria or included the S. aureus adsA mutant, which cannot synthesize dGuo. Subsequently, bacteria were removed by a brief centrifugation and filtration step. 300 µl of the filter-sterilized supernatants were mixed with 700 µl of RPMI growth medium and incubated with U937-derived macrophages (24 h) or RAW264.7 cells (48 h) at 37°C under 5% CO2. Where indicated, staphylococci were also incubated with 5 mM of dGMP or dAMP alone or in combination. To calculate killing efficiency, cells were collected and stained with trypan blue as described above. To analyze dGuo-mediated cytotoxicity using recombinant AdsA, dGMP was also incubated with rAdsA as described above (see TLC section). Controls lacked dGMP or rAdsA. All resulting reaction products were filter-sterilized, added to U937-derived macrophages or RAW264.7 cells, and incubated at 37°C under 5% CO2 for 24 h. Following incubation, cells were collected and stained with trypan blue as described before.



Genome-Wide CRISPR-Cas9 Screen

The genome-wide CRISPR-Cas9 screen was performed as described earlier, with minor modifications (29). Briefly, the human CRISPR-Cas9 GeCKO v2 library A was a gift from Feng Zhang (40, 41), which was purchased from Addgene (Cambridge, MA, USA). The CRISPR-Cas9 GeCKO v2 plasmid library was amplified in E. coli Stbl3 cells and used to produce lentiviral particles by using the Vira power kit (Thermo Fisher) according to the manufacturer’s instructions. Viral particles were harvested from HEK293FT culture supernatants 48-72 h post infection and concentrated by using Lenti-X Concentrator (Clontech). Lentiviral particles were suspended in DMEM supplemented with 10% FBS and 1% bovine serum albumin, and stored at -80°C until usage. Next, the pooled library was transduced into U937 cells via spinfection (1,000 x g for 2 h at room temperature) in the presence of 8 µg/ml polybrene (Sigma) at a multiplicity of infection (MOI) of approximately 0.3 as described elsewhere (29). Following spinfection, cell pellets were carefully resuspended in fresh RPMI 1640 medium containing 10% hi-FBS, incubated for 48 h, and then selected with 2.5 µg/ml puromycin for 7 days to complete gene editing. Next, 5.0 x 107 puromycin-resistant U937 cells per condition were treated with dGuo (42.5 µM) or, as a control, left untreated. During this procedure, cells were passaged every 3-4 days, and continuously grown in the presence or absence of dGuo. On day 42 post intoxication, the screen was terminated, and the genomic DNA from 3.0 x 107 cells was isolated by using the Blood & Cell Culture DNA Midi Kit (Qiagen, Hilden, Germany) and stored at -20°C.



Next Generation Sequencing and Bioinformatics

DNA samples obtained from the CRISPR-Cas9 GeCKO screen were used to prepare a sgRNA library by a two-step PCR as described before (40, 41). The first PCR was used to amplify the sgRNA-containing cassette. Resulting PCR products were subjected to a second PCR using a primer pair encoding a unique 8-bp barcode required for multiplexing along with a stagger sequence to increase library complexity as described elsewhere: http://sanjanalab.org/lib.html (40, 41). Purified PCR products of the second PCR were pooled, diluted, and mixed with 10% PhiX, and sequenced with a MiSeq machine using a Micro Kit V2 flowcell (300 cycles). The raw sequencing data were processed and analyzed using the CRI CRISPR-Cas9 library screen pipelines according to MAGeCK v0.5.8 (42). In brief, sequencing reads were first de-multiplexed by using the barcode in the reverse primer and processed by Cutadapt v2.10 (43) to remove potential adapter sequences from the beginning of sgRNA priming site primers. Read counts of sgRNAs for each sample were quantified by applying MAGeCK’s count command. Subsequently, samples were compared using MAGeCK’s test command and genes were ranked according to their score. Visualization of results were done in R v4.1.0 using ggplot2 (44).



Immunoblotting

To analyze dGuo-dependent activation of caspase-3, U937-derived macrophages, RAW264.7 cells, or BMDM were exposed to various concentrations of dGuo (80 µM for U937-derived macrophages; 320 µM for RAW264.7-derived macrophages and BMDM) or left untreated. Cells were incubated for 24 h at 37°C under 5% CO2 as indicated in the figure legends. Next, macrophages were detached using trypsin-EDTA solution (U937-derived macrophages), a cell scraper (RAW264.7 cells), or accutase solution (Gibco) (BMDM). Subsequently, cells were washed twice in ice-cold 1 × PBS and lysed in pre-chilled lysis buffer (50 mM HEPES, pH 7.4; 5 mM CHAPS; 5 mM DTT). During lysis, cells were kept on ice. Following lysis, cell lysates were centrifuged for 10 min at 18,000 × g and 4°C. Supernatants were mixed with sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) loading buffer and boiled for 10 min at 95°C. Proteins were separated via SDS-PAGE (12%) and transferred onto PVDF membranes for immunoblot analysis with the following rabbit primary antibodies: α-Caspase-3 (α-CASP3, 9662, Cell Signaling) and α-GAPDH (ab181602, Abcam, loading control). Immunoreactive signals were revealed with a secondary antibody conjugated to horseradish peroxidase (α-rabbit IgG, 7074, Cell Signaling); horseradish peroxidase activity was detected with enhanced chemiluminescent (ECL) substrate (Thermo Fisher).



Determination of Caspase-3 Activity

Caspase-3 activity in dGuo-exposed cells was analyzed using a colorimetric caspase-3 detection kit (Sigma). In brief, U937-derived macrophages were exposed to dGuo (160 µM) or left untreated and incubated for the indicated time periods at 37°C under 5% CO2. Where indicated, cells were also treated with 160 µM of dGuo or dAdo, or received a combination of both. Next, macrophages were detached using trypsin-EDTA solution and washed twice in pre-chilled 1× PBS. Subsequently, cells were lysed on ice for 20 min in ice-cold lysis buffer (Sigma kit). Following incubation, cell lysates were centrifuged (18,000 × g for 10 min, 4°C). Resulting supernatants were incubated with the Ac-DEVD-pNA substrate of caspase-3 according to the manufacturer’s instructions. Caspase-3 activity was determined based on the amount of released pNA which can be detected at 405 nm.



FITC-Annexin-V/PI Staining

FITC-annexin-V/PI staining of U937-derived macrophages exposed to dGuo (160 µM) was performed by using the FITC-annexin-V Apoptosis Detection Kit I (BD Biosciences) according to the manufacturer’s instructions. Stained cells were either analyzed via flow cytometry and the FlowJo software (BD Life Sciences) or by immunofluorescence microscopy according to standard laboratory protocols.



Ethics Statement

Human blood samples were obtained from anonymous, consenting healthy donors from the Hannover Medical School blood donation center. The Hannover Medical School blood donation center obtained written informed consent from all participants involved in the study. These studies were reviewed and approved by the medical ethics committee of Hannover Medical School (Hannover, Germany) under the permission number 8831_BO_K_2019. Scientific use of animals was carried out under approved animal care and use protocols which are granted by the state veterinary authorities and overseen by the internal animal care and use committee (IACUC).



Statistical Analysis

Statistical analysis was performed using GraphPad Prism (GraphPad Software, Inc., La Jolla, USA). Statistically significant differences were calculated by using statistical methods as indicated. P values < 0.05 were considered significant.




Results


A Multi-Technological Approach Reveals the Biosynthesis of Deoxyguanosine by Staphylococcal AdsA

Earlier work demonstrated that staphylococcal nuclease serves as an extracellular phosphodiesterase that liberates 3’-phosphonucleotides and dinucleotides from DNA molecules (45–47). Since this enzymatic feature will certainly foster the accumulation of all canonical deoxyribonucleotides during S. aureus infection, we initially wondered whether nuclease-driven degradation of host DNA along with the subsequent activity of staphylococcal AdsA may lead to the generation of a cocktail of bioactive deoxyribonucleosides within DNA-rich microenvironments. To test this possibility, we incubated a purified, recombinant form of S. aureus AdsA (31) (hereafter termed rAdsA) with nuclease-digested DNA and screened reaction products for the presence or absence of deoxyribonucleosides via thin-layer chromatography (TLC) (Figures 1A, B). Notably, this approach revealed that the synergistic activity of S. aureus nuclease and AdsA not only resulted in the formation of dAdo, but also in the biogenesis of a second, highly abundant deoxyribonucleoside species (Figure 1B). Based on purified deoxyribonucleosides, we speculated that the novel compound may represent deoxyguanosine (dGuo) (Figure 1B). To confirm this assumption, we took advantage of a more defined experimental condition where rAdsA was mixed solely with purified dGMP and assayed via TLC. The analysis revealed that rAdsA efficiently hydrolyzed dGMP as dGuo exclusively accumulated in enzymatic reactions that contained dGMP and the protein (Figure 1C). These results and the rAdsA-dependent biosynthesis of dGuo were further validated by using high performance liquid chromatography-coupled tandem mass spectrometry (HPLC-MS/MS), which proofed the rAdsA-catalyzed hydrolysis of dGMP and associated formation of dGuo (Figure 1D). Together, these initial data suggest that staphylococcal AdsA is capable of hydrolyzing dGMP for subsequent formation of dGuo.




Figure 1 | S. aureus deploys AdsA to synthesize deoxyguanosine. (A) SDS-PAGE analysis of purified rAdsA. Numbers to the left of the SDS-PAGE indicate the migration of molecular weight markers in kilodaltons. (B, C) Detection of dGuo formation by rAdsA. rAdsA was incubated with Nuc-digested DNA (B) or dGMP (C) at 37°C. Controls lacking Nuc-digested DNA, dGMP, or rAdsA are indicated (+ and – symbols). Reaction products and the formation of dGuo were analyzed via TLC. The migratory positions of single deoxyribonucleosides or dGMP were identified using pure standards. Representative images are shown. (D) Detection and quantification of rAdsA-derived dGuo by LC-MS/MS. rAdsA was incubated with dGMP at 37°C. Controls lacking dGMP or rAdsA are indicated (+ and – symbols). Reaction products and the formation of dGuo were analyzed and quantified via LC-MS/MS. (E) S. aureus-dependent hydrolysis of dGMP. The ability of S. aureus to hydrolyze dGMP in an AdsA-dependent manner was evaluated by assessing the release of inorganic phosphate (Pi) using a malachite green-based colorimetric assay. Wild-type S. aureus Newman (WT) or the mutant lacking adsA (ΔadsA) along with the complemented adsA variant (c-adsA) are indicated. (F) Analysis and quantification of S. aureus-dependent formation of dGuo. Lysostaphin-generated cell wall extracts of indicated strains were incubated with dGMP at 37°C and analyzed via TLC as described above. Individual dGuo spots of independent replicates were quantified by using ImageJ. Data are the mean (± standard deviation [SD]) values from at least three independent determinations. Statistically significant differences were analyzed with one-way analysis of variance (ANOVA) and Tukey’s multiple-comparison test (D–F); ns, not significant (P ≥ 0.05); *P < 0.05; **P < 0.01; ***P < 0.001.



To investigate whether the AdsA-dependent hydrolysis of dGMP and coupled biosynthesis of dGuo can be recapitulated by using viable staphylococci, we generated a S. aureus Newman adsA mutant panel and made use of a previously described experimental approach (38). Specifically, we incubated wild-type S. aureus Newman and the appropriate adsA mutant with purified dGMP and assayed for the release of inorganic phosphate using a commercially available malachite green-based colorimetric assay. Compared to wild-type bacteria, lack of adsA caused a significant reduction of measurable inorganic phosphate, demonstrating that the S. aureus Newman adsA variant lost the capacity to hydrolyze dGMP (Figure 1E). Of note, genetic complementation by using a plasmid-borne copy of adsA (pRB473-adsA) restored the ability of the adsA mutant to hydrolyze dGMP to levels comparable to those seen in the parental strain, suggesting that S. aureus deploys AdsA to synthesize dGuo (Figure 1E). Moreover, we digested peptidoglycan of the S. aureus Newman adsA mutant panel with lysostaphin to obtain cell wall extracts that were incubated with dGMP for subsequent analysis by TLC. Cell wall extracts derived from the adsA mutant displayed markedly reduced nucleotidase activity as revealed by quantification of dGuo-specific signals following TLC (Figure 1F). These effects could also be restored to wild-type levels when the adsA mutant was transformed with pRB473-adsA further indicating that S. aureus requires AdsA to synthesize dGuo (Figure 1F). Thus, S. aureus deploys AdsA not only for the generation of dAdo but also for excessive biogenesis of dGuo.



S. aureus Exploits the Cytotoxic Properties of Deoxyguanosine to Promote Immune Cell Death

Having demonstrated that S. aureus is capable of generating dGuo in an AdsA-dependent manner, we next sought to uncover the biological function of dGuo during staphylococcal infections. Since S. aureus-derived dAdo exhibits immunomodulatory attributes and triggers macrophage exclusion from infectious foci (26, 27), it seemed plausible to us at this stage that staphylococci may generate dGuo to manipulate phagocytes that play a significant role during staphylococcal infections and abscess formation. Initially, we exposed human U937-derived macrophages to dGuo and recorded survival rates 24-hours post intoxication. dGuo killed U937-derived macrophages, as revealed by conventional trypan blue exclusion assays and light microscopy (Figure 2A). Moreover, we observed that dGuo provoked cell death in primary human CD14+ monocytes and human monocyte-derived macrophages (hMDM) (Supplementary Figures 1A, B). Similar findings were obtained for murine RAW264.7 cells or primary bone marrow-derived macrophages (BMDM) indicating that dGuo also exhibits cytotoxic properties toward immune cells of animal origin (Figure 2B and Supplementary Figure 1C). However, HL-60-derived neutrophil-like cells (nHL-60) or primary blood neutrophils were less susceptible to dGuo-induced cytotoxicity suggesting that this deoxyribonucleoside may selectively target a specific subset of phagocytes during infection (Supplementary Figures 2A, B). Collectively, these data demonstrate that dGuo predominantly triggers cell death of macrophages.




Figure 2 | S. aureus generates deoxyguanosine to kill phagocytes. (A, B) Survival rates of human U937-derived macrophages (MФ) (A) or murine RAW264.7 MФ (B) exposed to dGuo (+) or left untreated (-). (C, D) Survival rates of U937-derived MΦ (C) or murine RAW264.7 MФ (D) exposed to rAdsA-derived dGuo. rAdsA was incubated with dGMP and reaction products containing dGuo were used to kill phagocytes. Controls lacked rAdsA or dGMP or included reaction buffer only as indicated with + and − symbols. (E, F) Survival of U937-derived MΦ (E) or murine RAW264.7 MФ (F) after treatment with culture medium (RPMI 1640) that had been conditioned by incubation with either wild-type (WT) S. aureus Newman, its adsA mutant (ΔadsA), or the complemented adsA variant (c-adsA) in the presence (black bars) or absence (white bars) of dGMP. Controls included culture medium that had been conditioned by incubation with dGMP only (gray bars). 160 µM (A) or 320 µM (B) of dGuo was used to treat the cells. Cell survival rates were analyzed 24 h (A, C–E) or 48 h (B, F) post-treatment. Data are the mean (± standard deviation [SD]) values from at least three independent determinations. Statistically significant differences were analyzed by a two-tailed Student’s t-test (A, B) or with one-way analysis of variance (ANOVA) and Tukey’s multiple-comparison test (C–F); ns, not significant (P ≥ 0.05); *P < 0.05; ***P < 0.001; ****P < 0.0001.



To evaluate the relevance of AdsA-mediated biosynthesis of dGuo during S. aureus pathogenesis, we incubated purified rAdsA with or without dGMP as described above and added the resulting and filter-sterilized reaction products to U937-derived macrophages. Of note, rAdsA/dGMP-derived and dGuo-containing reaction products, but not samples that lacked dGMP or rAdsA, provoked cell death of phagocytes in this approach (Figure 2C). Likewise, rAdsA-derived dGuo killed RAW264.7 macrophages in a fashion similar to U937-derived macrophages, thereby underscoring the cytotoxic potential of this deoxyribonucleoside (Figure 2D). To further delineate the role of S. aureus-derived dGuo in killing phagocytes, we refined a previously described approach (26, 27, 29) and incubated the S. aureus Newman adsA mutant panel with or without dGMP to obtain conditioned culture media, which were filter-sterilized and transferred to human U937-derived macrophages. Notably, killing of U937-derived macrophages required both S. aureus expressing adsA and dGMP as only S. aureus Newman wild type and dGMP conditioned culture media promoted cell death in these experiments (Figure 2E). Moreover, genetic complementation restored the cytotoxicity profile of the adsA mutant when incubated with dGMP further indicating that S. aureus triggers cell death of host immune cells by synthesizing dGuo (Figure 2E). Lastly, RAW264.7 macrophages were also susceptible to S. aureus-derived dGuo, confirming that staphylococci utilize AdsA-mediated biosynthesis of dGuo to eliminate phagocytes of mammalian origin (Figure 2F).



Genome-Scale CRISPR-Cas9 Screening Identifies Host Factors Required for Deoxyguanosine-Mediated Cytotoxicity

To discover host factors required for dGuo-mediated cytotoxicity, a genome-wide CRISPR-Cas9 knockout screen was set up with the human macrophage cell line U937. This was achieved by exposing human genome-scale CRISPR-Cas9 knockout (GeCKO) library-transduced U937 cells to a low-dose of dGuo for 42 consecutive days (Figures 3A, B). This experimental scheme led to the enrichment of a dGuo-resistant cell population which allowed us to map genes that regulate sensitivity of immune cells to staphylococcal dGuo (Figure 3C). Compared to untreated control cells, deep sequencing of the dGuo-resistant cell population along with bioinformatics revealed that dGuo treatment enriched multiple small-guide RNAs (sgRNA) targeting an array of genes, including those encoding for deoxycytidine kinase (DCK), centrosomal protein 78 (CEP78), thanatos-associated protein 11 (THAP11), makorin ring finger protein 1 (MKRN1), ATPase copper transporting beta (ATP7B), and human equilibrative transporter 1 (hENT1; encoded by SLC29A1) (Figure 3C and Supplementary Table 1). Further, the screen enriched several genes that are associated with cell cycle progression, transcriptional regulation, energy homeostasis, ubiquitination, and apoptosis (Supplementary Table 1). In addition, two of the genes enriched most, namely DCK and SLC29A1, were also identified as top-10 hits in a secondary CRISPR-Cas9 screen indicating that these genes may represent auspicious candidate genes whose products essentially contribute to dGuo-mediated cytotoxicity (Supplementary Figure 3 and Supplementary Table 2). Together, CRISPR-Cas9 screening in U937 cells identified several host factors including the polytopic integral membrane protein hENT1 along with the purine salvage pathway kinase DCK that might play a central role in dGuo-mediated cell death in phagocytes.




Figure 3 | Genome-wide CRISPR-Cas9 screen uncovers host factors conferring susceptibility to cytotoxic deoxyguanosine. (A) Chemical structure of deoxyguanosine (dGuo). (B) Schematic diagram illustrating the CRISPR-Cas9 screening approach used to identify host determinants that mediate susceptibility of the U937 macrophage cell line to dGuo. (C) Discovery of the top candidate genes following dGuo treatment of U937 cells by next generation sequencing (NGS). Data were analyzed using the MaGeCK-based robust rank aggregation (RRA) score analysis and are representative of two independent replicates (see also Supplementary Figure 3). A smaller RRA score indicates more essentiality. The twelve top-ranked genes are highlighted.





Staphylococcal Deoxyguanosine Targets the Purine Salvage Pathway to Kill Phagocytes via Apoptosis

Previous work demonstrated that hENT1 transports various nucleosides including staphylococcal dAdo across the cytoplasmic membrane of mammalian cells (29, 48). We surmised that hENT1 may also be responsible for the uptake of cytotoxic dGuo in phagocytes and other dGuo-susceptible cells. If so, hENT1- and DCK-catalyzed activity may therefore lead to the uncontrolled formation of intracellular dGMP, which is further converted to dGDP and dGTP via cytosolic guanylate kinase and nucleoside-diphosphate kinase respectively (49–51). To verify this model, we first sought to block hENT1-mediated uptake of dGuo by using two different small molecule inhibitors of hENT1, dipyridamole and nitrobenzylthioinosine (NBTI). Dipyridamole- and NBTI-mediated inhibition of hENT1 transport activity prevented dGuo-induced cell death in U937- or RAW264.7-derived macrophages (Figures 4A, B). In agreement with these findings, CRISPR-Cas9-engineered U937-derived macrophages with bi-allelic disruptions in SLC29A1 (SLC29A1-/-) (29) were resistant to both purified or S. aureus-derived dGuo confirming that dGuo-mediated cytotoxicity requires hENT1 expression in phagocytes (Figures 4C, D). Similarly, U937-derived DCK-/- macrophages (29) were found to be refractory to dGuo-mediated cytotoxicity (Figure 4C). Bi-allelic mutations in DCK also conferred resistance to staphylococcal dGuo further promoting the idea of dGuo-mediated targeting of the mammalian purine salvage pathway associated with exaggerated biosynthesis of dGTP (Figure 4D). In this regard, we note that excessive biogenesis of dGTP following dGuo exposure is a potential apoptotic stimulus in human Jurkat cells (52), raising the possibility that S. aureus may synthesize dGuo to trigger apoptotic cell death in phagocytes. To test this conjecture, we exposed wild-type U937-derived macrophages to dGuo and probed cell extracts with a specific antibody that interacts with the inactive pro-form and the cleaved (active) form of human caspase-3, the key modulator of apoptosis. dGuo treatment provoked clipping of pro-caspase-3 to release active caspase-3 (Figure 4E). Further, macrophage-derived cell lysates were examined for caspase-3 activity by measuring the hydrolysis of the caspase-3-specific peptide substrate Ac-DEVD-pNA. As expected, dGuo-treatment of U937 phagocytes significantly increased caspase-3 activity suggesting that dGuo-mediated cytotoxicity correlates with apoptotic cell death (Figure 4F). Similar findings were obtained for murine RAW264.7 macrophages and primary BMDM further demonstrating that dGuo triggers apoptotic cell death in phagocytes of mammalian origin (Supplementary Figures 4A, B). To verify these results, we also exposed U937-derived macrophages to dGuo and assessed dGuo-mediated activation of apoptotic signaling via fluorescence-activated cell sorting (FACS) and immunofluorescence microscopy. Specifically, we used a commercially available FITC-annexin-V/PI apoptosis kit which detects both, early apoptotic (that is annexin-V-positive) as well as late apoptotic cells (double-positive for annexin-V and PI). FACS-based analysis of dGuo-exposed macrophages confirmed that dGuo treatment provoked activation of programmed cell death and apoptosis (Figure 4G and Supplementary Figure 5). Moreover, immunofluorescence microscopy revealed that dGuo treatment triggered apoptosis as positive signals for annexin-V/PI were significantly increased in samples that have been exposed to the drug (Figure 4H). Lastly, we took advantage of U937-derived macrophages that lack caspase-3 expression (CASP3-/-) (27). When exposed to dGuo or S. aureus-derived dGuo, U937-derived CASP3−/− macrophages exhibited increased resistance to dGuo intoxication in a manner similar to hENT1- or DCK-deficient phagocytes (Figures 4C, D). Collectively, these data suggest that S. aureus AdsA-derived dGuo targets hENT1 and the purine salvage pathway to promote caspase-3-induced apoptotic cell death in host immune cells.




Figure 4 | Staphylococcal deoxyguanosine kills macrophages by targeting the purine salvage pathway-apoptosis axis. (A, B) Survival of wild-type (WT) U937-derived macrophages (MФ) (A) or murine RAW264.7 MФ (B) exposed to dGuo in the presence (+) or absence (-) of 10 µM dipyridamole (Dipy.) or nitrobenzylthioinosine (NBTI), both inhibitors of hENT1. Cells were also exposed to the inhibitors only or left untreated. (C, D) Survival of WT U937-derived MΦ and their SLC29A1−/−, DCK−/−, or CASP3−/− variants after treatment with dGuo (C) or after treatment culture medium (RPMI 1640) that had been conditioned by incubation with either wild-type (WT) S. aureus Newman, its adsA mutant (ΔadsA), or the complemented adsA variant (c-adsA) in the presence (black bars) or absence (white bars) of dGMP. Controls included culture medium that had been conditioned by incubation with dGMP only (gray bars) (D). (E) Immunoblotting of lysates obtained from dGuo-exposed (+) or untreated (-) WT U937-derived MΦ with caspase-3 and GAPDH-specific antibodies (α-CASP3 and α-GAPDH, respectively). GAPDH was used as a loading control. Numbers to the left of blots indicate the migration of molecular weight markers in kilodaltons. (F) Lysates of dGuo-exposed (+) or untreated (-) WT U937-derived MΦ were analyzed for caspase-3 activity using a colorimetric assay. (G, H) Analysis of dGuo-dependent induction of apoptosis in WT U937-derived MΦ via FACS (G) or immunofluorescence microscopy (H). dGuo-exposed (+) or untreated (-) Mϕ were stained using FITC-annexin-V/PI and analyzed as indicated (see also Supplementary Figure 5). White bars depict a length of 100 μm. Representative images are shown. 80 µM (E), 160 µM (A, C, F–H), or 320 µM (B) of dGuo was used to treat the cells. Cell survival rates were analyzed 24 h (A, C, D) or 48 h (B) post-treatment. Induction of apoptosis was analyzed 18 h (F) or 24 h (E, G, H) post-treatment. Data are the mean (± standard deviation [SD]) values from three independent determinations. Statistically significant differences were analyzed with one-way analysis of variance (ANOVA) and Tukey’s multiple-comparison test (A–D) or by a two-tailed Student’s t-test (F, G) or; ns, not significant (P ≥ 0.05); ***P < 0.001; ****P < 0.0001.





Multiplexed Targeting of the Purine Salvage Pathway-Apoptosis Axis Boosts Macrophage Cell Death

Since CRISPR-Cas9 screening uncovered that the underlying principle of dGuo-mediated cytotoxicity is reminiscent of the mechanism previously observed for dAdo (27, 29), we wondered whether S. aureus may systematically multiplex purine deoxyribonucleosides in DNA-rich microenvironments to accelerate apoptotic signaling and cell death in macrophages. Particularly, we asked whether simultaneous targeting of the purine salvage pathway-apoptosis axis by AdsA-derived purine deoxyribonucleosides may cause an enhanced cytotoxic effect toward phagocytes. To pursue this possibility, we established a multi-cytotoxicity approach where U937-derived macrophages were exposed to a mixture of dGuo and dAdo, or received each individual drug alone. As expected, single doses of either dGuo or dAdo promoted macrophage cell death (Figure 5A). However, a combination of dGuo and dAdo killed significantly more phagocytes in this model, a phenomena that correlated with increased activation of caspase-3 and apoptotic cell death (Figures 5A, B). Even lower doses of dGuo and dAdo in the mixture were slightly more potent than higher concentrations of each individual agent alone suggesting that staphylococci may generate a cocktail of cytotoxic purine deoxyribonucleosides for more efficient killing of phagocytes (Supplementary Figure 6). To address this further, we next asked whether a combination of S. aureus-derived purine deoxyribonucleosides may also enhance immune cell death. To test this, we analyzed survival rates of U937-derived macrophages after treatment with filter-sterilized culture media that had priorly been conditioned by incubation with live staphylococci in the presence or absence of purine deoxyribonucleoside monophosphates. Strikingly, pre-incubation of the AdsA-proficient S. aureus Newman wild type strain with a mixture of dGMP and dAMP induced significantly more killing of macrophages in this approach when compared to conditions where staphylococci were incubated with either dGMP or dAMP alone prior intoxication of phagocytes (Figure 5C). Moreover, these effects correlated with the expression of adsA suggesting that synchronous and AdsA-dependent biogenesis of dGuo and dAdo by S. aureus, along with dual targeting of the purine salvage pathway-apoptosis axis, boosts cell death of phagocytes in DNA- or deoxyribonucleotide-rich host environments such as abscesses (Figures 5D, E). In summary, these findings indicate that S. aureus primarily evolved AdsA for simultaneous and selective biosynthesis of cytotoxic dGuo and dAdo, thereby underscoring the model of deoxyribonucleoside- and AdsA-mediated immune evasion by staphylococci during persistent infections in human or animal hosts.




Figure 5 | S. aureus multiplexes death-effector deoxyribonucleosides to maximize macrophage cell death. (A) Survival rates of U937-derived macrophages (MФ) exposed to purine deoxyribonucleosides (dGuo and dAdo) as indicated with + and - symbols. (B) Lysates of purine deoxyribonucleoside-exposed (+) or untreated (-) WT U937-derived MΦ were analyzed for caspase-3 activity using a colorimetric assay. Cells were exposed to 160 µM of dGuo or dAdo alone, or received a combination of both (A, B). (C) Survival of U937-derived Mϕ after treatment with culture medium (RPMI 1640) that had been conditioned by incubation with wild-type S. aureus Newman in the presence (black bars) or absence (white bars) of dGMP and/or dAMP as indicated with + and - symbols. Controls included culture medium that had been conditioned by incubation with dGMP and/or dAMP only (gray bars). (D) Survival of U937-derived MΦ after treatment with RPMI 1640 that had been conditioned by incubation with either wild-type (WT) S. aureus Newman, its adsA mutant (ΔadsA), or the complemented adsA variant (c-adsA) in the presence (black bars) or absence (white bars) of a dGMP/dAMP cocktail. Controls included culture medium that had been conditioned by incubation with a dGMP/dAMP mixture only (gray bars). Cell survival rates or induction of apoptosis were analyzed 18 h (A, B) or 24 h (C, D) post-treatment. Data are the mean (± standard deviation [SD]) values from three independent determinations. Statistically significant differences were analyzed with one-way analysis of variance (ANOVA) and Tukey’s multiple-comparison test; ns, not significant (P ≥ 0.05); *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (E) Scheme illustrating S. aureus-mediated killing of macrophages via synchronous targeting of the purine salvage pathway-apoptosis axis. hENT1 promotes uptake of S. aureus Nuc/AdsA-derived purine deoxyribonucleosides into phagocytes. dGuo (red spots) is converted via DCK to dGMP, while dAdo-based (blue spots) formation of dAMP is promoted by ADK and DCK. Generation of purine deoxyribonucleoside monophosphates triggers the accumulation of dGTP and dATP, ultimately culminating in the activation of caspase-3 and apoptotic cell death.






Discussion

Deoxyribonucleotides are essential building blocks of nuclear and mitochondrial DNA. In mammalian cells, deoxyribonucleotides are either synthesized by the canonical de novo pathway or via the nucleoside salvage pathway, which depends on extracellular deoxyribonucleosides and the activity of specific nucleoside transporters as well as rate-limiting deoxyribonucleoside kinases (48, 53). Such intracellular kinases including DCK catalyze the phosphorylation of the respective deoxyribonucleoside resulting in the biogenesis of deoxyribonucleoside monophosphates, which are further converted into deoxyribonucleoside diphosphates and deoxyribonucleoside triphosphates (dNTPs), thereby fueling dNTP pools and the DNA replication machinery in cells that may lack the de novo biosynthesis pathway (50, 53).

Beyond the substantial function of dNTPs in all kingdoms of live, maintenance of balanced intracellular dNTP pools is crucial for cell survival and genome integrity. More precisely, cells must tightly regulate the biosynthesis of deoxyribonucleotides as, for example, insufficient supply of precursor molecules or dNTP overload triggers replication errors, proliferation defects, and cell death (53, 54). Intriguingly, S. aureus exploits this deadly effect during abscess formation by secreting Nuc and AdsA to synthesize dAdo, which targets the nucleoside salvage pathway to provoke an uncontrolled synthesis of dATP and caspase-3-dependent cell death (26, 27, 29). In this manner, macrophage entry into infectious lesions is markedly limited, thereby boosting pathogen survival in deep-seated abscesses and dissemination of disease (26, 27). However, Nuc-mediated degradation of NETs and DNA released from dying host cells will certainly foster the accumulation of all four canonical deoxyribonucleotides within pyogenic abscesses and purulent exudates, raising the question of whether S. aureus may systematically generate a mixture of AdsA-derived effector deoxyribonucleosides to manipulate host nucleotide homeostasis modules and cell death machineries. Consistent with this model, we here demonstrate that the biochemical repertoire of staphylococcal AdsA within DNA-rich microenvironments is not restricted to the biosynthesis of immunomodulatory dAdo but also encompasses excessive biogenesis of dGuo. Of note, dGuo displayed cytotoxic attributes toward monocytes and macrophages of human and animal origin. Similar to the molecular route affecting dAdo-triggered cell death, dGuo-mediated killing of phagocytes involves uptake of dGuo via hENT1 and subsequent targeting of the purine salvage pathway to stimulate caspase-3-dependent cell death (Figure 5E). Given that dGuo exposure of human cells along with the cascaded activity of DCK, guanylate kinase, and nucleoside-diphosphate kinase correlates with the accumulation of intracellular dGTP (49–51, 55–57), we surmise that staphylococci synthesize dGuo to manipulate intracellular deoxyribonucleotide pools of macrophages, ultimately culminating in the activation of the apoptotic signaling cascade to promote a rapid and immunologically silent type of cell death. In this context, we further note that not only phagocytes but also lymphocytes exposed to dGuo exhibit apoptotic features suggesting that staphylococci eventually produce dGuo to perturb adaptive immune cell responses and immune cell networking during acute infection (52, 58, 59). However, neutrophils appear less susceptible to dGuo-mediated cytotoxicity, probably as a result of differentially regulated host determinants or cellular immunity factors that directly affect dGuo-triggered cell death. For example, SAMHD1, a dNTP-degrading phosphohydrolase and intracellular enzyme that restricts HIV-1 infection of myeloid cells (60), along with the purine nucleoside phosphorylase PNP affect survival rates of dGuo-exposed cells (58, 59, 61, 62). Altered expression levels of the appropriate genes or genetic elements of the purine salvage pathway, together with limited uptake capacity of hENT1 in less-susceptible cells, may therefore explain the specific cytotoxicity tropism of dGuo. Further, single nucleotide polymorphisms (SNPs) in candidate genes may change the susceptibility pattern of host cells toward dGuo. Specifically, various functional SNPs such as rs67437265 (c.364C→T; p.Pro122Ser) have been identified in the DCK-encoding gene that presumably hamper dGuo-mediated intoxication of phagocytes (63). If so, such genetic variants may influence abscess development and eventually account for variable clinical outcomes of hospitalized patients and specific ethnic groups which display altered vulnerability to S. aureus infections (9). Nevertheless, the analysis of the enzymatic properties of AdsA revealed further that this enzyme predominantly contributes to the biogenesis of purine deoxyribonucleosides (i.e. dGuo and dAdo) in DNA-rich microenvironments, a fact that is of paramount importance as purine deoxyribonucleosides typically exhibit more cytotoxic potential toward mammalian cells than pyrimidine deoxyribonucleosides (55, 64). In this regard, it is tempting to speculate that S. aureus may selectively synthesize purine deoxyribonucleosides to accelerate killing of phagocytes and other innate immune cells. Indeed, synchronous biogenesis of dGuo and dAdo, together with multiplexed targeting of the purine salvage pathway-apoptosis axis maximized cell death of macrophages and may therefore tune S. aureus intra-abscess survival and bacterial spread in diseased hosts. Concurrently, the advanced biochemical properties of AdsA could help the pathogen to secure the continued biogenesis of at least one cytotoxic deoxyribonucleoside during infection as the complex microenvironment of abscesses and infectious foci along with the variable GC-content of mammalian DNA fragments may locally restrict access of AdsA to appropriate and sufficient substrates.

Overall, we propose that S. aureus evolved AdsA for the excessive biogenesis of dGuo and dAdo, two cytotoxic purine deoxyribonucleosides that simultaneously target the nucleoside salvage pathway-apoptosis axis to promote immune cell death. Following this two-pronged strategy, staphylococci effectively block macrophage access to the bacterial abscess community located in the core of mature lesions without causing traitorous inflammatory signals, ultimately shaping the pathological architecture of abscesses in the skin or organ tissues. Since AdsA is also catalyzing the biosynthesis of immunosuppressive adenosine in blood (31), and homologues of AdsA were previously identified in other clinically relevant Gram-positive microbes including emerging methicillin-resistant Staphylococcus pseudintermedius, Bacillus anthracis, and several pathogenic streptococci (31, 38, 65–69), development of small molecule inhibitors or therapeutic monoclonal antibodies that neutralize AdsA may help to combat infections caused by MRSA and other drug-resistant bacterial pathogens.
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The leading cause of treatment failure in Staphylococcus aureus infections is the development of biofilms. Biofilms are highly tolerant to conventional antibiotics which were developed against planktonic cells. Consequently, there is a lack of antibiofilm agents in the antibiotic development pipeline. To address this problem, we developed a platelet-rich plasma (PRP)-derived biologic, termed BIO-PLY (for the BIOactive fraction of Platelet-rich plasma LYsate) which has potent in vitro bactericidal activity against S. aureus synovial fluid free-floating biofilm aggregates. Additional in vitro studies using equine synoviocytes and chondrocytes showed that BIO-PLY protected these cells of the joint from inflammation. The goal of this study was to test BIO-PLY for in vivo efficacy using an equine model of infectious arthritis. We found that horses experimentally infected with S. aureus and subsequently treated with BIO-PLY combined with the antibiotic amikacin (AMK) had decreased bacterial concentrations within both synovial fluid and synovial tissue and exhibited lower systemic and local inflammatory scores compared to horses treated with AMK alone. Most importantly, AMK+BIO-PLY treatment reduced the loss of infection-associated cartilage proteoglycan content in articular cartilage and decreased synovial tissue fibrosis and inflammation. Our results demonstrate the in vivo efficacy of AMK+BIO-PLY and represents a new approach to restore and potentiate antimicrobial activity against synovial fluid biofilms.
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Introduction

Infectious, or septic, arthritis is a life-threating orthopedic emergency that requires rapid diagnosis and prompt treatment (Shirtliff and Mader, 2002; Tong et al., 2015). These treatments rely on systemic and local antimicrobial therapy, combined with surgical debridement and irrigation (Davis, 2005; Sharff et al., 2013). Nevertheless, even if the infection is cleared, chronic inflammation can persist, resulting in substantial damage to the joint and culminating in degenerative joint disease or osteoarthritis (Shirtliff and Mader, 2002; Tong et al., 2015). Thus, while many treatments have focused on agents that inhibit vital functions of bacteria like quorum sensing (Zimmerli and Moser, 2012; Brackman and Coenye, 2015), curing the infection alone is inadequate to deal with the total disease pathology of infectious arthritis.

Staphylococcus aureus is the most common bacterial isolate in all forms of osteoarticular infections including infectious arthritis and periprosthetic joint infection (PJI) and is associated with treatment failure rates of up to 72% (Byren et al., 2009; Cobo et al., 2011). These high treatment failure rates are strongly associated with the propensity of Staphylococci to form biofilms (Zimmerli and Moser, 2012; McConoughey et al., 2014) which cloak bacteria from the host immune system and offer protection from antimicrobial therapies (Leid et al., 2002; Høiby et al., 2010; Stoodley et al., 2011; Moser et al., 2017; Ciofu et al., 2022). Importantly, while biofilms form on implanted hardware, free-floating bacterial aggregates also readily form in synovial fluid (SF) (Dastgheyb et al., 2015; Gilbertie et al., 2019). The presence of these highly antibiotic-tolerant aggregates is thought to be one of the reasons for the difficulties in treating infectious arthritis.

Bacterial infiltration into a joint leads to the production of inflammatory mediators such as IL-1β, TNF-α, and IL-8 (Shirtliff and Mader, 2002). Thereafter, an influx of immune cells, mainly neutrophils (>80%), into the synovial membrane and SF can result in the production of metalloproteases and other catabolic enzymes (Boff et al., 2018). The result of this inflammatory cascade is increased arthritic changes such as cartilage erosion, osteophyte formation, proteoglycan loss, chondrocyte death and chondrone formation amongst other changes in extracellular matrix composition (McIlwraith and Vachon, 1988).

To address both active bacterial infection and subsequent tissue damage, we considered the use of platelet-rich plasma (PRP). PRP is a widely used therapeutic for musculoskeletal injuries and has recently been explored for its antibacterial properties (Gato-Calvo et al., 2019; Zhang et al., 2019). The activities attributed to PRP, however, appear to be dependent on both donor properties and preparation method leading to variable activity (Giraldo et al., 2013; Xiong et al., 2018). To allow for increased reproducibility, we pooled PRP and isolated the antimicrobial, anti-inflammatory fraction, which was derived from an acellular PRP lysate enriched for <10 kDa cationic peptides (termed BIO-PLY, standing for BIOactive fraction of Platelet-rich plasma LYsate). BIO-PLY was potently antimicrobial against both gram-positive and gram-negative biofilm aggregates and synergized with aminoglycosides to reduce bacterial numbers by 6-7 log in SF (Gilbertie et al., 2020). Furthermore, BIO-PLY mitigated equine synoviocyte and chondrocyte inflammation in vitro (Gilbertie et al., 2018).

The purpose of this study was to test in vivo efficacy of BIO-PLY using an equine model of Staphylococcus aureus infectious arthritis. We chose the horse as a clinically relevant large animal model as A) horses have very similar cartilage biology to humans (Wayne Mcilwraith et al., 2011; McCoy, 2015) and are approved by the FDA as a pre-clinical model for osteoarthritis; B) the equine immune and inflammatory response is similar to that of humans (Horohov, 2015); C) SF can be obtained repeatedly in large quantities from horses using mild sedation without the need for general anesthesia (Maher et al., 2014); and D) horses suffer from naturally occurring infectious arthritis that requires clinical treatment and rehabilitation protocols (Gilbertie et al., 2018). Given these advantages, the horse qualifies for the Dual Purpose with Dual Benefit status with the NIH, benefitting agricultural and biomedical research.

In this study, we combined BIO-PLY with the aminoglycoside amikacin (AMK) as intra-articular injection of aminoglycosides is performed in both the human and veterinary clinical setting for the treatment of joint infections (Whiteside and Roy, 2017). We measured the effect of BIO-PLY on reduction of clinical signs of septic arthritis, bacterial burden, immune cell presence, inflammatory cytokine and other biomarker content, and histological assessments of synovial tissue and cartilage. Our hypothesis was that AMK+BIO-PLY treatment would decrease bacterial burden and improve outcome parameters in an equine S. aureus infectious arthritis model compared to horses treated with AMK alone.



Materials and Methods


BIO-PLY Preparation

BIO-PLY was prepared from eight healthy horses (4 geldings and 4 mares between the ages of 6 and 19 years). The Institutional Animal Care and Use Committee of North Carolina State University (16-189-O) approved the use of these horses for BIO-PLY preparation. Whole blood was collected via jugular venipuncture into syringes containing acid citrate dextrose (ACD). Erythrocytes were removed by sedimentation and the layer above the erythrocytes or leukocyte-rich platelet-rich plasma was centrifuged at 250g for 15 minutes to remove leukocytes. The supernatant or platelet-rich plasma (PRP) was then centrifuged at 1500g for 15 minutes to pellet the platelets. The platelet-poor plasma (PPP) or supernatant above the platelet pellet was saved and the platelet pellet was re-suspended in PPP to generate a 50× PRP. The importance of this plasma component for antimicrobial activity has been previously described (Drago et al., 2014; López et al., 2014; Gilbertie et al., 2020). Leukocyte, erythrocytes, and platelet concentrations were determined as previously described (Gilbertie et al., 2020). The 50× PRP contained greater than 1,000,000 platelet/µL, less than 100 WBC/µL and <10 RBC/µL. PRP lysate (PRP-L) was generated from the 50x PRP by five freeze/thaw cycles. The platelet debris was removed from PRP-L by centrifugation at 20,000g for 20 minutes. Removal of anionic components was performed by incubation with a washed, loose anion exchange resin (UNOsphere Q resin, Bio-Rad Laboratories, Hercules, CA, USA) and subsequent separation of unbound components (cationic and neutral) using a bottle-top filter (0.22µm PES, Nalgene). Fractionation by molecular weight was performed with a 10kDa molecular weight cutoff filter (Amicon® Ultra 15 mL Centrifugal Filters, 10kDa, MilliporeSigma, Burlington, MA). The filtrate containing proteins and peptides <10kDa in size was collected, aliquoted into 5mL aliquots, and stored at -80°C until used in this study. In vitro anti-biofilm efficacy was confirmed prior to use in this study (Gilbertie et al., 2020).



Induction and Treatment of Infection Experimental Design

Skeletally mature horses (n=12; 7 mares, 4 geldings, 1 stallion; ages 2-14 years) with normal physical examinations, bloodwork, and tarsocrural radiographs were randomly allocated into treatment (AMK+BIO-PLY) or control (AMK) groups (IACUC protocol #16-194 of NC State University). A graphical abstract of the study design is presented in Figure 1. Horses were quarantined for 14 days and stall acclimated for 5-7 days before entrance into the study. On day 0, horses underwent standing sedation with intravenous detomidine (0.005-0.01mg/kg) and butorphanol (0.005-0.01 mg/kg) to administer epidural analgesia and perform the tarsocrural joint inoculation. A sacrocaudal epidural injection of buprenorphine (0.005 mg/kg) and detomidine (0.01 mg/kg) was performed using a 20-gauge 3.5-inch spinal needle for hindlimb pain control (Fischer et al., 2009). S. aureus (ATCC 25923) was prepared by diluting a 0.5 McFarland (1x108 CFU/mL) to yield an inoculum of 1x106 CFU/mL in sterile saline. The final inoculum suspension was then serially diluted, and plate counted to verify the bacterial concentration. Each horse received a 1mL S. aureus inoculum (1x106 CFU) via intra-articular injection into one randomly assigned tarsocrural joint using a standard dorsomedial approach and a 21-gauge 1.5-inch hypodermic needle. Prior to withdrawal of the needle from the joint, an additional 1mL of sterile saline was injected into the joint to limit S. aureus extravasation. Starting 24 hours post-infection, horses were treated with BIO-PLY (5mL) and 500mg amikacin (treatment or AMK+BIO-PLY group; n=6) or 500mg of amikacin and sterile saline (5mL) (control or AMK group; n=6) daily for 7 days. All horses received systemic antimicrobials by intravenous administration of potassium penicillin (22,000 U/kg every 6 hours) in combination with gentamicin (6.6 mg/kg every 24 hours) for 10 days post-infection as well as a tapering course of phenylbutazone (4.4 mg/kg every 12 hours for days 1-3, 2.2 mg/kg every 12 hours for days 4-10 and 2.2 mg/kg every 24 hours for the duration of the study). The minimum inhibitory concentration of S. aureus ATCC 25923 for these antimicrobials as measured by antimicrobial susceptibility testing using the Sensititre Complete Automated AST System and the equine (Equine EQUIN1F Vet AST Plate) was measured to be <4 ug/mL for amikacin, ≤ 0.06 ug/mL for penicillin; and ≤1 ug/mL for gentamicin (Gilbertie et al., 2019).




Figure 1 | Diagram of the experimental design and timing of major events such as sample collection and ultrasound. Baseline diagnostic imaging and epidural catheter placement was performed 24-48 hours prior to the start of the study. Baseline radiographs and ultrasound images were taken 3-5 days before the start of the study (day 0). On day 0, samples (blood and synovial fluid) were collected, epidural medication was administered, and S. aureus was injected intra-articularly (IA) into one randomly chosen tarsocrural joint. Beginning 24 hours post-infection (day 1), horses were treated with 500mg amikacin alone (control AMK; n=6) or BIO-PLY and 500mg of amikacin (AMK+BIO-PLY treatment; n=6) daily for 7 days. Blood and synovial fluid (SF) samples were collected at baseline (day 0) and from days 1-7. Synovial fluid was processed to determine bacterial load (CFU/mL) and cytokine milieu. Whole blood was submitted for in-house complete blood counts and plasma was saved for systemic biomarker analysis. All horses received intravenous (IV) antimicrobials (ABX) and analgesics (NSAID) twice per day (BID) for 7-10 days. From day 7 to 21, NSAIDs were administered once per day (SID). Ultrasound exams were performed at day 14 and 21. At end-term (day 23-24), horses had post-infection radiographs performed, were euthanized, and had samples (synovium and cartilage) collected at autopsy for microbiology and histopathology. Synovium was processed for bacterial load (CFU/g). Synovium and cartilage were harvested and submitted for histopathology.





Clinical Observations

Horses were examined twice daily by a veterinarian for comfort and any clinical signs of systemic infection or sepsis (change in general demeanor, fever, etc.). Horses were evaluated and scored daily for pain with each category scored on a scale of 0-3 (0 = most normal, 3 = most abnormal): lameness, tarsocrural joint swelling, limb edema, pain to palpation of the joint, and heat at the site of infection.



Sample Collection

Starting on day 0, whole blood, plasma and serum samples were collected. After day 7, blood was collected weekly until the end of the study. Whole blood and serum were analyzed for changes in white blood cell populations and biochemistry values using the Clinical Pathology Laboratory at NC State University College of Veterinary Medicine. SF was aspirated prior to treatment. Portions of the SF samples collected daily were submitted for analysis of total protein, total nucleated cell count and differential cell count. A portion of that sample was processed as a cytospin as well for further cellular analyses. Aliquots of clarified SF were also saved for biomarker/biochemical analysis at the conclusion of the study. All samples were stored at -80°C until analysis.



Diagnostic Imaging

Horses had pre-infection radiographs performed followed by end-term radiographs at 21 days post-infection. Ultrasonography was performed at day 0 (pre-infection), day 1 (post-infection, pre-treatment), and days 7, 14, and 21 (post-treatment). Tarsocrural joints were imaged with grayscale using the Aplio 500 system (Canon Medical Systems, CA, USA) with a linear 12 MHz broadband transducer. Transverse and longitudinal grayscale images of the dorsomedial and plantarolateral recesses of the tarsocrural joint (Supplementary Figure 1) were acquired with the limb weight bearing. All images were anonymized, randomized prior to analyses, assessed independently by two blinded radiologists using established criteria for infectious arthritis (Beccati et al., 2015), and scores were averaged. Degree of distension, synovial thickening, fibrinous loculation, and vascularity as visualized with power Doppler were scored on a scale of 0-3 (0 = most normal, 3 = most abnormal). Character of synovial effusion and presence of hyperechoic foci were scored on a scale of 0-1 (0 = anechoic or absent, 1 = echogenic or present). Radiographs were evaluated using a previously published scoring system for osteoarthritis on a scale of 0-4 (0 = normal, 4 = severe change) evaluated on the basis of: bone proliferation at the joint capsule attachment; subchondral bone lysis; subchondral bone sclerosis; and osteophyte formation (Frisbie et al., 2013).



Necropsy

At the conclusion of the study, horses were euthanized with an overdose of pentobarbital sodium administered intravenously following sedation according to AVMA Guidelines for the Euthanasia of Animals: 2020 Edition. The infected tarsocrural joint was aseptically prepared and dissection of the tarsocrural joint was performed aseptically from the dorsomedial aspect. The joint was evaluated for gross morphology and photographed as a reference. Synovial membrane samples were collected from four different sites within the joint (dorsomedial, dorsolateral, plantaromedial, and plantarolateral; Supplementary Figure 1) for histological and microbiological analysis. Four osteochondral samples were taken from both the lateral and medial trochlea of the talus from the dorsal and plantar aspects for histological analysis.



Histology

Synovial and osteochondral tissues harvested at necropsy were fixed in neutral-buffered 10% formalin, paraffin embedded, microtome sectioned at 5μm thickness and staining for histologic examination using bright field microscopy and scoring using a modified OARSI system (McIlwraith et al., 2010). Osteochondral tissues were demineralized in an aerated 10% formic acid solution prior to trimming into cassettes. Synovial tissue specimens were stained with Hematoxylin & Eosin (H&E) to assess inflammatory lesions and immunohistochemical (IHC) stains including CD3 for T lymphocytes (DAKO), CD20 for B lymphocytes (Thermo Scientific), CD204 for dendritic cells and macrophages (TransGenic Inc.), and MAC387 (i.e., S100A9, MRP-14, calprotectin) for myeloid leukocytes (i.e., neutrophils and monocytes/macrophages) (DAKO) to further characterize inflammatory cell infiltrates. QuPath (Bankhead et al., 2017) was used for quantitative analyses of positive cell counts identified with each IHC marker from two sections representing the synovial superficial intimal layers including adherent exudate (if applicable) and deeper subintimal regions. MAC387+ cells were further evaluated for morphologic features including cell size and nuclear morphology (i.e., polysegmentation) to determine relative numbers of polymorphonuclear granulocytes (i.e., neutrophils) and monocytes/macrophages within synovial sections. Osteochondral sections were stained with H&E and Safranin O (SafO). Assessment and scoring of histology specimens were performed by a blinded observer. MetaMorph® image analysis software (Molecular Devices Corporation, San Jose, CA, USA) was used for colorimetric quantification to quantify percentage SafO staining within total areas (mm2) of non-mineralized articular cartilage within osteochondral sections.



Microbiology

Historically, it has been difficult to isolate and culture bacteria from the SF of patients with infectious arthritis (Gallo et al., 2008; Taylor et al., 2010). Therefore, we enzymatically digested SF to disperse S. aureus biofilm aggregates and quantify bacterial numbers in infected SF (Supplementary Figure 2). In brief, 10mL of SF was treated with 200µg/mL proteinase K (QIAGEN, Hilden, Germany) for 1 hour before centrifugation at 300g for 10 min to remove host cells. The supernatant containing SF and dispersed bacteria from SF biofilms was then serially diluted and spot plated in triplicate at each serial dilution for colony counts. At end-term, synovial tissue was removed aseptically at necropsy and weighed in grams. Tissue was then gently homogenized and enzymatically digested for 1 hour in media containing 200µg/mL proteinase K and 1.5mg/mL collagenase type II (ThermoFisher Scientific). Tissue homogenates were then centrifuged at 300g for 15 min to remove host cells and debris and the supernatant containing dispersed bacteria was then serially diluted and spot plated in triplicate at each serial dilution for colony counts. A 1mL aliquot of either the SF or tissue homogenate was also enriched in Thioglycolate broth. The lower limit of detection for this method of bacterial enumeration is 16.7 CFU/mL or 3.4 CFU/g. We reported 0 CFU/mL or CFU/g tissue if all three spots had no visible colonies and the enrichment broth yielded no growth.



Serum and Synovial Fluid Biomarker Analysis

Venous blood samples were used to determine concentrations of D-Dimer (Shahi et al., 2017) and serum amyloid A (Jacobsen et al., 2006) using the MILLIPLEX MAP Human Cardiovascular Disease (CVD) Magnetic Bead Panel (MilliporeSigma, MA, USA) that the manufacturer predicted to have cross reactivity with equine samples. Concentrations of the predominate inflammatory cytokines found in SF were quantified with the MILLIPLEX MAP Equine Cytokine/Chemokine Magnetic Bead Panel (MilliporeSigma, MA, USA).



Statistical Analysis

All statistical analyses were performed using Stata 14.1MP, StataCorp, College Station TX, with two-sided tests of hypotheses and a p-value < 0.05 as the criterion for statistical significance. Descriptive analyses include computation of means (with 95% confidence intervals [95%CI]), standard deviations, medians, interquartile ranges (IQR) of continuous variables and tabulation of categorical variables. Tests of normal distribution were performed to determine extent of skewness. Frequency counts and percentages were used for summarizing categorical variables (e.g., sex, signalment and others). As part of the exploratory analysis, principal component analysis was performed to examine intrinsic clusters and obvious outliers within the observations. Discriminant analysis was conducted to establish a set of biomarker concentrations based on variable selection to distinguish between groups. All scores (imaging and histology) were compared between control and treatment groups using Wilcoxon rank-sum tests. Continuous data from ultrasonography, biomechanical testing and cytokine analyses was compared between control and treatment groups using t-tests or non-parametric tests based on normality. Inference statistical analysis was based on a generalized linear mixed model. Sex and other covariates were included as fixed effects in the model where indicated. Systemic and SF cell parameters and biomarkers, and bacterial load were analyzed using multivariate statistical methods. Post-hoc pairwise comparisons were used to assess the influence of group.




Results


AMK+BIO-PLY Treatment Reduced Bacterial Burden and Decreased Signs of Infection

At day 1 post-infection, all horses had macroscopically visible SF biofilm aggregates within their experimentally infected joints (Figure 2A). S. aureus concentrations were measured within their SF (Figure 2B) after dispersal of aggregates (Supplementary Figure 2). Over the 7 days of treatment, SF from both AMK and AMK+BIO-PLY treated joints showed a time-dependent decrease in SF bacterial counts. By day 3, AMK+BIO-PLY treated joints had significantly fewer bacteria within the SF (2.52 ± 0.82 log CFU/mL) compared to horses treated with AMK alone (3.82 ± 0.40 log CFU/mL) (p<0.005; Figure 2B). At end-term, AMK+BIO-PLY treated horses had significantly fewer bacteria within the synovial tissue (2.06 ± 4.86 CFU/g tissue) compared to horses treated with AMK alone (80.95 ± 58.77 CFU/g tissue) (p<0.009; Figure 2C). Notably, 5 out of 6 AMK+BIO-PLY treated synovial tissues showed complete bacterial clearance (based on the detection limits of our assay) and the 1 out of 6 that did not show complete bacterial clearance showed a drastically reduced bacterial load.




Figure 2 | AMK+BIO-PLY treatment decreased bacterial load in the synovial fluid and synovial tissue and reduced clinical signs of infection. (A) Synovial fluid biofilm aggregates were observed macroscopically in all horses prior to treatment on day 1. (B) Synovial fluid bacterial load was reported as log colony forming units (CFU) per milliliter (mL). (C) Bacterial load in the synovial tissue reported as CFU per gram (g). (D) Representative photographs of control and treatment limbs evaluated for joint effusion (arrowheads) and limb edema (arrows). Unaffected contralateral limbs are included for each horse as a normal comparison. (E) Total pain scores as evaluated for clinical signs of infection for control and treatment limbs where 0 = most normal. Means and standard deviations of each group (control vs treatment; n=6), and significant differences *p<0.05, **p<0.01, ***p<0.001 were determined by the Wilcoxon rank-sum test comparing control and treatment at each day.



AMK treated limbs showed persistent swelling above and immediately at the level of the fetlock (Figure 2D). This swelling was not apparent at day 7 in the AMK+BIO-PLY treated limbs. The pain score, based on lameness, tarsocrural swelling, limb edema, pain to palpation of the joint, and heat at the site of infection decreased for all horses over time (Figure 2E). Notably, by day 4, AMK+BIO-PLY treated horses had significantly lower pain scores compared to AMK treated horses (p<0.008).



AMK+BIO-PLY Treatment Improved Ultrasonographic Appearance of Tarsocrural Joints

Using ultrasound to monitor the progression of infectious arthritis (Gaigneux et al., 2017), AMK+BIO-PLY treated horses had an improved ultrasonographic appearance compared to AMK treated horses as evident by changes in joint capsule and synovial thickening as well as the presence of intra-articular fibrin in both the dorsomedial (Figures 3A, E). and plantarolateral recesses (Figures 3B, F). Over the 21 days, AMK+BIO-PLY treated horses had improved (=lower) ultrasonographic scores compared to AMK horses at days 7 (p<0.007), 14 (p<0.006), and 21 (p<0.02) for the dorsomedial recess (Figures 3C, G) and at day 21 (p<0.01) for the plantolateral recess (Figures 3D, H). Reduced joint distension (Supplementary Figure 3A; p<0.03), reduced synovial thickening (Supplementary Figure 3B; p<0.004) and fewer fibrinous loculations within the joint space (Supplementary Figure 3C; p<0.03) were evident. No differences in joint effusion (Supplementary Figure 3D), intra-articular hyperechoic foci (Supplementary Figure 3E) or vascularity (Supplementary Figure 3F) were found. Overall, these ultrasonographic changes were consistent with a resolving infection.




Figure 3 | Treatment with AMK+BIO-PLY decreased ultrasound scores and altered appearance at day 7, 14 and 21. Transverse and longitudinal grayscale images of the (A) dorsomedial and (B) plantolateral recesses of the tarsocrural joint were acquired with the limb weight bearing. (C, D) Total ultrasound scores for each recess where 0 = most normal. (E, F) Representative transverse images of a control and treatment horse at day 21 labeled for important structures as follows: white double headed arrow = subcutaneous edema/effusion, blue double headed arrow = joint capsule, orange double headed arrow = synovial thickening, red double headed arrow = intra-articular fibrin, green arrows = subchondral bone. (G-H). Representative transverse images of a control and treatment horse at days 0, 1, 7, 14, and 21. Means and standard deviations of each group (control vs treatment; n=6), and significant differences *p<0.05 **p<0.01 were determined by paired t-tests comparing control and treatment at each day. See Supplementary Figure 3 for individual ultrasound parameter scores and Supplementary Figure 1 for additional anatomic descriptions of the dorsomedial and plantarolateral recesses of the equine tarsocrural joint.





AMK+BIO-PLY Treatment Reduced Joint Neutrophil and Systemic D-Dimer Concentrations

No differences in SF total nucleated cell count (Figure 4A) or SF total protein content (Figure 4B) was found between the groups. The SF percentage of neutrophils (Figure 4C) decreased in AMK+BIO-PLY treated horses concomitant with increased percentages of mononuclear cells (Figure 4D); these values were significantly different from the AMK group at day 6 and 7 (p<0.02). No differences in systemic leukocyte counts were observed between the two groups throughout the study (Figure 4E). Fibrinogen (Figure 4F; a protein for blood coagulation) and circulating D-dimer (Figure 4G; product of fibrin breakdown) associated with coagulopathy and infection (Shahi et al., 2017; Klim et al., 2018) were decreased with AMK+BIO-PLY treatment compared to the AMK control horses. Serum amyloid A (Figure 4H; an acute phase protein) associated with infection and inflammation (Jacobsen et al., 2006) was not different between treatment groups. No alterations in other systemic parameters (i.e., circulating inflammatory cell counts) were observed between treatment groups (Supplementary Figure 4). While many markers of inflammation remained similar between the two groups during treatments, synovial neutrophil and systemic D-dimer content were significantly decreased after treatment with AMK+BIO-PLY.




Figure 4 | AMK+BIO-PLY treatment altered cellular populations in the synovial fluid and systemic biomarkers. (A–D) Synovial fluid total nucleated cell count, total protein, neutrophil percentage, and mononuclear cell percentage. (E–H) Systemic leukocyte count, fibrinogen concentration, D-dimer concentration, and Serum Amyloid A concentration. Means and standard deviations of each group (control vs treatment; n=6), and significant differences *p<0.05 **p<0.01 ***p<0.001 ****p<0.0001 were determined by the paired t-tests comparing control and treatment at each day.





AMK+BIO-PLY Treatment Altered Synovial Fluid Cytokine Milieu Over Time

Infected joints respond to microbial challenge by inducing the production of cytokines and chemokines that activate resident macrophages and serve as neutrophil chemoattractants (Davis, 2005). Cytokine levels increased with the onset of infection (Figure 5) and the overall increase was moderated by AMK+BIO-PLY treatment, where day 7 levels associated with AMK+BIO-PLY treatment approached the initial day 0 levels. This was not achieved with AMK alone. Specifically, IL-1β (Figure 5A) and IL-6 (Figure 5B), IL-8 (Figure 5D), IL-18 (Figure 5G), MCP-1 (Figure 5E), IL-4 (Figure 5H), and IL-5 (Figure 5I) initially increased in all joints but were significantly lower in AMK+BIO-PLY-treated joints compared to AMK treated joints by day 7 (p<0.05). IFNγ (Figure 5L) had an initial increase at day 2 in AMK+BIO-PLY horses (p<0.003) but decreased by day 3 to the same level as AMK treated horses. AMK+BIO-PLY treatment did not alter SF concentrations of TNF-α (Figure 5C), G-CSF (Figure 5F), IL-10 (Figure 5J), IL-2 (Figure 5K), FGF2 (Supplementary 5A), eotaxin (Supplementary Figure 5B), GM-CSF (Supplementary Figure 5C), IL-1α (Supplementary Figure 5D), fractalkine (Supplementary Figure 5E), IL-13 (Supplementary Figure 5F), IL-17A (Supplementary Figure 5G), IL-12p70 (Supplementary Figure 5H), IP-10 (Supplementary Figure 5I), or GRO (Supplementary Figure 5J). Taken together, these cytokine profiles suggest an immune-modulating response for AMK+BIO-PLY in the resolution of infection.




Figure 5 | AMK+BIO-PLY treatment altered cytokine parameters in synovial fluid. (A–L) Synovial fluid concentration of IL-1β, IL-6, TNFα, IL-8, MCP-1, G-CSF, IL-18, IL-4, IL-5, IL-10, IL-2, IFNγ. For each cytokine, the y-axis starts with the lower limit of detection for that cytokine as defined by the manufacturer of the assay. Means and standard deviations of each group (control vs treatment; n=6), and significant differences *p<0.05 **p<0.01 ***p<0.001 ****p<0.0001 were determined by the paired t-tests comparing control and treatment at each day.





AMK+BIO-PLY Treatment Decreased Synovial Inflammation, Subintimal Vascularity and Fibrosis

The cardinal histologic features of joint infections are synovial inflammation with surface erosions and fibrinosuppurative exudates, subintimal infiltration by neutrophils and mononuclear cells, subintimal neovascularization, and fibrosis (Della Valle et al., 1999). Following euthanasia of horses at day 23-24, a series of postmortem analyses were performed on target tissues from four sites within the tarsocrural joint (Supplementary Figure 1). Joints treated with AMK+BIO-PLY had lower (i.e., improved) total scores for synovial lesions based upon the scoring system for horses recommended by the Osteoarthritis Research Society International (OARSI) (McIlwraith et al., 2010) (p<0.04) (Figure 6A). When individual components of the grading scheme were assessed, AMK+BIO-PLY treated joints had significantly lower (i.e., less severe) scores for both vascularity and subintimal fibrosis (p<0.04) (Figure 6B). Cellular infiltration and subintimal edema trended lower for AMK+BIO-PLY treated joints but were not statistically significant. Because the OARSI scoring system is defined for horses with non-septic osteoarthritis, tissue sections were evaluated for characteristics of septic joints exemplified by fibrin and inflammatory cells within adherent surface exudates as well as the subintima. AMK treated synovium had more extensive intimal ulceration with thick, adherent, poorly organized mats of fibrin with numerous, predominantly neutrophilic, inflammatory cell pockets. In contrast, AMK+BIO-PLY treated joints had less extensive intimal ulcers with scant, better defined, organizing layers of fibrin that contained few, predominantly mononuclear, inflammatory cells (Figure 6C, upper and middle panels). AMK treated subintima showed expansion by poorly organized, thick bands of immature fibrovascular tissue with relative increases in inflammatory cells infiltrating deeper layers of collagenous tissue. Within AMK+BIO-PLY treated joints, the subintimal fibrovascular tissue was more organized and compacted beneath a thin regenerating intimal membrane composed of flattened spindle-shaped intimal cells (Figure 6C lower panels), corresponding to less severe synovial hypertrophy. Thus, by day 23-24, AMK+BIO-PLY treated joints, based on the improved OARSI scores and histology, showed comparatively less severe fibrinosuppurative inflammation and synovial hypertrophy associated with infectious arthritis.




Figure 6 | AMK+BIO-PLY treated horses had decreased synovial inflammation and hypertrophy. (A) Total OARSI synovial scores. (B) Individual components of the synovial OARSI histologic scoring system showed reduction of synovial vascularity and subintimal fibrosis in AMK+BIO-PLY treated compared to AMK control horses. Individual scores with the mean (bar) is shown for each component. ns, no significant difference between AMK and AMK+BIO-PLY; *p < 0.04. (C) H&E-stained photomicrographs of synovial sections. Upper panels (scale bars = 500µm) show ulcerated synovial intima (arrowheads) with thicker fibrin exudate (frame-1) that in mid-panels (scale bars = 50µm) shows neutrophilic infiltrates (arrows) corresponding to pockets of neutrophils in AMK treated joints versus rare, individual neutrophils in AMK+BIO-PLY treated joints. Subintimal stroma (double-headed arrows) highlighted in frame-2 and lower panels (scale bars = 50µm) shows in AMK treated joints fibrin interspersed with comparably thicker bands of loose fibrovascular tissue subtending confluent ulcers compared to AMK+BIO-PLY treated joints that show a well-demarcated, compacted band of fibrovascular tissue subtending a surface layer of flattened, regenerating intimal cells (arrows).





AMK+BIO-PLY Treatment Reduced Inflammatory Cell Infiltrates in The Synovium

Histochemical and IHC stains were used to analyze synovial inflammation and inflammatory cell populations within superficial intimal and deep subintimal regions of synovial membranes (Figure 7) from four representative locations of the tarsocrural joint (Supplementary Figure 1). AMK treated synovium had higher numbers and percentages of Mac387+ myeloid leukocytes (i.e., neutrophils and monocytes/macrophages) than AMK+BIO-PLY treated synovium (Figure 7A). Myeloid leukocytes were concentrated within the superficial intima and adherent fibrinous exudates (p<0.03) but infiltrated all synovial layers. In AMK treated synovium, 90-95% of Mac387+ cells were neutrophils (i.e., ~12μm diameter cells with polysegmented nuclei), whereas in AMK+BIO-PLY treated synovium, nearly all Mac387+ cells were mononuclear (i.e., monocyte/macrophage). The Mac387 IHC results correlated well with differential cell counts and cytologic slide preparations performed on synovial fluid at day 7 (Figure 7A, insets). Increased numbers and percentage of B lymphocytes (CD20+) were identified within superficial synovial layers of AMK+BIO-PLY treated synovium compared to AMK treated controls (p<0.04), although there was variability among individual horses most pronounced in AMK+BIO-PLY treatment group (Figure 7B). Numbers and percentages of CD204+ cells (i.e., dendritic cells and macrophages) trended higher in AMK+BIO-PLY treated synovial samples, although numbers of CD204+ cells identified within exudate, synovial intimal membranes and subintimal stroma varied among horses representing both treatment groups (Figure 7C). No differences in numbers, percentage, or distribution of CD3+ T lymphocytes were identified between the AMK and AMK+BIO-PLY treated groups (Figure 7D).




Figure 7 | AMK+BIO-PLY treatment altered synovial inflammatory cell infiltrates. Graphs with corresponding photomicrographs of immunohistochemically stained sections of different inflammatory cell populations within synovium from AMK versus AMK+BIO-PLY treated joints. (A) Mac387 (myeloid antibody that stains neutrophils and macrophage/monocytes) showed reduced percentage of Mac387+ cells within superficial intimal layers and associated exudates of AMK+BIO-PLY joints (10%) compared to AMK treated joints (90-95%), which corresponded to cytologic smears prepared from synovial fluid sampled at day 7 (insets); where neutrophils surround a single macrophage (arrowhead) in AMK treated synovium compared to 100% mononuclear cells within AMK+BIO-PLY treated synovium; scale bars = 50µm. (B) CD20 (B lymphocyte antibody) showed fewer numbers of CD20+ cells (arrows) associated with surface fibrin exudate (asterisks) within superficial subintimal layers of AMK treated joints compared to AMK+BIO-PLY treated joints that have numerous CD20+ cells concentrating within the stroma underlying the intimal surface (arrows); CD20+ cells concentrated within follicular aggregates of the deep subintimal layers (insets, scale bars = 100µm) showed a similar distribution between the two treatment groups. (C) CD204+ macrophages showed similar numbers and distribution within exudate and synovial membranes (insets) of both treatment groups; scale bars = 50 µm. (D) CD3+ T lymphocytes antibody also showed no differences within synovial exudates (scale bars = 50 µm) or follicular aggregates within deep subintimal stroma (insets; scale bars = 100 µm).





AMK+BIO-PLY Treatment Exhibited Chondroprotective Effects

Osteochondral explants representing four different locations within the joint were evaluated using the OARSI grading scheme for equine cartilage and subchondral bone (McIlwraith et al., 2010). AMK+BIO-PLY treated osteochondral explants had improved total OARSI scores compared to AMK treated explants (Figure 8A; p<0.007). Specifically, when individual components of the grading scheme were compared between groups, scores for focal cell loss (p<0.02) and numbers of chondrocyte clones (i.e., chondrones) (p<0.005) were decreased in AMK+BIO-PLY treated horses as compared to AMK alone (Figures 8B, C). Morphometric analyses applied to evaluate the percentage of SafO staining per total area of non-mineralized articular cartilage showed a decreased percentage area of SafO staining (p<0.03) in AMK treated joints compared to AMK+BIO-PLY treated horses (Figures 8D, E), indicating that BIO-PLY treatment mitigated inflammation-associated loss of proteoglycan content within the cartilage extracellular matrix. Together these findings suggest that AMK+BIO-PLY mitigates the severity of catabolic tissue response.




Figure 8 | AMK+BIO-PLY treatment mitigated chondrocyte cells loss, chondrone formation and proteoglycan loss within articular cartilage of osteochondral tissues. (A) Overall total OARSI scores and (B) Individual outcome parameters of the microscopic OARSI scoring system for osteochondral tissue. Individual scores with the mean (bar) is shown for each parameter. ns, no significant difference between AMK and AMK+BIO-PLY; *p<0.02 ***p<0.005. (C) H&E stained cartilage showed AMK treated joints had more extensive cartilage cell loss (arrowheads) compared to AMK+BIO-PLY treated joints that retain even distribution of viable chondrocytes. SafO stained cartilage shows more numerous and larger chondrones (arrows) concentrated within increased loss of proteoglycan staining (white line demarcation) in AMK treated joints compared to AMK+BIO-PLY treated horses; scale bars = 50µm. (D) Morphometrical analyses of percentage of SafO staining per total area of articular cartilage showed decreased percentage area of SafO staining within non-mineralized cartilage layers in AMK treated joints compared to AMK+BIO-PLY treated joints. (E) Representative SafO-stained osteochondral sections with high magnification insets of framed regions from the plantarolateral aspect of the talus highlight loss of proteoglycan staining within AMK treated joints where patchy pale pink staining is reduced to deeper layers of non-mineralized articular cartilage (arrows) compared to AMK+BIO-PLY treated joints; scale bars = 500 µm (upper panels) and 50 µm (lower panels).






Discussion

This manuscript presents an equine model of S. aureus infectious arthritis demonstrating in vivo efficacy of BIO-PLY treatment in combination with the aminoglycoside AMK compared to AMK treatment alone. In support of our hypothesis, we demonstrated that AMK+BIO-PLY treatment significantly lowered bacterial concentrations within SF during the 7 days of treatment; at end-term, bacteria were no longer detected in the synovium of the majority of AMK+BIO-PLY treated joints. Overall, the physical appearance of the tarsocrural joints in the treated horses showed improved clinical parameters, including decreased swelling and distal limb edema. A subset of inflammatory markers improved over the 7 days of AMK+BIO-PLY treatment, and histological features observed at end-term confirmed decreased synovial inflammation, including reduced neutrophilic infiltrates within adherent fibrin exudates as well as SF, and reduced early articular cartilage degeneration characterized by fewer chondrones, reduced focal cell loss, and improved cartilage proteoglycan content when compared to AMK treatment alone. It is noteworthy that the AMK+BIO-PLY treatment was able to achieve this outcome in the absence of joint lavage. The findings in this in vivo equine study corroborate our previous in vitro findings (Gilbertie et al., 2018; Gilbertie et al., 2020) and suggest that AMK+BIO-PLY mitigates equine septic arthritis.

Our choice of an experimental equine model was driven by our extensive experience from clinical equine practice treating horses with infected synovial structures and osteoarthritis (Gilbertie et al., 2018). The experimental equine model is also attractive given that considerable objective information has been generated from this model to understand mechanisms and activity of disease modifying osteoarthritic drugs (McIlwraith et al., 2012). Thus, a therapeutic intervention such as the one discussed in this report would have a direct and immediate benefit to horses in clinical equine practice as well as having the potential to directly translate to human medicine, especially considering most investigations studying the translational merits of anti-infective therapies are limited to small animal models (Corrado et al., 2016).

The poor outcomes associated with joint infection, especially periprosthetic joint infection (PJI) secondary to joint replacement, have recently been suggested to depend on the presence of fibrin-rich floating and adherent antibiotic-tolerant bacterial aggregates (Dastgheyb et al., 2015; Gilbertie et al., 2019; Bidossi et al., 2020). In vitro, PRP exhibits antimicrobial activity against planktonic and biofilm bacteria (Drago et al., 2014; López et al., 2014; Zhang et al., 2019; Gilbertie et al., 2020; Attili et al., 2021). In vivo, PRP alone or in combination with conventional antimicrobials has been effective in animal models of osteomyelitis and infected wounds (Li et al., 2013; Farghali et al., 2019; Wang et al., 2019; Tang et al., 2021; Wei et al., 2021; Pourkarim et al., 2022). In humans, PRP has also been proven to be safe and efficacious in the clinical treatment of chronic wounds by advancing complete wound closure and reducing wound healing time as well as wound area and depth (Qu et al., 2021). These studies, while promising, often suffer from tremendous variability associated with individual PRP sources. We found that we could increase reproducibility by pooling PRP from multiple animals. Using this pooled PRP, we found that a low molecular weight (<10kDa), cationic PRP fraction showed antimicrobial activity against SF aggregates with synergy achieved in the presence of the aminoglycoside AMK (Gilbertie et al., 2020). Based on this fractionation, it is probable that this PRP-fraction (BIO-PLY) is rich in antimicrobial peptides (AMPs) and that these compounds synergize with AMK to attack both adherent and floating biofilms. The antimicrobial efficacy of the combined AMK+BIO-PLY treatment was validated by the absence of microbial counts in the synovium and the time-dependent reductions in microbial counts in SF compared to AMK alone.

Our previous in vitro data indicated a critical role for fibrin in the formation of adherent biofilms and free-floating SF aggregates (Gilbertie et al., 2019; Knott et al., 2021). S. aureus can hijack the host coagulation system to aggregate and form biofilms (Crosby et al., 2016), and intra-articular fibrin has been directly associated with increased synovial inflammation and cartilage damage (Flick et al., 2007; Raghu and Flick, 2011). This in vivo study showed a marked decrease in ultrasonographically-detected intra-articular fibrinous loculations in the AMK+BIO-PLY treatment group, a finding that correlated with synovial histology. Interestingly, there may be an association between joint inflammation and fibrin(ogen)/coagulation proteins (So et al., 2003; Raghu and Flick, 2011). In models of antigen-induced arthritis (Sanchez-Pernaute et al., 2003), fibrin deposition along the synovial intima, as it is seen in the AMK horses, is associated with synoviocyte activation. In mice lacking fibrinogen or with increased fibrinolysis, fibrin accumulation decreases within their joints resulting in decreased arthritic changes and mitigation of cartilage matrix loss (Flick et al., 2007). In addition, decreased intra-articular fibrin was associated with decreased neutrophil infiltration in the joint of mice lacking fibrinogen (Flick et al., 2007). These studies support the idea that altered fibrin in the joint, whether resulting from bacterial or innate disease processes, is associated with inflammation and joint degradation. Our study showed that AMK+BIO-PLY treated horses had less fibrin deposition that correlated with lower percentages of neutrophils within the SF and tissue. Taken together, our data in the equine model suggest that the reduction in synoviocyte pro-inflammatory cytokine production and increased synoviocyte anti-inflammatory cytokine production (Gilbertie et al., 2018) is reflective of a marked clinical improvement associated with the AMK+BIO-PLY treatment.

In accordance with this data and our ultrasound observations, increased intra-articular fibrinous loculations in the AMK-treated horses correlated with increased serum levels of D-dimers, fibrin degradation products resulting from fibrin dissolution by plasmin (Lee et al., 2018). D-dimer levels of >850 ng/mL have been used to diagnose PJI (Shahi et al., 2017). In our study, AMK+BIO-PLY treatment reduced serum D-dimer levels below 500ng/mL, while AMK horses continued to show elevated D-dimer levels of >1000ng/mL. In addition to serum D-dimer levels, recent studies of PJI biomarkers have proposed serum fibrinogen as a prognostic indicator of infection (Klim et al., 2018), with a range of 361 to 519 mg/dL. In our study, AMK+BIO-PLY treated horses had fibrinogen levels <400 mg/dL while AMK horses had fibrinogen levels >400 mg/dL from day 2 until day 7. Taken together, these findings strongly support the antimicrobial effects of AMK+BIO-PLY in infectious arthritis.

In addition to its antimicrobial effects, AMK+BIO-PLY ameliorated degenerative changes in articular cartilage. Articular cartilage from AMK+BIO-PLY treated horses showed fewer degenerative changes including fewer chondrones, reduced focal cell loss, and reduced loss of cartilage proteoglycan content (i.e., SafO staining) when compared to cartilage from AMK treated joints, consistent with our previous in vitro findings (Gilbertie et al., 2018). These parameters may represent early secondary degenerative changes and could have important clinical implications for short-term post-infection recovery and the long-term effects that may prevent chronic inflammation-associated degeneration and preserve joint function.

The levels and ratios of cytokines determine M1/M2 macrophage phenotypes across the continuum of pro-inflammatory and anti-inflammatory states. Horses treated with AMK showed elevated levels of IL-4 and IL-5, consistent with a shift towards the anti-inflammatory M2/Th2 phenotype implicated in biofilm persistence (Hanke and Kielian, 2012). In contrast, horses treated with AMK+BIO-PLY exhibited increased levels of IFNγ followed by decreased IL-4 and IL-5 suggesting a shift towards a pro-inflammatory, M1/Th1 dominant response. Hanke et. al., showed that activated pro-inflammatory macrophages transferred into S. aureus biofilms in vivo facilitated biofilm clearance, thus further emphasizing the importance of the macrophage activation state (Hanke et al., 2013). IL-18, a cytokine that is constitutively expressed by neutrophils (Robertson et al., 2006), was drastically reduced in AMK+BIO-PLY treated horses. Although IL-18 can induce a Th1 response through the induction of IFNγ, depending on the cytokine environment, it also can induce a Th2 response (Xu et al., 2000). Based on the literature, our data suggest AMK+BIO-PLY treatment appears to facilitate a type 1 response early on and mitigate the inflammatory response at later treatment times. Platelets and platelet-released products are known to interact with the innate and adaptive immune response (Cox et al., 2011); however, future work is required to investigate this relationship.

Neutrophil infiltration and accumulation within the SF and tissue is a hallmark of infectious arthritis (Shirtliff and Mader, 2002). Neutrophils are necessary for the clearance of S. aureus during infection; however, their prolonged infiltration can lead to increased joint damage (Boff et al., 2018). Moreover, neutrophils in human knees with non-infectious osteoarthritis are shown as active and synergistic contributors to the progression of inflammation and degeneration in concert with macrophages and lymphocytes (Hsueh et al., 2021). We used the immunohistochemical marker Mac387 (Villiers et al., 2006; Wang et al., 2018) to help identify and quantify neutrophils within these equine synovial tissues. Mac387 (i.e., S100A9, MRP-14, calprotectin) is an abundant cytosolic protein in neutrophils and is present in lower amounts within monocytes and subsets of macrophages (Soulas et al., 2011). Although Mac387 is associated with increased synovial activation and joint damage in arthritis models (van Lent et al., 2012), it is also used as a biomarker to distinguish infectious arthritis from other inflammatory forms of arthritis (Baillet et al., 2019). AMK+BIO-PLY treated joints had decreases in Mac387 and relative increases in B lymphocytes (CD20) within the subintimal stroma compared to AMK controls, which provides evidence of AMK+BIO-PLY’s potential immunomodulatory effects. In addition to reducing neutrophils within synovial exudates, BIO-PLY also decreased neutrophil associated chemokines and cytokines within the synovial fluid such as IL-8, G-CSF, and MCP-1 (Tecchio et al., 2014). Although CD204, a marker used to detect M2 subsets of macrophages (Heusinkveld and van der Burg, 2011), showed individual variation in numbers and percentages of cells within joints representing both treatment groups, this marker showed high affinity for cells lining synovial intima as well as mononuclear cells within exudates and subintimal stroma. Further investigations are needed to determine the potential role of these cells as well as different populations of lymphocytes in the contribution or resolution of synovial inflammation and cartilage degeneration.

In summary, our data suggests that the persistent molecular and cellular immune response (i.e., pro-inflammatory cytokine milieu corresponding to fibrinosuppurative inflammation and synovial hypertrophy) in AMK-treated horses is detrimental to articular cartilage. In contrast, the coordinated changes in the immune response of AMK+BIO-PLY-treated horses are consistent with an early clearance of bacterial biofilm that is supported by the decreased synovial bacterial counts and our in vitro studies that mitigate persistent fibrinosuppurative inflammation and associated cartilage degeneration. Limitations of this study include lack of data from a BIO-PLY alone treatment group and the assessment of acute (within 24 hours) infectious arthritis due to S. aureus only. Nevertheless, we conclude that intra-articular treatment with this antibiofilm, platelet-rich-plasma derived cationic fraction represents a powerful approach for augmenting treatment of S. aureus infectious arthritis.
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Supplementary Figure 1 | Anatomic descriptions of the equine tarsocrural joint. Anatomic locations labeled on a three-dimensional computed tomography (CT) rendering of a healthy equine tarsal joint from (A) dorsal and (D) plantar aspects. Individual bones and the recesses are labeled or circled respectively. The colored areas are the locations that osteochondral sections were collected. Blue=plantaromedial, green=plantarolateral, red=dorsolateral, orange=dorsomedial.  Synovium was collected adjacent to the indicated osteochondral locations. MT, metatarsal, T=tarsal; CT, central tarsal. Anatomic locations of the (B, C) dorsomedial and (E, F) plantarolateral recesses of the equine tarsocrural joint as shown on Magnetic Resonance Imaging (MRI). (A) Coronal plane VIBE MRI image highlighting the dorsomedial recess (red arrow). (B) Transverse plane fat saturated PD MRI image highlighting the dorsomedial recess with high signal intensity (white) synovial fluid (red arrow) at the level of the dotted red line shown in (A). (C) Sagittal plane fat saturated MRI image highlighting the plantarolateral recess (red arrow). (D) Transverse plane fat saturated PD MRI image highlighting the plantarolateral recess with high signal intensity (white) synovial fluid (red arrow) at the level of the dotted red line shown in (C). 

Supplementary Figure 2 | Enzymatic dispersal of infected synovial fluid. Synovial fluid was collected and pooled from 4 horses and subsequently infected ex vivo with S. aureus (ATCC 25923) at 1x105 CFU/mL. (A) Infected synovial fluid was left untreated, sonicated for 1 hr in an ultrasonic bath, or treated with proteinase K (200µg/mL) for 15 minutes.  (B) Synovial fluid was then serial diluted, and spot plated for (C) bacterial enumeration as CFU/mL. 

Supplementary Figure 3 | Individual ultrasound parameter scores. Ultrasound images were assessed using established criteria for infectious arthritis with each category scored on a scale of 0-3 (0 = most normal, 3 = most abnormal): degree of distension (A) degree of synovial thickening (B) presence of fibrinous loculations (C) character of synovial effusion (D) presence of hyperechoic spots (E) and vascularity by Doppler (F). Means and standard deviations of each group (control vs treatment; n=6), and significant differences *p<0.05 were determined by the paired t-tests comparing control and treatment at each day. Data shown here are the individual parameters of the total ultrasound scores shown in Figure 5.

Supplementary Figure 4 | Additional complete blood count parameters. (A-C) Systemic neutrophil, lymphocyte, and monocyte counts. Means and standard deviations of each group (control vs treatment; n=6), were determined by the paired t-tests comparing control and treatment at each day; no significant differences were found.

Supplementary Figure 5 | Additional cytokine concentrations in synovial fluid. (A-J) Synovial fluid concentration of FGF2, eotaxin, GM-CSF, IL-1α, fractalkine, IL-13, IL-17A, IL-12p70, IP-10, and GRO. For each cytokine, the y-axis starts with the lower limit of detection for that cytokine as defined by the manufacturer of the assay. Means and standard deviations of each group (control vs treatment; n=6) red t-tests comparing control and treatment at each day; no significant differences were found.
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Bacterial infection within the synovial joint, commonly known as septic arthritis, remains a clinical challenge as it presents two concurrent therapeutic goals of reducing bacterial burden and preservation of articular cartilage from destructive host inflammation. We hypothesized that mitigation of MRSA-induced inflammatory signaling could diminish destruction of articular cartilage in the setting of septic arthritis when used in conjunction with antibiotics. Herein, we provide evidence which supports a new therapeutic notion that concurrent antimicrobial therapy to address the ‘septic’ component of the disease with inflammation mitigation to manage the destructive ‘arthritis’ component. We established a murine model to mimic septic knee arthritis, as well as a variety of other inflammatory joint conditions. This murine septic arthritis model, in conjunction with in vitro and ex-vivo models, was utilized to characterize the inflammatory profile seen in active septic arthritis, as well as post-antibiotic treatment, via transcriptomic and histologic studies. Finally, we provided the clinical rationale for a novel therapeutic strategy combining enhanced antibiotic treatment with rifampin and adjuvant immunomodulation to inhibit post-infectious, excess chondrolysis and osteolysis. We identified that septic arthritis secondary to MRSA infection in our murine model led to increased articular cartilage damage compared to various types of inflammatory arthritis. The activation of the pERK1/2 signaling pathway, which is implicated with the mounting of an immune response and generation of inflammation, was increased in intracellular MRSA-infected synovial tissue and persisted despite antibiotic treatment. Trametinib, an inhibitor of ERK signaling through suppression of MEK1/2, alleviated the inflammation produced by the addition of intra-articular, heat-killed MRSA. Further, when combined with vancomycin and rifampin, mitigation of inflammation by pERK1/2 targeting improved outcomes for MRSA septic arthritis by conferring chondroprotection to articular cartilage and diminishing inflammatory osteolysis within bone. Our results support a new therapeutic notion that cell/biofilm-penetrating antibiotics alongside adjuvant mitigation of excessive intra-articular inflammation accomplish distinct therapeutic goals: reduction of bacterial burden and preservation of articular cartilage integrity.
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Introduction

Septic arthritis involves bacterial invasion into the joint space by either hematogenous spread or direct inoculation in the setting of trauma or surgery. It represents an orthopaedic and medical emergency given its capacity to inflict substantial, permanent damage to the articular cartilage in as little as 24 hours (Carpenter et al., 2011). The incidence of septic arthritis continues to increase due to variety of factors, including an aging global population, an increase in invasive orthopaedic procedures, and an increasing patient population on immunosuppressive regimens (Kaandorp et al., 1997; Mathews et al., 2010). Staphylococcus aureus (S. aureus) is the most common bacterial pathogen associated with septic arthritis. For methicillin-susceptible S. aureus (MSSA) joint infections, treatment typically incorporates urgent surgical irrigation followed by intravenous β-lactam antibiotics therapy, such as nafcillin and cefazolin (Bamberger and Boyd, 2005; Li et al., 2019). However, despite these interventions, septic arthritis still confers high morbidity and recurrence is not uncommon, especially in cases involving methicillin-resistant S. aureus (MRSA) (Weston et al., 1999; Dubost et al., 2002; Salgado et al., 2007). Worrisomely, despite antibiotic therapy and surgical drainage, patients with septic arthritis may suffer from disease sequelae such as an altered gait, diminished range of motion, limb length discrepancy, abnormalities of bone growth, recurrent septic arthritis, and progression to osteomyelitis, which may ultimately lead to fusion of a major joint or amputation of a limb (Vincent and Amirault, 1990; Wang et al., 2003). As such, more efficacious treatment regimens are crucial in ensuring optimal outcomes in patients burdened by MRSA septic arthritis.

A host inflammatory response against pathogens is an essential component in halting the progression of septic arthritis. However, excessive inflammation can mediate deleterious processes which may exacerbate structural damage to the joint secondary to the infection. This continued onslaught of inflammation can delay functional recovery due to excessive, painful swelling and cause further joint destruction and disease sequelae, even after the infection is controlled (Howard et al., 1976; Welkon et al., 1986). Thus, in addition to treating the inciting infection, the treatment of articular damage incurred by excess inflammation poses another challenge in the face of septic arthritis.

The inflammatory response mobilized by septic arthritis is largely mediated by the innate immune system. Recognition of pathogen-associated molecular patterns (PAMPs) and host-derived molecules released in the setting of tissue damage, termed damage-associated molecular patterns (DAMPs), both serve as crucial stimuli to combat infection (Zindel and Kubes, 2020; Gong et al., 2020). Receptors present within both the plasma membrane and cytoplasm of innate immune cells recognize PAMPs and DAMPs and mediate intracellular signaling pathways, such as those facilitated by mitogen-activated protein kinases (MAPKs) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), to induce expression of immune response proteins and pro-inflammatory factors (Rahman and McFadden, 2011; Gong et al., 2020). MAPKs, classified as ERK, c-Jun N-terminal kinase (JNK), and p38, comprise a family of serine/threonine protein kinases that are implicit in the regulation of numerous intracellular signaling pathways including immune response, inflammation, proliferation, differentiation, and cell death (Thalhamer et al., 2008). Previous studies have reported that MAPK activation is increased within synovial fibroblast cells derived from rheumatoid arthritis patients compared to those derived from osteoarthritis patients, and induced by pro-inflammatory cytokines including tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), and interleukin-1 (IL-1) in human synovial cells (Schett et al., 2000). Previously, MAPK inhibitors have been shown to improve outcomes in a murine rheumatoid arthritis model through their anti-inflammatory effects, suggesting that MAPK inhibitors may be utilized to protect joints in the setting of other inflammatory processes, like septic arthritis (Thiel et al., 2007; Thalhamer et al., 2008; Singh et al., 2009). However, while some work on the impact of MAPKs on inflammatory arthritis has been presented, there are insufficient studies on the involvement of MAPKs in infectious processes and potential for MAPK inhibitors to serve as adjuvants to conventional antibiotic regimens in septic arthritis. In this study, we aimed to verify the function of MAPKs in septic arthritis, the role of MAPKs in mediating the inflammatory response incurred by MRSA infection, and the efficacy of combinatorial therapy involving antibiotics alongside MAPK inhibitors to control excessive inflammation mediated by PAMPs and DAMPs.



Results


Septic Arthritis Secondary to MRSA Infection Causes Severe Articular Cartilage Damage and Bone Destruction Distinct From Other Sources of Inflammatory Arthritis

To better characterize the chondro- and osteolytic patterns observed in both infectious and non-infectious arthritis, we constructed a murine model that may be utilized to mimic septic arthritis seeded through direct inoculation, as well as crystalline arthropathies (Figure 1A). We performed intra-articular knee joint injections of various factors. These included MRSA to induce septic arthritis, heat-killed MRSA (HK-MRSA) to observe the effects of inflammation mediated by PAMPs, lipopolysaccharides (LPS) to illustrate the effects of PAMPs found in gram negative septic arthritis, titanium dioxide (TiO2) as a common component of joint prostheses, and monosodium urate (MSU) to induce a gout-like crystalline arthropathy. MRSA infection significantly increased expression of myeloperoxidase (MPO) activity, a marker of increased inflammation secondary to neutrophilic reaction, more so than any other type of infectious or non-infectious inoculate (Figure 1B). Review of sera complete blood counts (CBC) showed that MRSA infection induced an increase in total white blood cells (WBC), similar to what is seen in the clinical setting (Figure 1C). In the model of MRSA septic arthritis and LPS inoculation, the percentage of neutrophils was increased whereas the percentage of lymphocytes decreased. The percentage of eosinophils increased only after LPS inoculation. Collectively, these CBC results suggest that systemic inflammation is generated after introduction of MRSA and LPS to the knee joint.




Figure 1 | Variation in immunologic and inflammatory responses between inflammatory arthritis caused by infectious and non-infectious sources. (A) Successful intraarticular knee injection was verified by measuring the intensity of GFP immediately after administration of MRSA constitutively expressing GFP. (B–D) C57BL/6 mice were injected with MRSA (1×105 CFU/10 μL), HK-MRSA (1×105 CFU/10 μL), LPS (200 µg/mL), TiO2 (3 mg/mL), and MSU (200 µg/mL) into the knee joint space, with DPBS injection used as a negative control (n = 3-4 per group). (B) One day after injection, the generation of inflammation in the knee joint was assessed through measurement of MPO activity. (C) The total blood cell count and percentage of neutrophils, lymphocytes, monocytes, eosinophils, and basophils were measured using CBC analysis. (D) The generation of systemic inflammatory mediators, including cytokines, chemokines, and growth factors, was measured in serum and analyzed using principal component analysis; proteins that display significant variation in expression are highlighted within the blue box. Error bars show means ± SD. One-way ANOVA with Tukey’s post hoc analysis was used to assess statistical significance when compared to the negative control group or MRSA group (*p < 0.05 or **p < 0.01 or ***p < 0.001 or ****p < 0.0001; N.D., not detected and N.S., not significant).



We further sought to characterize this inflammation through investigating markers of systemic inflammation, including cytokines, chemokines, and growth factors. In comparison to a negative control that simulated the intra-articular trauma of a joint injection, the production of systemic inflammation mediators, such as IL-6 and monocyte chemoattractant protein-1 (MCP-1/CCL2) were commonly increased in MRSA and LPS groups (Figure 1D). Other inflammatory cytokines, chemokines, and growth factors including granulocyte colony-stimulating factor (G-CSF), regulated on activation, normal T Cell expressed and secreted (RANTES/CCL5), IL-1-beta (IL-1β), TNF-α, granulocyte macrophage-colony stimulating factor (GM-CSF), IL-10, IL-2, IL-3, IL-1-alpha (IL-1α), IL-13, macrophage inflammatory proteins-1 alpha (MIP-1α/CCL3) were increased only in mice undergoing LPS inoculation.

The results of the histopathological analysis showed that the inflammation score, synovial hyperplasia, synovial cellularity, and cartilage degradation were markedly increased in MRSA infection when compared to other types of infectious and non-infectious sources of inflammation (Figure 2). The introduction of TiO2 also increased inflammation score, synovial hyperplasia, and synovial cellularity, albeit lower than that seen with MRSA infection. Tartrate-resistant acid phosphatase (TRAP)-positive cells, which indicate activated osteoclasts, were significantly present at the resorption site of articular cartilage in mice with MRSA septic arthritis, but were absent in mice provided with other knee joint space inoculations. Taken together, mice in our MRSA septic arthritis model displayed infiltrating immune cells and inflammation that combined led to destruction of both cartilage and bone when compared to other groups of mice.




Figure 2 | MRSA Septic arthritis induced inflammation, destruction of articular cartilage, and osteolysis. C57BL/6 mice received intraarticular knee injections of either MRSA (1×105 CFU/10 μL), HK-MRSA (1×105 CFU/10 μL), LPS (200 µg/mL), TiO2 (3 mg/mL), or MSU (200 µg/mL) with select mice receiving DPBS injection to serve as a negative control (n = 4 per group). Ten days after inoculation, mice were sacrificed, and tissues obtained for histological analyses. Paraffin-embedded knee joint tissues were sectioned and histologically stained with H&E, SAF O, or TRAP (scale bars: 2,000, 1,000, and 500 μm). The inflammation score, synovial hyperplasia, synovial cellularity, and TRAP-positive cells were measured using H&E- and TRAP-stained images. Error bars show means ± SD. One-way ANOVA with Tukey’s post hoc analysis was used to assess statistical significance when compared to the negative control group or MRSA group (*p < 0.05 or **p < 0.01 or ***p < 0.001 or ****p < 0.0001; N.D., not detected).





Intraarticular MRSA Induced NF-κB and MAPKs Signaling Pathways Associated With Immune Responses, Inflammation, and Arthritis

To investigate the influence of MRSA septic arthritis on intracellular signaling pathways, we constructed and analyzed a data set obtained through RNA-sequencing of bone marrow-derived macrophages (BMDM) infected with MRSA. Signaling pathways related to numerous immune responses, inflammation, and those implicated in the development of arthritis were increased in MRSA-infected BMDMs (Figure 3A). Further, we identified upstream regulatory factors controlling genes whose expression were significantly increased in the presence of MRSA septic arthritis, which lead to an increase in transcription factors, such as NF-κB and fos proto-oncogene (FOS), that are related to immune responses, inflammation, and arthritis signaling pathways. Therefore, we hypothesized that the immune responses, inflammation, and arthritis secondary to MRSA infection receive upstream regulation through pathways featuring NF-κB and MAPK signaling.




Figure 3 | Infection with MRSA triggered NF-κB and MAPK signaling pathways associated with generation of immune responses, inflammation, and articular damage. (A) Transcriptome profiles were analyzed in primary BMDMs infected for four hours with MRSA using RNA-sequencing. We compared the normalized dataset with non-infected data, determined genes that were significantly increased in MRSA infection, and then analyzed canonical pathways alongside upstream regulating factors. The downstream genes regulated by NF-κB and FOS were verified and presented in the heatmap. (B) Human synovial tissue was infected with GFP-labeled MRSA (4×106 CFU) for 24 hours and GFP expression was measured as a marker for ongoing infection (Scale bar: 100 μm). The expression of p-NF-κB, NF-κB, Iκ-Bα, p-ERK, ERK, p-JNK, JNK, p-p38, and p38 in whole protein extract obtained from MRSA-infected human synovial tissue was measured; β-actin was used as a loading control. (C) Human primary synovial cells were infected with GFP-labeled MRSA (4×106 CFU) for 2 hours, at which time intracellular GFP expression was quantified (Scale bar: 100 μm). The expression of p-NF-κB, NF-κB, Iκ-Bα, p-ERK, ERK, p-JNK, JNK, p-p38, and p38 in whole protein extract derived from MRSA-infected synovial cells at two and four hours post-infection was measured; β-actin was used as a loading control. Error bars show means ± SD. Two-tailed unpaired t-test analysis was used to assess statistical significance when compared to the normal group (**p < 0.01).



We sought to investigate whether these findings could translate from our murine model into human-derived tissue using a combination of MRSA-infected human synovial tissue versus primary human synovial cells. In human synovial tissue infected with MRSA, activation of NF-κB was identified by increased expression of p-NF-κB with decreased expression of Iκ-Bα (Figure 3B). MAPK was also induced as evidenced by increased expression of p-ERK, p-JNK, and p-p38 (Figure 3B). MRSA-infected primary human synovial cells displayed numerous intracellular MRSA and were characterized by increased expression of p-NF-κB and p-ERK with decreased expression of Iκ-Bα (Figure 3C). However, the expression of p-p38 and p-JNK was unchanged when compared to controls. Taken together, we identified that MRSA infection increases the production of numerous pro-inflammatory molecules while mounting an immune response against infection. In turn, this may induce destruction of the joint mediated by NF-κB and ERK signaling pathways.



Antibiotic Treatment Alone Was Effective in Reducing Bacterial Load, But Cartilage Destruction and ERK Activation Persisted Past Eradication of Infection

Knee joints infected with MRSA displayed signs of septic arthritis, including swelling and erythema at one day post-inoculation (Figure 4A). Synovial fluid aspirate revealed increased infiltrating immune cells, as well as numerous cells infected with intracellular MRSA (Figure 4B). Sharply elevated production of both IL-6 and keratinocytes-derived chemokine (KC/CXCL1) was evident within synovial fluid secondary to intraarticular MRSA infection, providing additional evidence for increased inflammation within the joint capsule (Figures 4C, D).




Figure 4 | Intracellular MRSA persisted in synovial cells and ERK-mediated inflammation remained despite conventional vancomycin treatment. (A–D) C57BL/6 mice received intraarticular knee joint injections of MRSA (4×106 CFU/10 μL), with analysis performed at one day post-infection (n = 3 per group). (A) Representative images of partially dissected knees. (B, C) Synovial fluid collected from knee joint in normal and MRSA infection. (B) Quantification of total synovial fluid cell count between normal and MRSA-infected mice (Scale bar: 100 μm). (C) The concentration of synovial IL-6 was quantified using ELISA. (D) Profiles of synovial pro-inflammatory factors were measured via membrane assays. (E–G) C57BL/6 mice were injected with MRSA (4×106 CFU/10 L) into the knee joint. One day after infection, vancomycin (VA; 30 mg/kg) was subcutaneously injected for 3 days until eventually being sacrificed at 14 days post-inoculation (n = 3-4 per group). (E) Paraffin-embedded knee joint tissues were sectioned and that histologically stained with H&E and SAF O (Scale bar: 3,000 and 1,000 μm). Expression of MMP1, MMP3, and MMP13 was measured in paraffin-embedded knee joint tissues using immunohistochemistry assay. (F) Profiles of synovial pro-inflammatory factors were measured via membrane assays. (G) Expression of MMP3, p-NF-κB, NF-κB, p-Iκ-Bα, Iκ-Bα, p-ERK, ERK, p-JNK, JNK, p-p38, and p38 in whole protein extracted in synovial tissues were measured; GAPDH was used as a loading control. Error bars show means ± SD. One-way ANOVA with Tukey’s post hoc analysis or two-tailed unpaired t-test analysis were used to assess statistical significance when compared to the normal group or MRSA group (*p < 0.05 or **p < 0.01 or ***p < 0.001; N.D., not detected).



To mimic pharmacologic management guidelines (Liu et al., 2011), we initiated treatment of mice in our MRSA septic arthritis model with vancomycin. Upon sacrifice eleven days after completion of their vancomycin regimen, mice displayed signs of healing septic arthritis, including reduced erythema and edema, and histological analyses revealed decreased infiltrating immune cells (Figure 4E). The degradation of proteoglycans in articular cartilage and destruction of bone secondary to MRSA infection were inhibited after administration of vancomycin. Furthermore, immunohistochemistry revealed the expression of several matrix metalloproteinase (MMPs). Specifically, MMP1, MMP3, and MMP13, were induced by MRSA infection within synovial cells, immune cells, and chondrocytes (Figure 4E). While the administration of vancomycin suppressed expression of MMPs in the setting of MRSA infection, proteoglycan degradation and expression of MMPs within the joint space was still elevated compared to the non-infection group, supporting the need for novel adjuvant therapies to facilitate suppression of articular cartilage destruction. Production of IL-6 and C-X-C motif chemokine 11 (CXCL11) induced by MRSA infection was inhibited by vancomycin treatment, although the IL-6 level was still higher than normal group (Figure 4F). Moreover, when compared to the normal cohort, the production of G-CSF, interleukin-10 (IL-10), interleukin-12 (p70) (IL-12p70), monokine induced by gamma interferon (MIG/CXCL9), and macrophage inflammatory protein-1-gamma (MIP-1γ/CCL9) was increased in all settings featuring MRSA infection, regardless of treatment status. Finally, we identified that the expression of p-NF-κB and MAPK such as p-ERK and p-p38 in synovial tissue was increased in MRSA infection, but p-JNK expression was not detected (Figure 4G). Treatment of vancomycin reduced expression of p-NF-κB and p-p38, but expression of p-ERK remained despite pharmacologic management. Taken together, we identified that septic arthritis secondary to MRSA infection resulted in increased activation of ERK signaling which is associated with persistent cartilaginous damage despite antibiotic treatment. These results suggest that ERK may be implicated in articular cartilage destruction mediated by inflammatory processes and suggests a possible adjuvant treatment strategy to suppress residual inflammation.



The ERK Inhibitor, Trametinib, Suppressed Pro-Inflammatory Markers Induced by HK-MRSA

Based on our previous results featuring in vivo, ex vivo, and in vitro models, we hypothesized that ERK activated by MRSA infection may play an important role in residual inflammation that continues to damage joints even after resolution of infection in cases of septic arthritis. To investigate the function of ERK in the generation of an intra-articular inflammatory response, we utilized the ERK inhibitor, trametinib. Trametinib is a pyridopyrimidine that is currently employed as treatment for metastatic melanoma through direct inhibition of mitogen-activated protein kinase kinase 1 and 2 (MEK1/2), an upstream signaling protein of ERK activation (Khan et al., 2020). We confirmed that murine macrophage cells (RAW264.7) inoculated with HK-MRSA displayed increased activation of both ERK and p38, as well as induced production of TNF-α (Figures 5A, B). Treatment with trametinib suppressed ERK activation in HK-MRSA-infected cells and, in turn, dramatically reduced production of TNF-α. Profiling of murine blood inoculated with HK-MRSA revealed that production of cytokines (e.g. IL-6, interleukin-13 (IL-13), and TNF-α), chemokines (e.g. macrophage inflammatory protein-1-alpha (MIP-1α/CCL3) and KC/CXCL1), and growth factors (e.g. G-CSF) were increased secondary to HK-MRSA (Figure 5C). Provision of Trametinib to blood samples partially rescued normal expression of a number of these cytokines, chemokines, and growth factors. However, select cytokines [IL-10, IL-12p40, and interleukin-17 (IL-17)] and chemokines [MIP-1-beta (MIP-1β/CCL4), CCL5, and macrophage inflammatory protein-2-alpha (MIP-2α/CXCL2)] remained elevated in the presence of HK-MRSA despite provision of trametinib. Taken together, we confirmed the anti-inflammatory effects of trametinib, suggesting that trametinib may be utilized to protect against articular cartilage destruction mediated by excess inflammation in the setting of septic arthritis.




Figure 5 | Trametinib inhibited production of pro-inflammatory markers induced by HK-MRSA. (A) The murine macrophage cell line, RAW264.7, was treated with trametinib (200 ng/mL) for one hour and inoculated with HK-MRSA (4×106 CFU) for 30 minutes. Expression of p-ERK, ERK, p-JNK, JNK, p-p38, and p38 in whole protein was measured, with GAPDH serving as a loading control. (B) TNF-α concentrations in RAW264.7 cells under control conditions, inoculated with HK-MRSA (4×106 CFU) for 12 hours, or treated with trametinib (200 ng/mL) for one hour and infected with HK-MRSA (4×106 CFU) for 12 hours. (C) Murine blood treated with Trametinib (20 ng/mL) for 1 hour and then inoculated with HK-MRSA (4×106 CFU) for 6 hours generated inflammation, with increased expression of cytokines, chemokines, and growth factors in serum (n = 3 per group). Blue and green boxes enclose inflammatory mediators that were significantly upregulated by HK-MRSA. Those encompassed by the blue box also represent inflammatory mediators with expression partially or completed rescued by trametinib treatment. Error bars show means ± SD. One-way ANOVA with Tukey’s post hoc analysis was used to assess statistical significance when compared to the control and normal group or HK-MRSA group (*p < 0.05 or **p < 0.01 or ***p < 0.001 or ****p < 0.0001; N.D., not detected). N.S., Not Significant.





Adjuvant Treatment of ERK Inhibitor Protected Cartilage and Bone Destruction in Septic Arthritis

Our previous results displayed that antibiotic treatment with vancomycin proved insufficient in resolving the post-infection inflammatory state in septic arthritis, leading to increased damage within the joint space despite eradication of infection. Moreover, we provided evidence to suggest that MRSA may sequester within the intracellular environment, and that trametinib inhibited inflammation incurred by the presence of MRSA. Therefore, we utilized a septic arthritis model to test the viability of a variety of combinatorial treatments featuring vancomycin alongside rifampin to facilitate destruction of intracellular MRSA with or without Trametinib. On histological review of our septic arthritis model, edema was observed along with infiltration of a large number of immune cells in the synovial tissues (Figure 6). Characteristics indicating destruction of articular cartilage and cancellous bone were present, specifically a large number of TRAP-positive osteoclasts and p-ERK-positive chondrocytes with severe articular cartilage damage in mice with untreated septic arthritis. In comparison, the combination of vancomycin and rifampin effectively alleviated inflammation and mitigated cartilage and bone destruction. Despite antibiotic therapy, elevated inflammation score, synovial hyperplasia, cartilage degradation, osteoclast numbers, and p-ERK-positive numbers remained relative to non-infected mice. However, inflammation, synovial hyperplasia, cartilage degradation, and osteoclasts number all improved in both models treated with trametinib in combination with antibiotics.




Figure 6 | Adjuvant treatment of trametinib provided chondroprotection and inhibited inflammatory osteolysis. C57BL/6 mice received intraarticular knee joint injections of MRSA (1×106 CFU/10 μL) (n = 7 per group). To test combination antibiotic treatment alone (abbreviated VR), vancomycin (30 mg/kg) and rifampin (20 mg/kg) were administered subcutaneously for 6 days after MRSA infection. To assess the viability of concurrent Trametinib supplementation [abbreviated TRA (C)], mice were given vancomycin (30 mg/kg) and rifampin (20 mg/kg) subcutaneously for 3 days and conjugated with a three-day trametinib regimen (1 mg/kg) beginning on post-injection day four. Finally, to test the utility of Trametinib at the end of antibiotic therapy [abbreviated TRA (P)], Vancomycin (30 mg/kg) and rifampin (20 mg/kg) were subcutaneously injected for 6 days after MRSA infection. On post-injection day seven, trametinib (1 mg/kg) was subcutaneously injected for three days. All models were sacrificed at 14 days post-MRSA injection. The inflammation score, synovial hyperplasia, cartilage degradation, OARSI score, osteophytes, bone erosion, bone formation, TRAP-positive cells, and p-ERK-positive cells were measured using H&E-, SAF O-, and TRAP-stained images (Scale bar: 2,000, 200, and 100 μm). Error bars show means ± SD. One-way ANOVA with Tukey’s post hoc analysis was used to assess statistical significance when compared to the normal group or MRSA group or MRSA+VR group (*p < 0.05 or **p < 0.01 or ***p < 0.001 or ****p < 0.0001; N.D., not detected).






Discussion

In this study, we present evidence that inflammatory factors may persist in MRSA-infected septic arthritis despite antibiotic treatment, which may exacerbate joint structural damage even after eradicating the underlying infection. We suggest that trametinib, an immune modulating drug, may be utilized to protect against further immune-mediated insults to cartilage and bone through inhibiting ERK-mediated inflammation in post-infectious MRSA septic arthritis.

We demonstrated that the inflammatory symptoms were exhibited in knees injected with MRSA, LPS, and TiO2. However, septic arthritis secondary to MRSA infection presented with the most severe knee joint destruction, with substantial damage to articular cartilage and bone compared to other types of infectious and non-infectious stimulators. These results support that MRSA septic arthritis induces stronger joint destruction compared to chronic inflammatory arthritis, which reinforces evidence that acute inflammatory arthritis requires more aggressive treatment. Persistent or recurrent septic arthritis and osteomyelitis may be attributable to the ability of S. aureus to penetrate eukaryotic host cells, thus limiting the efficacy of antibiotics such as vancomycin that primarily act in the extracellular space (Yu et al., 2020; Alder et al., 2020; Cahill et al., 2021; Kwon et al., 2021). Although vancomycin treatment was effective, its combination with rifampin was more effective, suggesting that the combination of effective intracellular and extracellular antibiotics could be more efficacious for severe septic arthritis. Moreover, we expect to be able to reduce recurrent infectious diseases including septic arthritis and osteomyelitis by more effectively eradicating intracellular bacteria.

In the synovial tissues of patients with rheumatoid arthritis, members of MAPKs are expressed, implicating an important role for MAPKs in the pathogenesis of inflammatory arthritis disease (Schett et al., 2000). Activation of MAPK members was increased in macrophages and fibroblasts in the synovial tissue of patients with rheumatoid arthritis, which coincided with increased IL-6, TNF-α, and IL-1 stimulation in synovial fibroblast cells (Schett et al., 2000). In the synovial tissue of human TNF-α transgenic mice that developed chronic inflammatory and destructive polyarthritis, the expression of p-ERK and p-p38 increased in macrophages along with the increased expression of p-ERK in fibroblasts, whereas p-JNK did not significantly change (Gortz et al., 2005). In this study, we identified increased expression of p-ERK and p-p38 in the MRSA-infected septic arthritis model and human synovial tissue along with intra-articular inflammation, while p-JNK was not significantly changed. Although conventional antibiotic treatment relieved the symptoms of septic arthritis, p-ERK expression remained elevated and coincided with inflammation and cartilage destruction, whereas the expression of other members of MAPKs were decreased. HK-MRSA, a non-viable MRSA, induced ERK activation along with inflammation, which was inhibited by trametinib, supporting that ERK is an important key factor for inflammation generation in non-viable MRSA mediated by antibiotics. Adjuvant treatment of trametinib along with antibiotics protected against inflammation, cartilage, and bone destruction in septic arthritis. Similarly, our study demonstrated that the expression of p-ERK and the production of inflammation were increased in an aggressive osteolysis model mediated by LPS, titanium, and breast cancer cells and that a potent inhibitor of the ERK treatment reduced inflammation and protected bone destruction (Seo et al., 2010; Lee et al., 2011; Back et al., 2021).

While these results are exciting, our work is not without limitations. Most notably, mice are not considered natural hosts of S. aureus (Schulz et al., 2017) and the immune response mounted by mice to intraarticular MRSA and the symptomatic improvement observed after provision of trametinib may not be conserved between murine models and human patients. Additional experimentation will be necessary determine whether these results are clinically translatable from species-to-species. Further, as septic arthritis is effectively a closed abscess, surgical drainage forms of cornerstone of management. We did not perform surgical drainage of septic joints within our murine models to minimize exposure to anesthesia and limit cohort mortality. If performed, this drainage could have improved outcomes in mice treated with vancomycin alone compared to other treatment groups. Finally, relatively large loading and maintenance doses of vancomycin are required in humans to reach therapeutic levels within the joint space. While we attempted to utilize a comparable treatment regimen to that used in the clinical setting [i.e., similar dosing by weight to current human guidelines (Rybak et al., 2020)], interspecies variation in drug metabolism and distribution may have led to a comparatively delayed antibiotic response and exacerbated joint space damage in our models.

Nonetheless, our results provide compelling evidence that the addition of cell-penetrating antibiotics alongside immunomodulation to conventional treatment strategies for septic arthritis may improve outcomes. These results may be readily translated from our murine model into the clinical setting. Given that patients with severe septic arthritis frequently develop pronounced damage to both bone and cartilage, trametinib may provide an exciting adjuvant therapy to further protect against chondro- and osteolysis caused by septic arthritis. Altogether, our work highlights the importance of controlling not only the infectious etiology of disease but also the deleterious influence of excessive inflammation in the setting of septic arthritis.



Materials and Methods


Cell Culture and Antibiotic Treatments

The RAW264.7 cell line was purchased from ATCC (San Diego, CA, USA) and cultured in high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM; Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 1% of penicillin/streptomycin solution (Thermo Fisher Scientific, Inc.) and 10% of fetal bovine serum (FBS; Thermo Fisher Scientific, Inc.). Primary human synovial cells isolated from human synovial tissue (described below) were cultured in DMEM containing 10% of FBS and 1% of penicillin/streptomycin solution. All cells were incubated in a humidified atmosphere containing 5% CO2 at 37°C (Thermo Fisher Scientific, Inc.).

Vancomycin hydrochloride was purchased from Sigma-Aldrich Co. (St. Louis, MO, USA) Lipopolysaccharide (LPS) derived from E. coli 0111:B4 and monosodium urate (MSU) were purchased from In vivoGen (San Diego, CA, USA). TiO2 (<20 microns, 93%) was purchased from Alfa Aesar (Ward Hill, MA, USA). Rifampin was purchased from G-Biosciences (St. Louis, MO, USA). Trametinib was purchased from Selleck Chemicals (Houston, TX, USA).



Fluorescent MRSA Culture and Preparation

The USA300-FPR3757 strain of MRSA expressive of green fluorescent protein (GFP) was provided by Alice Prince at Columbia University (Diep et al., 2006). Single MRSA colonies were planktonically cultured in lysogeny broth (LB; Invitrogen, Carlsbad, CA, USA) containing oxacillin (6 µg/mL; Sigma-Aldrich Co.) in a 35°C incubator for 24 hours. Heat-killed MRSA (HK-MRSA) expressing GFP were procured by incubating USA300-FPR3757 (1×107 CFU or 4×108 CFU/mL) at 65°CC for 2 hours.



In Vivo Animal Experiments

All animal experiments were approved by the Yale University Institutional Animal Care and Use Committee (IACUC; Number: 2020-20129). Male C57BL/6J mice (10-12-weeks) were purchased from the Jackson Laboratory (Bar Harbor, Maine, USA). Using the knee injection method reported in a previous study (Kwon et al., 2021), MRSA (1×105 CFU/10 μL), HK-MRSA (1×105 CFU/10 μL), LPS (200 µg/mL), TiO2 (3 mg/mL), and MSU (200 µg/mL) were intraarticularly injected under the patella using a U-100 Micro-Fine IV Insulin Syringe (28-gauge needle; BD Biosciences, San Jose, CA, USA). Mice were sacrificed at 1 and 10 days post-injection for subsequent experiments. Alternatively, mice receiving MRSA (4×106 CFU/10 μL) were intraarticularly injected under the patella using a U-100 Micro-Fine IV Insulin Syringe (28-gauge needle; BD Biosciences) and sacrificed at 1 day for subsequent experimentation.

For combination therapy testing, mice receiving systemic vancomycin treatment alone, vancomycin (30 mg/kg) was subcutaneously injected using a U-100 Micro-Fine IV Insulin Syringe (28-gauge; BD Biosciences) daily for three days after MRSA (4×106 CFU/10 µL) infection of the knee joint. For mice receiving trametinib in conjunction with antibiotics, vancomycin (30 mg/kg) and rifampin (20 mg/kg) were subcutaneously injected for six days after induction of MRSA (4×106 CFU/10 µL) infection within the knee joint. On day four of treatment, trametinib (1 mg/kg) was administered subcutaneously once daily in combination with the antibiotics for the following three days. Finally, to test the viability of trametinib after antibiotic treatment, vancomycin (30 mg/kg) and rifampin (20 mg/kg) were subcutaneously injected for 6 days after MRSA (4×106 CFU/10 µL) infection of the knee joint. On post-injection day seven, trametinib (1 mg/kg) was subcutaneously injected for the next three days. All mice were sacrificed at 14 days and used for subsequent experiments.



Ex Vivo: Human Synovial Tissue Experiments

Specimens of human synovial tissues were collected during elective total knee replacement surgery, which was approved by the Institutional Review Board (IRB; Number: 2000021232) of the PI’s institution. All patients signed an informed consent form for participation in the study and for the use of their biological tissues. Synovial tissue was transferred to a plate containing DMEM and then infected with MRSA (4×106 CFU) for 24 hours. MRSA expressive of GFP in tissue was measured by the ZOE™ Fluorescent Cell Imager (Bio-Rad Laboratories, Hercules, CA, USA) and was used for subsequent experiments.

Primary human synovial cells isolation was achieved via incubation in collagenase type I (0.25%; STEMCELL Technologies, Vancouver, BC, Canada) for one hour. Afterward, remaining impurities were filtered through a 40 µm Nylon Cell Strainer (Corning Incorporated Life Science, NY, USA). These cells were cultured with complete DMEM and passages 3−6 of synovial cells were used for subsequent experiments. Primary human synovial cells (1×106) were seeded on a 6-well plate (BD Biosciences) and grown overnight. These cells were infected with MRSA (4×106 CFU) for two and four hours for subsequent experiments. At two hours, extracellular MRSA was removed by washing using DMEM and then stained with Hoechst 33342 (Thermo Fisher Scientific, Inc.) for 10 minutes. Fluorescence intensity was measured by BioTek CytationTM 5 Cell Imaging Multi-Mode Reader and analyzed using BioTek Gen5 software (BioTek Instruments Inc., Winooski, VT, USA).



Ex Vivo: Murine Whole Blood Experiments

Fresh whole blood was collected from male C57BL/6J mice (10-weeks) via cardiac puncture using a 1 mL BD Slip-Tip Disposable Tuberculin Syringe (28-gauge; BD Biosciences) to transfer approximately 200 µL whole blood to a BD Vacutainer™ Plastic Blood Collection Tube with Lithium Heparin (75 USP Units; BD Biosciences). Murine blood was treated with trametinib (20 ng/mL) for 1 hour and then inoculated with HK-MRSA (4×106 CFU) for 6 hours. Serum was isolated using centrifugation and used in the multiplex inflammation assay experiments described below.



In Vitro: HK-MRSA Infection Experiments

RAW264.7 cells (2×106) were seeded on a 6-well plate (BD Biosciences) and grown overnight in a humidified atmosphere containing 5% CO2 at 37°C. Cells were treated with trametinib (200 ng/mL) for 1 hour and then inoculated with HK-MRSA (4×106 CFU) for 30 minutes and used in Western blot experimentation.

RAW264.7 cells (1×105) were seeded on a 24-well plate (BD Biosciences) and grown overnight in a humidified atmosphere containing 5% CO2 at 37°C. Cell treated with trametinib (20 ng/mL) for 1 hour and then infected with HK-MRSA (4×106 CFU) for 12 hours and used in the ELISA experiment.



RNA-Sequencing Analysis

The construction of RNA-sequencing data was performed according to the reported experimental materials and protocols (Kwon et al., 2021). RNA-sequencing data are deposited in Sequence Read Archive (SRA) under the National Center for Biotechnology Information (accession number: PRJNA647064). We normalized significantly changed genes in MRSA-infected BMDM cells and analyzed canonical pathways related to genes with increased expression using by Ingenuity Pathway Analysis (Qiagen Bioinformatics, Hilden, Germany). Subsequently, we analyzed upstream regulators regulating genes with increased expression and identified genes regulated by NF-κB and FOS.



Complete Blood Count Analysis

Whole blood was collected via cardiac puncture using a 1 mL BD Slip-Tip Disposable Tuberculin Syringe (28-gauge; BD Biosciences) and mixed with a 0.5 M EDTA pH 8.0 solution (1:10 ratio; AmericanBio, Natick, MA, USA). CBC analysis, including the number of white blood cells, and percentage of lymphocyte, monocyte, neutrophil, eosinophil, and basophil was measured using a Hemavet 950FS (Drew Scientific, Dallas, TX, USA) according to the manufacturer’s instructions.



Myeloperoxidase Activity Analysis

To investigate MPO activity, murine models representing different types of infectious and non-infectious sources of intraarticular knee inflammation were intraperitoneally injected with XenoLight RediJect Chemiluminescent Inflammation Probe (Perkin Elmer, Santa Clara, CA, USA) according to the manufacturer’s instructions. Luminescence intensity was measured at an equal condition of excitation and emission using the IVIS® Spectrum In Vivo Imaging System (Perkin Elmer) and then the region of interest at the knee joint was analyzed using the Living Image® software.



Synovial Fluid Analysis

10 µL of DPBS was intraarticularly injected into the knee joint and aspirated using a U-100 Micro-Fine IV Insulin Syringe (28-gauge needle; BD Biosciences). The aspirate was then transferred to a sterile tube. Synovial fluid cell number (1:10 dilution) was measured using a TC20™ Automated Cell Counter (Bio-Rad Laboratories) and the presence of GFP-labeled MRSA within synovial fluid cells was confirmed using the ZOE™ Fluorescent Cell Imager (Bio-Rad Laboratories).



Enzyme-Linked Immunosorbent Assay (ELISA) Analysis

Levels of IL-6 in synovial fluid (1:100 dilution) were measured using a mouse IL-6 Uncoated ELISA Kit (Invitrogen) according to the manufacturer’s instructions. In comparison, levels of TNF-α in the supernatant medium were measured using a mouse TNF-α Uncoated ELISA Kit (Invitrogen) according to the manufacturer’s instructions. Relative concentrations of either IL-6 or TNF-α were measured with a BioTek CytationTM 5 Cell Imaging Multi-Mode Reader and analyzed using BioTek Gen5 software (BioTek Instruments Inc.).



Inflammation Antibody Array Analysis

The production of inflammation-mediating cytokines, chemokines, and growth factors in synovial fluid was measured using the RayBio® C‐Series Mouse Inflammation Antibody Array C1 (RayBiotech Inc., GA, USA) according to the manufacturer’s instructions. Briefly, the inflammation antibody array membranes were incubated with a blocking buffer for one hour. The membrane was incubated with 1 mL of sample buffer containing 1 µL of a synovial fluid sample overnight at 4°C. The following day, the membrane was incubated with Biotinylated Detection Antibody Cocktail for 90 minutes. The membrane was incubated with Streptavidin-Conjugated HRP for two hours. After finishing each step, the membrane was washed with Wash Buffer I thrice and then with Wash Buffer II thrice. The membrane was incubated with SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific, Inc.) and the resulting luminescence intensity was measured by ChemiDoc™ Touch Imaging System (Bio-Rad Laboratories). Luminescence intensity was analyzed by ImageJ software (Schneider et al., 2012) and normalized to positive control expression levels.



Multiplex Cytokine, Chemokine, and Growth Factor Analysis

Serum samples, which were derived from in vivo and ex vivo models, were submitted to the Immune Monitoring Core Facility at Yale University and the number of inflammation-mediating cytokines, chemokines, and growth factors was measured using the Bio-Plex Pro Mouse Cytokine 23-plex Assay (Bio-Rad Laboratories) or MILLIPLEX MAP Mouse Cytokine/Chemokine Magnetic Bead Panel-Immunology Multiplex Assay from Millipore (Billerica, MA, USA) according to the manufacturer’s instructions. Principal component analysis (PCA) was performed with QStudioMetrics (https://github.com/gmrandazzo/QStudioMetrics).



Histological Evaluation

Knee joint tissue was fixed with PROTOCOL™ 10% Buffered Formalin (Thermo Fisher Scientific, Inc.) and decalcified with 10% EDTA solution (Sigma-Aldrich Co.) for 3 weeks at 4°C or Immunocal™ Decalcifier (StatLab, McKinney, TX, USA) for one day at 4°C. Paraffin-embedded tissue sections were stained with hematoxylin and eosin (H&E), safranin O (SAF O), and tartrate-resistant acid phosphatase (TRAP) at the Orthopaedic Histology Core Facility of Yale University. Images of the stained knee joint tissues were captured with a BioTek Cytation 5 Cell Imaging Multi-Mode Reader (Bio-Tek Instruments Inc.). The inflammation score, synovial hyperplasia, cartilage degradation, OARSI scores, osteophytes, bone erosion, and bone formation were measured according to established guidelines (Kwon et al., 2021). Synovial cellularity was counted by QuPath software using H&E-stained images (Bankhead et al., 2017). Osteoclast numbers and p-ERK-positive cells were directly counted by TRAP-, and p-ERK-stained images.



Immunohistochemistry (IHC) Analysis

Experimentation involving IHC was performed according to the well-established experimental materials and protocols (Kwon et al., 2021) featuring incubations with primary antibodies, including MMP1 (Abcam, Cambridge, MA, USA, cat. number ab137332), MMP3 (Abcam, cat. number ab52915), MMP13 (Abcam, cat. number ab39012), and p-ERK (Cell Signaling Technology Inc., Danvers, MA, USA, cat. number #4370). Slides were photographed using a BioTek Cytation 5 Cell Imaging Multi-Mode Reader and then analyzed by BioTek Gen5 software (Bio-Tek Instruments Inc.).



Protein Isolation and Western Blot Analysis

Extraction of whole protein from tissue was performed using Tissue Protein Extraction Reagent (Thermo Fisher Scientific, Inc.), while extraction of whole protein from cells was performed using Mammalian Protein Extraction Reagent (Thermo Fisher Scientific, Inc.). Protein concentrations were obtained using a bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific, Inc.) following manufacturer protocol and then prepared with 4x Laemmli protein sample buffer (Bio-Rad Laboratories) according to the manufacturer’s instructions. Western blot experiments were performed following established experimental materials and protocols (Kwon et al., 2021) using immunoblots with primary antibodies, including p-NF-κB (Cell Signaling Technology Inc., cat. number #3033), NF-κB (Cell signaling Technology Inc., cat. number #8242), p-Iκ-Bα (Cell signaling Technology Inc., cat. number #2859), Iκ-Bα (Cell signaling Technology Inc., cat. number #4814), p-ERK (Cell signaling Technology Inc., cat. number #4370), ERK (Cell signaling Technology Inc., cat. number #4695), p-JNK (Cell signaling Technology Inc., cat. number #9251 or Thermo Fisher Scientific, Inc. cat. number 44-682G), JNK (Cell signaling Technology Inc., cat. number #9252 or #9258), p-p38 (Cell signaling Technology Inc., cat. number #4511), p38 (Cell signaling Technology Inc., cat. number #8690), MMP3 (Abcam, cat. number ab52915), GAPDH (Cell signaling Technology Inc., cat. number #2118), and β-actin (Cell signaling Technology Inc., cat. number #3700).



Statistical Analysis

All experimental data was analyzed using one-way analysis of variance (ANOVA) or two-tailed unpaired t-test in GraphPad Prism Version 8 (GraphPad Software Inc., La Jolla, CA, USA).




Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/supplementary material.



Ethics Statement

The animal study was reviewed and approved by Yale University Institutional Animal Care and Use Committee.



Author Contributions

H-KK designed and performed experiments and analyzed the data. FL, TK, and IO conceived and designed the overall study as the Principal Investigator. CD and S-HK performed the experiments. All authors contributed to the writing and editing of the manuscript and approved the final manuscript.



Funding

This research was supported by National Institutes of Health (NIH) National Institute of Arthritis and Musculoskeletal and Skin Diseases (NIAMS) grants AR056246 and AR068353.



Acknowledgments

We appreciate the histologic assistance of Nancy Troiano, MS and Jackie Fretz, PhD (Department of Orthopaedics and Rehabilitation, Yale School of Medicine).



References

 Alder, K. D., Lee, I., Munger, A. M., Kwon, H. K., Morris, M. T., Cahill, S. V., et al. (2020). Intracellular Staphylococcus Aureus in Bone and Joint Infections: A Mechanism of Disease Recurrence, Inflammation, and Bone and Cartilage Destruction. Bone141, 115568. doi: 10.1016/j.bone.2020.115568

 Back, J., Nguyen, M. N., Li, L., Lee, S., Lee, I., Chen, F., et al. (2021). Inflammatory Conversion of Quiescent Osteoblasts by Metastatic Breast Cancer Cells Through pERK1/2 Aggravates Cancer-Induced Bone Destruction. Bone Res. 9 (1), 43. doi: 10.1038/s41413-021-00158-w

 Bamberger, D. M., and Boyd, S. E. (2005). Management of Staphylococcus Aureus Infections. Am. Fam. Physician 72 (12), 2474–2481.

 Bankhead, P., Loughrey, M. B., Fernandez, J. A., Dombrowski, Y., McArt, D. G., Dunne, P. D., et al. (2017). Qupath: Open Source Software for Digital Pathology Image Analysis. Sci. Rep. 7 (1), 16878. doi: 10.1038/s41598-017-17204-5

 Cahill, S. V., Kwon, H. K., Back, J., Lee, I., Lee, S., Alder, K. D., et al. (2021). Locally Delivered Adjuvant Biofilm-Penetrating Antibiotics Rescue Impaired Endochondral Fracture Healing Caused by MRSA Infection. J. Orthop. Res. 39 (2), 402–414. doi: 10.1002/jor.24965

 Carpenter, C. R., Schuur, J. D., Everett, W. W., and Pines, J. M. (2011). Evidence-Based Diagnostics: Adult Septic Arthritis. Acad. Emerg. Med. 18 (8), 781–796. doi: 10.1111/j.1553-2712.2011.01121.x

 Diep, B. A., Gill, S. R., Chang, R. F., Phan, T. H., Chen, J. H., Davidson, M. G., et al. (2006). Complete Genome Sequence of USA300, an Epidemic Clone of Community-Acquired Meticillin-Resistant Staphylococcus Aureus. Lancet 367 (9512), 731–739. doi: 10.1016/S0140-6736(06)68231-7

 Dubost, J. J., Soubrier, M., De Champs, C., Ristori, J. M., Bussiere, J. L., and Sauvezie, B. (2002). No Changes in the Distribution of Organisms Responsible for Septic Arthritis Over a 20 Year Period. Ann. Rheum. Dis. 61 (3), 267–269. doi: 10.1136/ard.61.3.267

 Gong, T., Liu, L., Jiang, W., and Zhou, R. (2020). DAMP-Sensing Receptors in Sterile Inflammation and Inflammatory Diseases. Nat. Rev. Immunol. 20 (2), 95–112. doi: 10.1038/s41577-019-0215-7

 Gortz, B., Hayer, S., Tuerck, B., Zwerina, J., Smolen, J. S., and Schett, G. (2005). Tumour Necrosis Factor Activates the Mitogen-Activated Protein Kinases p38alpha and ERK in the Synovial Membrane In Vivo. Arthritis Res. Ther. 7 (5), R1140–R1147. doi: 10.1186/ar1797

 Howard, J. B., Highgenboten, C. L., and Nelson, J. D. (1976). Residual Effects of Septic Arthritis in Infancy and Childhood. JAMA 236 (8), 932–935. doi: 10.1001/jama.1976.03270090026021

 Kaandorp, C. J., Krijnen, P., Moens, H. J., Habbema, J. D., and van Schaardenburg, D. (1997). The Outcome of Bacterial Arthritis: A Prospective Community-Based Study. Arthritis Rheum. 40 (5), 884–892. doi: 10.1002/art.1780400516

 Khan, Z. M., Real, A. M., Marsiglia, W. M., Chow, A., Duffy, M. E., Yerabolu, J. R., et al. (2020). Structural Basis for the Action of the Drug Trametinib at KSR-bound Mek. Nature 588 (7838), 509–514. doi: 10.1038/s41586-020-2760-4

 Kwon, H. K., Lee, I., Yu, K. E., Cahill, S. V., Alder, K. D., Lee, S., et al. (2021). Dual Therapeutic Targeting of Intra-Articular Inflammation and Intracellular Bacteria Enhances Chondroprotection in Septic Arthritis. Sci. Adv. 7 (26). doi: 10.1126/sciadv.abf2665

 Lee, H. G., Minematsu, H., Kim, K. O., Celil Aydemir, A. B., Shin, M. J., Nizami, S. A., et al. (2011). Actin and ERK1/2-CEBPbeta Signaling Mediates Phagocytosis-Induced Innate Immune Response of Osteoprogenitor Cells. Biomaterials 32 (35), 9197–9206. doi: 10.1016/j.biomaterials.2011.08.059

 Li, H. K., Rombach, I., Zambellas, R., Walker, A. S., McNally, M. A., Atkins, B. L., et al. (2019). Oral Versus Intravenous Antibiotics for Bone and Joint Infection. N Engl. J. Med. 380 (5), 425–436. doi: 10.1056/NEJMoa1710926

 Liu, C., Bayer, A., Cosgrove, S. E., Daum, R. S., Fridkin, S. K., Gorwitz, R. J., et al. (2011). Clinical Practice Guidelines by the Infectious Diseases Society of America for the Treatment of Methicillin-Resistant Staphylococcus Aureus Infections in Adults and Children: Executive Summary. Clin. Infect. Dis. 52 (3), 285–292. doi: 10.1093/cid/cir034

 Mathews, C. J., Weston, V. C., Jones, A., Field, M., and Coakley, G. (2010). Bacterial Septic Arthritis in Adults. Lancet 375 (9717), 846–855. doi: 10.1016/S0140-6736(09)61595-6

 Rahman, M. M., and McFadden, G. (2011). Modulation of NF-kappaB Signalling by Microbial Pathogens. Nat. Rev. Microbiol. 9 (4), 291–306. doi: 10.1038/nrmicro2539

 Rybak, M. J., Le, J., Lodise, T. P., Levine, D. P., Bradley, J. S., Liu, C., et al. (2020). Therapeutic Monitoring of Vancomycin for Serious Methicillin-Resistant Staphylococcus Aureus Infections: A Revised Consensus Guideline and Review by the American Society of Health-System Pharmacists, the Infectious Diseases Society of America, the Pediatric Infectious Diseases Society, and the Society of Infectious Diseases Pharmacists. Am. J. Health Syst. Pharm. 77 (11), 835–864. doi: 10.1093/ajhp/zxaa036

 Salgado, C. D., Dash, S., Cantey, J. R., and Marculescu, C. E. (2007). Higher Risk of Failure of Methicillin-Resistant Staphylococcus Aureus Prosthetic Joint Infections. Clin. Orthop. Relat. Res. 461, 48–53. doi: 10.1097/BLO.0b013e3181123d4e

 Schett, G., Tohidast-Akrad, M., Smolen, J. S., Schmid, B. J., Steiner, C. W., Bitzan, P., et al. (2000). Activation, Differential Localization, and Regulation of the Stress-Activated Protein Kinases, Extracellular Signal-Regulated Kinase, C-JUN N-terminal Kinase, and p38 Mitogen-Activated Protein Kinase, in Synovial Tissue and Cells in Rheumatoid Arthritis. Arthritis Rheum. 43 (11), 2501–2512. doi: 10.1002/1529-0131(200011)43:11<2501::AID-ANR18>3.0.CO;2-K

 Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). Nih Image to ImageJ: 25 Years of Image Analysis. Nat. Methods 9 (7), 671–675. doi: 10.1038/nmeth.2089

 Schulz, D., Grumann, D., Trube, P., Pritchett-Corning, K., Johnson, S., Reppschlager, K., et al. (2017). Laboratory Mice Are Frequently Colonized With Staphylococcus Aureus and Mount a Systemic Immune Response-Note of Caution for In Vivo Infection Experiments. Front. Cell Infect. Microbiol. 7. doi: 10.3389/fcimb.2017.00152

 Seo, S. W., Lee, D., Minematsu, H., Kim, A. D., Shin, M., Cho, S. K., et al. (2010). Targeting Extracellular Signal-Regulated Kinase (ERK) Signaling has Therapeutic Implications for Inflammatory Osteolysis. Bone 46 (3), 695–702. doi: 10.1016/j.bone.2009.10.032

 Singh, K., Deshpande, P., Pryshchep, S., Colmegna, I., Liarski, V., Weyand, C. M., et al. (2009). ERK-Dependent T Cell Receptor Threshold Calibration in Rheumatoid Arthritis. J. Immunol. 183 (12), 8258–8267. doi: 10.4049/jimmunol.0901784

 Thalhamer, T., McGrath, M. A., and Harnett, M. M. (2008). Mapks and Their Relevance to Arthritis and Inflammation. Rheumatol. (Oxford) 47 (4), 409–414. doi: 10.1093/rheumatology/kem297

 Thiel, M. J., Schaefer, C. J., Lesch, M. E., Mobley, J. L., Dudley, D. T., Tecle, H., et al. (2007). Central Role of the MEK/ERK MAP Kinase Pathway in a Mouse Model of Rheumatoid Arthritis: Potential Proinflammatory Mechanisms. Arthritis Rheum. 56 (10), 3347–3357. doi: 10.1002/art.22869

 Vincent, G. M., and Amirault, J. D. (1990). Septic Arthritis in the Elderly. Clin. Orthop. Relat. Res. 251), 241–245. doi: 10.1097/00003086-199002000-00040

 Wang, C. L., Wang, S. M., Yang, Y. J., Tsai, C. H., and Liu, C. C. (2003). Septic Arthritis in Children: Relationship of Causative Pathogens, Complications, and Outcome. J. Microbiol. Immunol. Infect. 36 (1), 41–46.

 Welkon, C. J., Long, S. S., Fisher, M. C., and Alburger, P. D. (1986). Pyogenic Arthritis in Infants and Children: A Review of 95 Cases. Pediatr. Infect. Dis. 5 (6), 669–676. doi: 10.1097/00006454-198611000-00014

 Weston, V. C., Jones, A. C., Bradbury, N., Fawthrop, F., and Doherty, M. (1999). Clinical Features and Outcome of Septic Arthritis in a Single UK Health District 1982-1991. Ann. Rheum. Dis. 58 (4), 214–219. doi: 10.1136/ard.58.4.214

 Yu, K., Song, L., Kang, H. P., Kwon, H. K., Back, J., and Lee, F. Y. (2020). Recalcitrant Methicillin-Resistant Staphylococcus Aureus Infection of Bone Cells: Intracellular Penetration and Control Strategies. Bone Joint Res. 9 (2), 49–59. doi: 10.1302/2046-3758.92.BJR-2019-0131.R1

 Zindel, J., and Kubes, P. (2020). Damps, PAMPs, and LAMPs in Immunity and Sterile Inflammation. Annu. Rev. Pathol. 15, 493–518. doi: 10.1146/annurev-pathmechdis-012419-032847




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Kwon, Dussik, Kim, Kyriakides, Oh and Lee. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 24 June 2022

doi: 10.3389/fcimb.2022.910970

[image: image2]


Efficacy of Bisphosphonate-Conjugated Sitafloxacin in a Murine Model of S. aureus Osteomyelitis: Evidence of “Target & Release” Kinetics and Killing of Bacteria Within Canaliculi


Youliang Ren 1,2, Thomas Xue 1, Joshua Rainbolt 1, Karen L. de Mesy Bentley 1,2,3,4, Chad A. Galloway 3,4, Yuting Liu 1, Philip Cherian 5, Jeffrey Neighbors 5,6, Marloes I. Hofstee 7, Frank H. Ebetino 5,8, Thomas Fintan Moriarty 7, Shuting Sun 5*, Edward M. Schwarz 1,2 and Chao Xie 1,2*


1 Center for Musculoskeletal Research, University of Rochester Medical Center, Rochester, NY, United States, 2 Department of Orthopaedics and Rehabilitation, University of Rochester Medical Center, Rochester, NY, United States, 3 Department of Pathology, University of Rochester Medical Center, Rochester, NY, United States, 4 Center for Advanced Research Technologies, University of Rochester Medical Center, Rochester, NY, United States, 5 BioVinc LLC, Pasadena, CA, United States, 6Department of Pharmacology, Pennsylvania State University, Hershey, PA, United States, 7 AO Research Institute Davos, Davos Platz, Switzerland, 8 Department of Chemistry, University of Rochester, Rochester, NY, United States




Edited by: 

Fany Reffuveille, Université de Reims Champagne-Ardenne, France

Reviewed by: 

Koichi Matsuo, Keio University School of Medicine, Japan

Lorena Tuchscherr, University Hospital Jena, Germany

*Correspondence: 

Chao Xie
 chao_xie@urmc.rochester.edu 

Shuting Sun
 shuting.sun@biovinc.com

Specialty section: 
 This article was submitted to Bacteria and Host, a section of the journal Frontiers in Cellular and Infection Microbiology


Received: 01 April 2022

Accepted: 23 May 2022

Published: 24 June 2022

Citation:
Ren Y, Xue T, Rainbolt J, Bentley KLdM, Galloway CA, Liu Y, Cherian P, Neighbors J, Hofstee MI, Ebetino FH, Moriarty TF, Sun S, Schwarz EM and Xie C (2022) Efficacy of Bisphosphonate-Conjugated Sitafloxacin in a Murine Model of S. aureus Osteomyelitis: Evidence of “Target & Release” Kinetics and Killing of Bacteria Within Canaliculi. Front. Cell. Infect. Microbiol. 12:910970. doi: 10.3389/fcimb.2022.910970



S. aureus infection of bone is difficult to eradicate due to its ability to colonize the osteocyte-lacuno-canalicular network (OLCN), rendering it resistant to standard-of-care (SOC) antibiotics. To overcome this, we proposed two bone-targeted bisphosphonate-conjugated antibiotics (BCA): bisphosphonate-conjugated sitafloxacin (BCS) and hydroxybisphosphonate-conjugate sitafloxacin (HBCS). Initial studies demonstrated that the BCA kills S. aureus in vitro. Here we demonstrate the in vivo efficacy of BCS and HBCS versus bisphosphonate, sitafloxacin, and vancomycin in mice with implant-associated osteomyelitis. Longitudinal bioluminescent imaging (BLI) confirmed the hypothesized “target and release”-type kinetics of BCS and HBCS. Micro-CT of the infected tibiae demonstrated that HBCS significantly inhibited peri-implant osteolysis versus placebo and free sitafloxacin (p < 0.05), which was not seen with the corresponding non-antibiotic-conjugated bisphosphonate control. TRAP-stained histology confirmed that HBCS significantly reduced peri-implant osteoclast numbers versus placebo and free sitafloxacin controls (p < 0.05). To confirm S. aureus killing, we compared the morphology of S. aureus autolysis within in vitro biofilm and infected tibiae via transmission electron microscopy (TEM). Live bacteria in vitro and in vivo presented as dense cocci ~1 μm in diameter. In vitro evidence of autolysis presented remnant cell walls of dead bacteria or “ghosts” and degenerating (non-dense) bacteria. These features of autolyzed bacteria were also present among the colonizing S. aureus within OLCN of infected tibiae from placebo-, vancomycin-, and sitafloxacin-treated mice, similar to placebo. However, most of the bacteria within OLCN of infected tibiae from BCA-treated mice were less dense and contained small vacuoles and holes >100 nm. Histomorphometry of the bacteria within the OLCN demonstrated that BCA significantly increased their diameter versus placebo and free antibiotic controls (p < 0.05). As these abnormal features are consistent with antibiotic-induced vacuolization, bacterial swelling, and necrotic phenotype, we interpret these findings to be the initial evidence of BCA-induced killing of S. aureus within the OLCN of infected bone. Collectively, these results support the bone targeting strategy of BCA to overcome the biodistribution limits of SOC antibiotics and warrant future studies to confirm the novel TEM phenotypes of bacteria within OLCN of S. aureus-infected bone of animals treated with BCS and HBCS.
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Introduction

Staphylococcus aureus (S. aureus) osteomyelitis is a life-threatening condition, and the standard-of-care (SOC) surgery with antibiotic therapy only results in a ~40% of cure rate (Morgenstern et al., 2021). Recently, it has been found that S. aureus can invade and colonize the osteocyte-lacuno canalicular network (OLCN) of cortical bone in mice and patients with chronic osteomyelitis (de Mesy Bentley et al., 2017; de Mesy Bentley et al., 2018). As a result, these bacteria become physically separated from host phagocytes that are too large to enter the OLCN (de Mesy Bentley et al., 2017; Masters et al., 2019; Masters et al., 2022). Additionally, it has been shown that the combination of high-dose local and systemic antibiotic therapies cannot achieve a minimum effective concentration (MEC) in the OLCN compartment, likely due to biodistribution limits, which renders susceptible strains of S. aureus resistant to SOC antibiotics (Schwarz et al., 2021).

To overcome the biodistribution limits of SOC treatments, we developed bisphosphonate-conjugated antibiotics (BCA) using a “target and release” approach to deliver antibiotics to bone infection sites (Adjei-Sowah et al., 2021), the theory being that non-nitrogen-containing bisphosphonates, which have a high affinity to hydroxyapatite at eroded bone surfaces but little or no effects on bone cells, could be conjugated to SOC antibiotics via a semi-labile, serum-stable, chemical linker, which would specifically target the drug to the bone–bacteria interface and kill the bacteria following acid and/or enzymatic cleavage of the linker releasing an active antibiotic (Adjei-Sowah et al., 2021) in that compartment. As proof of concept, we demonstrated that systemic administration of fluorescent bisphosphonate labels the bone surface adjacent to bacteria in a murine model of S. aureus osteomyelitis (Adjei-Sowah et al., 2021).

In selecting candidate SOC antibiotics to conjugate with a bisphosphonate, we completed a comprehensive screen of known regulatory agency-approved drugs for the killing of S. aureus biofilm bacteria and small colonies, which are believed to be the bacteria within the OLCN of infected bone. The results showed that sitafloxacin was the most effective bactericidal drug against both methicillin-sensitive S. aureus (MSSA) and methicillin-resistant S. aureus (MRSA) in vitro and in vivo (Trombetta et al., 2018). We also demonstrate the ability of bisphosphonate-conjugated sitafloxacin (BCS) and hydroxybisphosphonate-conjugate sitafloxacin (HBCS) to kill S. aureus in vitro. Based on this success, we aimed to demonstrate the in vivo efficacy of such BCA bone-targeted (and released) antibiotics (including BCS and HBCS) versus placebo, sitafloxacin, and vancomycin in a murine model of implant-associated osteomyelitis via longitudinal bioluminescent imaging (BLI), micro-CT, and histology. As the phenotype of antibiotic-killed S. aureus within the OLCN has yet to be described, we also used transmission electron microscopy (TEM) of MRSA-infected bone to characterize BCA effects on the bacteria size and morphology.



Materials and Methods


S. aureus Strains and In Vitro Culture

The most prevalent community-acquired MRSA strain of USA300LAC was chromosomally transduced with the bacterial luciferase gene lux to generate USA300 LAC::Lux in an in vivo imaging study (Thurlow et al., 2011). The USA300 LAC::Lux was cultured in tryptic soy broth (TSB) media at 37°C overnight as previously described (Kourbatova et al., 2005; Adjei-Sowah et al., 2021). The bioluminescent construct is stably integrated into the USA300 LAC::lux bacterial chromosome and constitutively emits a blue-green light with a maximal emission wavelength of 490 nm only in these live and metabolically active bacteria (Guo et al., 2013).



Animal Surgeries and Antibiotic Treatments

All in vivo experiments with mice were performed following protocols approved by the University of Rochester Committee on Animal Resources (UCAR 2019-015). The surgical approach was performed as previously described (Li et al., 2008; Li et al., 2010; Nishitani et al., 2015). Briefly, a flat stainless steel wire (cross section 0.2 mm × 0.5 mm; MicroDyne Technologies, Plainville, CT, USA) was contaminated with 105 CFU of USA300 LAC::Lux from an overnight culture and surgically implanted through the tibia of 8-week-old Balb/c female mice (n = 4) (Jackson Labs, Bar Harbor, ME, USA). Immediately after surgery, the mice received an intraperitoneal injection of the indicated drug (100 µl/injection) on days 0, 3, 6, 9, and 12 postinfection, or on days 0, 2, 4, 6, 8, 10, 12, and 14 postinfection, except for vancomycin (twice/day). The treatment groups were divided as 1) saline (placebo), 2) vancomycin (110 mg/kg per dose, bid) (Hospira Inc., Lake Forrest, IL), 3) sitafloxacin hydrate 2.5 mg/kg per dose (AChemBlock, Hayward, CA), 4) BCS 5 mg/kg per dose (BioVinc LLC, Pasadena, CA), and 5) HBCS 3 mg/kg per dose (BioVinc LLC, Pasadena, CA). BCS and HBCS were synthesized similarly according to procedures as originally reported in Sedghizadeh et al. (J. Med. Chem. 2017, 60, 2326–2343) and Ebetino et al. (US Patent 10865220) (https://patents.google.com/patent/WO2017210611A1/en). The corresponding bisphosphonate used as the bone-targeting components in BCA (HPBP and HPHBP) was synthesized according to procedures as originally reported in Ebetino et al. (US Patent 10865220) (Adjei-Sowah et al., 2021; Ebetino, Dec. 15, 2020).



Bioluminescence Imaging

In vivo bioluminescence imaging (BLI) was performed on the indicated days 3, 5, and 7, and the data for each mouse were collected continuously. Prior to performing the BLI, the mice (n = 4) were anesthetized with Ketamine/Xylazine (100 mg/20 mg/kg) and the whole right low limb with the pin implant was included in the region of interest (ROI) for digital image taking. The total ROI of each mouse was quantified by using the image analysis software program Amira (Thermo Scientific, Waltham, MA, USA). In vivo BLI data were presented on a color scale overlapped with a grayscale photograph of the tibia and quantified as total flux (photons/s) within a standardized circular ROI using Living Image software (Caliper) (Xie et al., 2012).



Radiographic and Micro-CT

Longitudinal osteolysis was assessed radiographically using a Faxitron Cabinet X-ray system (Faxitron, Wheeling, IL, USA) on days 0, 4, 7, 11, 14, and 18 postinfection as previously described (Li et al., 2010). Micro-CT was performed as previously described (Zhang et al., 2005; Xie et al., 2012; Chen et al., 2016).



Histology and Transmission Electron Microscopy

Following micro-CT, the implant-loaded tibiae were dissected to remove the stainless-steel pin, decalcified, and embedded in paraffin. At the mid-point of the tibia on the sagittal cuts, five 5-µm tissue sections were obtained from three levels mounted onto slides. One slide from each level of sections was used for H&E staining to show the infection of the whole tibia, and immediately next two adjacent slides were used for Brown–Brenn staining and TEM imaging. TRAP staining was performed to evaluate the osteoclast activity around MRSA-contaminated implants in the bone. One slide per orientation of cut was stained as previously described ( (de Mesy Jensen and di Sant'Agnese, 1992a)). For TEM imaging, the ROIs within serially sectioned paraffin blocks of infected tibia samples were identified using the Brown–Brenn-stained sections, and adjacent unstained slides were reprocessed for transmission electron microscopy using the “pop-off” technique, as previously described (de Mesy Jensen and di Sant'Agnese, 1992b). Briefly, slides were deparaffinized in three changes of xylene and then rehydrated through a graded series of ethanol back to ddH2O. Rehydrated sections on slides were postfixed overnight at 4°C in 0.1 M phosphate-buffered 2.5% glutaraldehyde then 1% OsO4 for 20 min at room temperature. The slides were washed in ddH2O, dehydrated in a graded series of ethanol to 100% (×3), and infiltrated with a 1:1 mixture of 100% ethanol and Spurr’s resin then 100% Spurr’s resin overnight at room temperature. The ROI (etched with a diamond pen on the backside of the slides) was reidentified after the slides were drained of excess resin. A size 3 BEEM capsule filled with fresh resin was placed over the paraffin section’s ROI and polymerized 24 h at 65°C. The BEEM capsules, with entrapped ROIs, were popped off slides by dipping them for 5–10 s rapidly in liquid nitrogen. The popped-off block was trimmed to the ROI, thin sectioned at ~70 nm, and placed onto formvar carbon-coated nickel slot grids for imaging using a Gatan Erlangshen 11-megapixel digital camera (Pleasanton, CA) and a Hitachi 7650 TEM (Santa Clara, CA).



Transmission Electron Microscopy of In Vitro Model of Staphylococcus Abscess Communities

Collagen hydrogels with fully formed Staphylococcus abscess communities (SACs) were fixed in 4.0% paraformaldehyde/1.0% glutaraldehyde in 0.1 M Sorensen’s buffer for 48 h, rinsed in buffer, postfixed in buffered 1.0% osmium tetroxide, dehydrated in a graded series of ethanol to 100% (×3), and transitioned into 100% propylene oxide, 1:1 propylene oxide/Epon-Araldite epoxy resin, then 100% epoxy resin overnight. The next day, the hydrogels were embedded flat into the caps of BEEM capsules and polymerized overnight at 60°C, and the caps were placed back on a BEEM capsule filled with 100% resin and polymerized at 60°C. The SACs were sectioned at 1 micron and stained with Toluidine blue to identify a SAC within the hydrogel for subsequent thin sectioning at 70 nm onto formvar/carbon copper slot grids. The grids were stained with uranyl acetate and lead citrate and imaged using a Hitachi 7650 TEM, as stated above.



Statistical Analysis

Data were analyzed by using GraphPad Prism software 9.0 and are presented with the mean +/- SD. Data were analyzed by a one-way ANOVA and two-way ANOVA. p values of <0.05 were considered significant (* indicates statistically significant difference of p < 0.05; ** indicates p< 0.01).




Results


BCA Effects on In Vivo MRSA Planktonic Growth

We have previously shown that the BLI signal from bioluminescent S. aureus following transtibial implant infection of mice corresponds to robust planktonic growth of the bacteria and that the signal decreases significantly ~7 days postinfection due to host immunity that prohibits planktonic growth, and the abscess of the detectible BLI signal from the persistent biofilm bacteria (Nishitani et al., 2015). Thus, to assess the effects of BCS and HBCS on in vivo MRSA planktonic growth following implant-associated bone infection, we performed longitudinal BLI of mice challenged with a bioluminescent strain of USA300 LAC::Lux treated with BCS, HBCS, bisphosphonate (HPHBP) negative control, and SOC sitafloxacin positive control (Figures 1A, B). The results demonstrated that the HPHBP-treated mice had robust BLI activity, while free sitafloxacin decreased BLI throughout the 1-week study period. In contrast, maximal BCS and HBCS inhibition of BLI was delayed until days 5–7 postinfection and extended thereafter, consistent with the predicted “target and release” kinetics of the conjugate binding at the bone–bacteria interface, and subsequent linker cleavage to release the active antibiotic.




Figure 1 | In vivo evidence of extended antimicrobial efficacy of bisphosphonate-conjugated sitafloxacin. Mice (n = 4) were challenged with a USA300LAC::Lux-contaminated transtibial pin and were given the indicated drug on days 0, 3, 6, 9, and 12 postinfection. In vivo BLI was performed on the indicated days 3, 5, and 7 (A), and the data for each group are shown continuously as mean +/- SD for the group (**p < 0.001 two-way ANOVA) (B). Of note is that the BLI in HPHBP-treated mice (negative control for HBCS) remained elevated throughout infection, while the free sitafloxacin treatment led to an immediate reduction in BLI and maximal inhibition of BLI in both BCS- and HBCS-treated mice was delayed until ~5–7 days postinfection and remained low thereafter.





BCA Effects on Peri-Implant Osteolysis and Osteoclasts

To assess the effects of BCA on MRSA-induced bone resorption around the septic pins, we performed micro-CT analyses and TRAP-stained histology on the infected tibiae. Micro-CT analysis of peri-implant osteolysis revealed that only HBCS (Figure 2E) significantly inhibits bone loss and with a statistic difference (p < 0.05) (Figure 2F). Consistent with the observed peri-implant osteolysis (Figure 3), large numbers of TRAP+ osteoclasts were observed around MRSA-contaminated pins from mice treated with placebo, sitafloxacin, and the non-nitrogen-containing bisphosphonate controls (Figures 3A–C). Interestingly, while HBCS treatment (Figure 3D) significantly reduced osteoclast numbers (Figure 3E) as expected, BCS did not, which could reflect the higher concentrations of this drug localized at that infected site and thus greater efficacy, but this remains an unexplained observation for future study.




Figure 2 | In vivo evidence of reduced peri-implant osteolysis in HBCS- and BCS-treated mice vs. free sitafloxacin and controls. Mice (n = 4) were challenged with a USA300LAC::Lux contaminated transtibial pin and were given the indicated drug on days 0, 2, 4, 6, 8, 10, 12, and 14 postinfection. The infected tibiae were harvested on day 14 and processed for micro-CT to quantify peri-implant osteolysis. Representative 3D lateral view of renderings of infected tibiae from mice treated with placebo (A), HPHBP (B), sitafloxacin (C), BCS (D), and HBCS (E) are shown with the osteolysis area (green). The osteolysis area for each tibia is presented with the mean +/- SD for each group (F) **p < 0.01 one-way ANOVA).






Figure 3 | HBCS treatment reduces osteoclast numbers in mice with implant-associated osteomyelitis. The infected tibiae (n = 4) described in Figure 2 were processed for TRAP stained histology, and semiautomated histomorphometry was performed to quantify the TRAP+ area. Representative high-resolution (×40) images of placebo (A), sitafloxacin (B), BCS (C), and HBCS (D) are shown with quantification of the TRAP-stained area (E), in which the data for each tibia are presented with the mean +/-SD for the group (**p < 0.05 one-way ANOVA). All black arrows in (A–D) indicate the osteoclast and # mean the presence of sequestrum in the medullary canal. The TRAP+ area for HPBP-treated mice was similar to placebo (data not shown).





BCA Effects on MRSA Within OLCN

At the end of demonstrating that BCA kills MRSA within OLCN of infected bone via TEM assessment of necrotic bacteria morphology, we interrogated TEM phenotypes of S. aureus within in vitro biofilm, as previously described (Hofstee et al., 2021). By TEM imaging of SACs grown in a collagen hydrogel (Figures 4A–C  (low magnification), Figures 4D–F (high magnification)), we confirmed the phenotype of vital S. aureus in vitro. Here, S. aureus appeared as dense cocci and diplococci undergoing binary fission. In comparison, sitafloxacin-treatedSAC bacteria displayed cell wall remnants of dead bacteria (red arrows) and degenerating vacuolated bacteria (gold arrows) with an occasional rare viable bacteria (blue arrow) (Figures 4D–F). With these phenotypes identified, we performed TEM on Gram+ bone fragments from Brown and Brenn-stained histology (de Mesy Bentley et al., 2021) and looked for novel phenotypes consistent with the biology of antibiotic-killed bacteria (i.e., cell swelling with large numbers of vacuoles) from drug-inhibited DNA gyrase and topoisomerase IV (Chen et al., 1996). Consistent with our prior studies, the TEM phenotypes of MRSA in OLCN of vancomycin and sitafloxacin were similar to those of placebo controls (Figure 5). Essentially, all of these bacteria had a dense vital phenotype, although a few bacterial “ghosts” and bacteria with an apparent central vacuole were readily observed, which could be from histologic reprocessing artifacts. In contrast, TEM of MRSA-infected tibiae from mice treated with BCS and HBCS for 14 days showed bacteria with a novel phenotype of swollen cocci to include a very large central vacuole (>1 mm) or many small vacuoles (Figures 5Q–T). To determine if these novel TEM phenotypes were actually antibiotic-killed bacteria, we repeated the in vivo challenge and BCA treatment for 28 days (Figures 5U–X) to test the hypothesis that the highly vacuolized bacterial cells would contract to a necrotic phenotype with time. We also performed histomorphometry on the TEM images described in Figures 5K–T to quantify the size of the bacteria in the OLCN. The results confirmed that in vivo BCS and HBCS treatment significantly increased the size of the bacteria within the OLCN (Figure 6).




Figure 4 | Morphology of S. aureus within untreated and sitafloxacin-treated in vitro SACs analyzed by TEM. In vitro Staphylococcal abscess communities (SAC) grown in collagen hydrogels were processed for TEM imaging to illustrate the morphologic features of 100% viable untreated bacteria with dense black interiors (A–C) ×30,000, compared to sitafloxacin-treated SACs (D–F) ×30,000, displaying vacuolated degenerating (gold arrows) and dead bacteria (ghosts, red arrows). Note in (D), a single viable S. aureus (blue arrow) non-vacuolated coccus with an intact septal wall compared to the majority of vacuolated dying bacteria.






Figure 5 | TEM evidence of HBCS and BCS killing of MRSA within canaliculi. Histology from the infected tibiae described in Figure 3 were processed for Brown and Brenn staining (A–J, U, W) and subsequent TEM (K–T, V, X). Representative low-power (×0.5) images containing necrotic bone fragments with Gram-positive bacteria in the marrow space (A, C, E, G, I), with high-power (×5) images of the dashed boxed region of interest (B, D, F, H, J) are shown to illustrate the extent of biofilm formation (black arrows) in the indicated treatment groups on day 14 postinfection. Representative TEM images of the bacteria within canaliculi of the infected bone are shown at low power (×12,000, K, M, O, Q, S), with high-power images (×25,000) of the dashed boxed region of interest (L, N, P, R, T) shown to illustrate the morphology of the bacteria within canaliculi on day 14 postinfection. Note that most bacteria in the placebo and vancomycin- and sitafloxacin-treated tibiae are dense (dark), and there are a few ghosts (red arrows) and degenerating bacteria (yellow arrows). In contrast, bacteria in BCS- and HBCS-treated tibiae are less dense and contain small vacuoles and holes >100 nm. To see if the morphology of these vacuole-containing dying bacteria with hole >100 nm changes to a more necrotic phenotype, we repeated the HBCS treatment of mice with an MRSA-infected transtibial pin for 14 days, left these mice untreated for another 14 days (U, V), or throughout all 28 days of treatment (W, X), then harvested the infected tibiae 28 days post-op for histology and TEM. A representative Brown and Brenn-stained section containing a necrotic bone fragment with Gram-positive bacteria is shown at ×10 (U, W) with a high-power (×15,000) TEM of the bacteria in the canaliculus (V, X). Note that the large number of ghosts and necrotic bacteria had lost their semirigid structure, several ruptures and displacement of membranes, lysis, and extrusion of the intracellular content with large holes (red arrows) in HBCS treatment groups.






Figure 6 | HBCS and BCS treatment of MRSA-infected mice causes swelling of bacteria within canaliculi. The TEM images described in Figure 5 were used to quantify the diameter of the bacteria in the canaliculi of mice given the indicated treatment for 14 days following infection. The diameter of each bacterium (n = 4) is presented with the mean +/-SD for the group (two-way ANOVA: ns: no statistical significant, ****p < 0.0001, **p < 0.005, *p < 0.05).






Discussion

Based on the fundamental concepts of S. aureus bone infection, the standard-of-care treatments for implant-associated osteomyelitis were established in the 1970s. These treatments involve 1) removal of the infected implant, 2) extensive surgical debridement of adjacent bone and soft tissues, and 3) filling of the bone void with antibiotic-loaded acrylic cement. By the mid-1980s, implementation of this standard of care resulted in 5-year success (survival) rates of 77% (Buchholz et al., 1984). Remarkably, data from the 2018 International Consensus Meeting on Musculoskeletal Infections reported no changes in bone infection rates, the primary pathogen, treatment algorithm, and poor outcomes since this original standard of care was established half a century ago (Parvizi et al., 2018; Saeed et al., 2019; Schwarz et al., 2019a). However, basic and translational research in this field has produced several major discoveries that have changed our thinking about microbial pathogenesis, antibiotic resistance, and the treatment of bone infection. Most notable is the discovery of S. aureus invasion and colonization of the OLCN during chronic osteomyelitis (de Mesy Bentley et al., 2017; de Mesy Bentley et al., 2018). Based on this observation, there is now broad consensus among key opinion leaders in this field that SOC antibiotic therapies cannot irradicate S. aureus bone infection due to biodistribution limits even at the highest doses that can be given systemically and locally (Schwarz et al., 2019b; Schwarz et al., 2021).

To overcome the biodistribution limits of SOC antibiotics toward the eradication of S. aureus within OLCN of infected bone, we have been exploring the potential of BCA. This rationale comes from the rich history of safe and effective bisphosphonate therapies, which have proven bone targeting with great specificity and minimal side effects on soft tissues (Sun et al., 2021). Of note is that several different types of bone-targeting drug candidates have been developed by linking FDA-approved drugs to bisphosphonate (e.g., bortezomib (Wang et al., 2018; Wang et al., 2020)), and the subject has been extensively reviewed (Farrell et al., 2018; Xing et al., 2020). Based on this, we aimed to create a bone-targeted antibiotic conjugate that could achieve sustained concentrations of a drug well above the MEC at the site of bone infection. In support of this concept, we recently demonstrated that systemic administration of a BP-conjugated fluorophore (AF647-ZOL) specifically labels the cortical surface of the bone in immediate proximity to S. aureus bacteria during chronic osteomyelitis (Adjei-Sowah et al., 2021). We were also encouraged by our initial success with BP-conjugated ciprofloxacin for the oral indication (Sedghizadeh et al., 2017). However, since fluoroquinolones suffer from reduced activity against established biofilms, which is particularly true for Gram-positive species such as S. aureus (Amorena et al., 1999; Melchior et al., 2006), we developed BP–sitafloxacin conjugates on the basis of our prior regulatory agency-approved drug library screen for bactericidal activity against S. aureus SCV (Trombetta et al., 2018; Trombetta et al., 2019). As initial studies demonstrated the efficacy of BCS and HBCS to kill MSSA and MRSA within in vitro biofilm (Adjei-Sowah et al., 2021), here we aimed to evaluate their efficacy in vivo versus SOC antibiotics and non-antibiotic-conjugated bisphosphonate controls.

Here we utilized in vivo bioluminescent imaging of S. aureus planktonic growth during the establishment of implant-associated osteomyelitis (Nishitani et al., 2015), as an initial proof of concept of BCA “target and release” efficacy in mice. As we hypothesized, a similar decrease in the BLI signal was achieved with both BCS and HBCS versus parent sitafloxacin, but the maximal decrease was delayed ~5 days and extended beyond that time, which is consistent with the pharmacokinetics of BCA binding to the bone surface and subsequent cleavage of the linker to release sitafloxacin (Figure 1). Another critical proof of concept is our demonstration that HBCS significantly inhibits infection-induced peri-implant osteolysis compared to the sitafloxacin and non-nitrogen-containing bisphosphonate parent components (Figure 2). This efficacy is hypothesized to be from the BCA killing of S. aureus biofilm bacteria within the OLCN, which is not achieved by sitafloxacin due to the aforementioned biodistribution limits. Additionally, since the nitrogen-containing bisphosphonates have great potency to inhibit osteoclasts, the bisphosphonates used as the bone-targeting component of BCA are designed to be innocuous or have minimal effects on bone cells (Adjei-Sowah et al., 2021), and the lack of efficacy of our “non-nitrogen-containing” bisphosphonate controls (HPHBP and HPBP) is consistent with our design and hypothesis. However, one unexplained finding in our study is that only HBCS reduces osteoclast number, and not BCS (Figure 3). While we can speculate on the reasons for this, it is clear that future studies are needed to address this issue.

Another critical proof of concept that is needed to move BCA toward clinical translation is the demonstration that they kill S. aureus within the OLCN of infected bone in vivo (Figures 4). However, this evidence comes with several challenges including the absence of validated outcome measures. To this end, here we aimed to identify unique TEM ultrastructural phenotypes of MRSA within OLCN of infected bone from mice treated with BCA versus controls. While we indeed found some unique phenotypes (Figures 5, 6) which are consistent with literature reports of killed bacterial cell swelling with large numbers of vacuoles from drug-inhibited DNA gyrase and topoisomerase IV (Chen et al., 1996), several validation studies will be needed to more firmly conclude that BCA kills S. aureus within OLCN. Nonetheless, these positive findings support further preclinical and clinical research of BCA as an adjuvant therapy to treat chronic osteomyelitis.



Conclusions

Here we describe the initial in vivo “target and release” pharmacokinetics of bisphosphonate-conjugated antibiotics and evidence that these compounds kill MRSA within the OLCN of infected bone. If these results can be substantiated by large preclinical studies, clinical trials to develop these novel drugs for osteomyelitis could be warranted.
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The formation of a biofilm on the implant surface is a major cause of intractable implant-associated infection. To investigate the antibiotic concentration needed to eradicate the bacteria inside a biofilm, the minimum biofilm eradication concentration (MBEC) has been used, mostly against in vitro biofilms on plastic surfaces. To produce a more clinically relevant environment, an MBEC assay against biofilms on stainless-steel implants formed in a rat femoral infection model was developed. The rats were implanted with stainless steel screws contaminated by two Staphylococcus aureus strains (UAMS-1, methicillin-sensitive Staphylococcus aureus; USA300LAC, methicillin-resistant Staphylococcus aureus) and euthanized on days 3 and 14. Implants were harvested, washed, and incubated with various concentrations (64–4096 μg/mL) of gentamicin (GM), vancomycin (VA), or cefazolin (CZ) with or without an accompanying systemic treatment dose of VA (20 μg/mL) or rifampicin (RF) (1.5 μg/mL) for 24 h. The implant was vortexed and sonicated, the biofilm was removed, and the implant was re-incubated to determine bacterial recovery. MBEC on the removed biofilm and implant was defined as in vivo MBEC and in vivo implant MBEC, respectively, and the concentrations of 100% and 60% eradication were defined as MBEC100 and MBEC60, respectively. As for in vivo MBEC, MBEC100 of GM was 256–1024 μg/mL, but that of VA and CZ ranged from 2048–4096 μg/mL. Surprisingly, the in vivo implant MBEC was much higher, ranging from 2048 μg/mL to more than 4096 μg/mL. The addition of RF, not VA, as a secondary antibiotic was effective, and MBEC60 on day 3 USA300LAC biofilm was reduced from 1024 μg/mL with GM alone to 128 μg/mL in combination with RF and the MBEC60 on day 14 USA300LAC biofilm was reduced from 2048 μg/mL in GM alone to 256 μg/mL in combination with RF. In conclusion, a novel MBEC assay for in vivo biofilms on orthopedic implants was developed. GM was the most effective against both methicillin-sensitive and methicillin-resistant Staphylococcus aureus, in in vivo biofilms, and the addition of a systemic concentration of RF reduced MBEC of GM. Early initiation of treatment is desired because the required concentration of antibiotics increases with biofilm maturation.
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Introduction

Orthopedic infections remain a major clinical problem, with catastrophic costs to healthcare systems (Castaneda et al., 2016). Infections associated with orthopedic implants continue to be life-threatening and devastating complications after orthopedic surgery. Staphylococcus aureus (S. aureus) and coagulase-negative staphylococci (CNS) are commonly found bacteria in implant-related infections. Among them, methicillin-resistant S. aureus (MRSA) is known to be the most difficult to treat organism. Previous studies have reported a 72% cure rate for methicillin-sensitive S. aureus (MSSA) infections, whereas the cure rate dropped to 57% for MRSA (Teterycz et al., 2010).

The formation of biofilms on implants is one of the major reasons for failure in cases of implant-associated infection (Masters et al., 2019; Saeed et al., 2019). Biofilms act as a physical barrier and protect bacteria from attack by the host’s immune cells or antimicrobial agents (Zhang et al., 2020) Bacteria on the surface of implants are hidden within the biofilm, preventing host immune cells and antibiotics from attacking them (Costerton, 2005; Flemming and Wingender, 2010; Masters et al., 2019). In addition, the bacteria present in the biofilm acquire pathogenicity and antimicrobial resistance through their ability to exchange information with each other through the quorum sensing mechanism (Rutherford and Bassler, 2012). Biofilm formation occurs in several stages. These stages, which have been observed in both in vitro and in vivo biofilms, begin with initial attachment, followed by proliferation, biofilm formation, and spread of the mature biofilm (Costerton et al., 1987; O’Toole et al., 2000; Nishitani et al., 2015). In the very early stages of infection, when the biofilm is immature, it may be possible to deal with an implant-associated infection by the administration of standard systemic antibiotics. However, once the biofilm matures, it is difficult to eradicate bacteria within the biofilm using standard antimicrobial treatment (Tomizawa et al., 2021). A high-dose, local antibiotic regimen may have the potential to treat mature biofilms, but effective antibiotics and their effective concentrations are not known.

The efficacy of antibiotics against bacteria is commonly represented by the use of the minimum inhibitory concentration (MIC). MIC is defined as “the minimum concentration of an antibiotic to inhibit bacterial growth” (Li et al., 2017). MIC is generally ascertained by exposing defined amounts of bacteria to increasing concentrations of an antibiotic. However, the methods to derive the measurement are performed on planktonic bacteria in a growth medium. Most bacteria are in biofilm form in orthopedic infections and not in planktonic form (Stoodley et al., 2011; Li et al., 2017). Currently available antibiotic treatments are based on the MIC against the planktonic form of bacteria, and these concentrations are less effective against bacteria in the biofilm, which needs to be up to 1000 times higher. (Verderosa et al., 2019) Thus, the usefulness of MIC for orthopedic implant-associated infections may be limited.

The concept of the minimum biofilm eradication concentration (MBEC) has been proposed as an antibiotic concentration to eradicate bacteria in biofilms (Evans and Holmes, 1987; Girard et al., 2010; Macià et al., 2014). Although MBEC seemed more useful in clinical practice, there are still questions regarding the most appropriate methodologies to measure MBEC. In most current MBEC assays, biofilms are formed on abiotic surfaces, such as polystyrene microtiter well plates, which likely have a different affinity for the attachment of bacteria from the materials used in orthopedic implants, such as titanium alloy or stainless steel (Ceri et al., 2001). Many studies have investigated the effects of antibiotics on biofilms in vitro or ex vivo, but no study has investigated the real in vivo biofilms formed in host animals (Fujimura et al., 2008; Rose and Poppens, 2009; Zimmerli and Sendi, 2019). Compared to in vitro biofilms, in vivo biofilms are more complex structures composed of bacterial polysaccharides, proteins, DNA, and host structures such as fibrin, fibrinogen, and collagen (Høiby et al., 2010; Nishitani et al., 2015).

To overcome these issues, this study measured MBEC using several related methodologies, First, MBEC was measured using an in vitro biofilm formed on a stainless-steel screw. Furthermore, an ambitious attempt was made to evaluate MBEC on in vivo biofilms with orthopedic implants using immature and mature in vivo biofilms formed on stainless steel screw implants in a rodent infection model.

A related aim of the study was to investigate the clinical utility of standard of care (SOC) antibiotics on in vivo biofilms. To that end, this study investigated the in vitro and in vivo MBEC of gentamicin (GM), cefazolin (CZ), and vancomycin (VA). A selection of these initial assays was then assessed in combination with a systemic dose of either VA or rifampicin (RF) to reflect the usual clinical practice of accompanying local antibiotic therapy with systemic antibiotics.

The purposes of this study were to establish an MBEC assay for orthopedic implants, with a special focus on using in vivo biofilms formed in rodents, and to investigate the utility of standard of care (SOC) antibiotics on in vivo biofilms.



Materials and Methods

Two S. aureus strains were used in this study. One was UAMS-1, which is a widely used methicillin-sensitive S. aureus (MSSA) strain isolated from an osteomyelitis patient (Gillaspy et al., 1995), and the other was USA300LAC, which is one of the most prevalent and virulent methicillin-resistant S. aureus (MRSA) strains (Kourbatova et al., 2005). All strains were cultured in a tryptic soy broth (TSB) medium. MIC of two strains was determined by measuring the lowest concentration of antibiotics which prevents visible growth of S. aureus on the TSB agar plate.


In Vitro MBEC Assay

To evaluate MBEC in orthopedic implants, the MBEC assay was replicated using a stainless-steel screw implant (Figure 1A). Sterilized stainless-steel screws (1.2 mm × 8 mm, Esco, Osaka, Japan) were incubated in 250 mL of TSB with S. aureus for 24 h (1 day) or 72 h (3 days) shaking at 150 rpm on 96-well polystyrene flat-bottom microtiter plates (Corning, REF 3596, Corning, NY, USA) to allow bacteria to form a biofilm on the implant. The implants were taken out and washed twice with phosphate buffer saline (PBS) to remove any unattached bacteria. The implants were again placed in microtiter plates and treated with various concentrations of antimicrobial agents (GM, VA, and CZ) with or without a systemic treatment dose of VA (20 μg/mL) or RF (1.5 μg/mL) and shaken at 150 rpm at 37°C for 24 h. After 24 h, the implants were removed and placed in a 1.5 mL Eppendorf tube containing fresh TSB solution, and the biofilm adhering to the implants was removed using the Vortex-Sonication-Vortex Method (VSVM) (Oliva et al., 2013; Kırmusaoğlu, 2019). The TSB supernatant was then replaced in a microtiter plate and shaken at 150 rpm at 37°C for 24 h. The recovery of S. aureus was quantitatively analyzed by the colony-forming units (CFU) assay by counting the colony number on TSB agar plates. The MBEC in this experiment was defined as an in vitro MBEC.




Figure 1 | Schematic protocols of (A) in vitro and in vivo (B) MBEC assay in this study. S. aureus: Staphylococcus aureus, VSVM, Vortex-Sonication-Vortex Method, CFU, colony-forming unit.





In Vivo MBEC Assay

All animal experiments were conducted with the approval of the university’s animal resources committee and in accordance with national guidelines. Twenty-week-old male Wistar rats were purchased from Japan SLC (Hamamatsu, Japan) and acclimatized to the new environment for 1 week before the interventions. Two rats were housed in one cage with free access to water and standard rodent chow. A constant 12-h light/dark cycle was maintained. After sterilization, the screws were immersed in a 10-fold dilution of an overnight S. aureus culture for 30 min. The inoculation load was 6× 103 colony forming units (CFU)/implant. Rats were intraperitoneally administered a combination anesthetic containing 0.375 mg/kg medetomidine, 2 mg/kg midazolam, and 2.5 mg/kg butorphanol to induce anesthesia, which was maintained with 3% isoflurane. Approaches and plating were based on the techniques described in previous reports (Poser et al., 2014; Kawai et al., 2021). After iodine disinfection, a 4-cm skin incision was made on the left lateral thigh and the femur was exposed. A polyetheretherketone plate (4-mm wide, 24-mm long, 2-mm thick with six 1.0-mm screw holes arranged in a line along its length, Umihira, Kyoto, Japan) was placed on the femur, and the femur was drilled with a 1.0 mm drill using the two most proximal and distal holes in the plate. After tapping, four contaminated screws were inserted into the drilled holes. Buprenorphine (0.02 mg/kg) was administered until day 2. After 3 and 14 days, the rats were euthanized by carbon dioxide overdose, and implants with in vivo biofilms were harvested (Figure 1B). The implants were washed twice with PBS to remove additional bacteria and extra soft tissues, and screws were incubated with various concentrations of antimicrobial agents (GM, VA, and CZ) with or without a systemic treatment dose of VA (20 μg/mL) or RF (1.5 μg/mL) for 24 h shaking at 150 rpm at 37°C. As previously described, the biofilm adhering to the implants was removed using the VSVM. The TSB supernatant was then replaced in a microtiter plate and shaken at 150 rpm at 37°C for 24 h. The recovery of S. aureus was quantitatively analyzed using the CFU assay, and the MBEC in this experiment was defined as the in vivo MBEC.

As an additional experiment, implants after VSVM were incubated in TSB for 24 h, and CFU recovery was examined to take into account the presence of bacteria in the residual biofilm that had not been removed after VSVM. The MBEC in this experiment was defined as the in vivo implant MBEC.



SEM and EDS Analysis for Biofilm

Scanning electron microscopy (SEM) has been shown to be a suitable tool not only to observe the substratum morphology in detail but also to follow bacterial adhesion and biofilm formation. Energy dispersive X-Ray spectroscopy (EDS) has been shown to be a suitable tool for observing mineral structure formation by bacterial and microalgal biofilms growing on the surface (Abed et al., 2012; Gomes and Mergulhão, 2017). For SEM, additional implants were prepared with USA300LAC incubated for 24 h in vitro and for 3 or 14 days in vivo in the rat femur. With or without antibiotic (GM or GM +RF) treatment, the implants were fixed overnight in 2.5% glutaraldehyde and 4% paraformaldehyde. Biofilms on the implants were evaluated using SEM (JSM-7900F, JEOL, Akishima, Japan) and EDS (JED-2300F, JEOL).



Statistics

To determine in vitro MBEC, five screws were used for each experimental condition, and the antibiotic concentration that achieved 100% eradication of bacteria in the biofilm was defined as MBEC100 and the concentration which achieved 60% eradication of bacteria was defined as MBEC60. For the in vivo experiments, two rats housed in one cage were defined as one set of animals, and the MBEC of each set was determined. Five MBECs were obtained from 10 rats per experimental conditions, and MBEC100 and MBEC60 were defined as described before. For animal experiments, MBEC among the three antibiotics (GM, VA, and CZ) or the effect of additional antibiotics (no additional antibiotic, VA, RF) were also statistically compared using the Kruskal–Wallis test with Dunn’s multiple comparison, and p < 0.05 was considered significant.




Results


In Vitro MBEC

The MIC and MBEC of GM, VA, and CZ on bacteria in the in vitro biofilm against UAMS-1 and USA300LAC are shown in Table 1. The MBEC100 values of the three antibiotics were higher than the MIC. For UAMS-1, VA had the lowest MBEC60 for day 1 biofilm, whereas GM had the lowest MBEC100 for both day 1 and day 3 biofilm. Against USA300LAC, GM had the lowest MBEC60. The MBEC100 values of GM and VA were similar for day 1, but GM had the lowest MBEC100 for day 3. Against both UAMS-1 and USA300LAC, the MBEC60 and MBEC100 of CZ were the highest.


Table 1 | MIC and MBEC on bacteria in in vitro biofilm formed on a screw (in vitro MBEC).





In Vivo MBEC

In this surgical model, infection was limited locally in all rats, and physical debilitation was not observed. No infection-related deaths were observed during the experiment. For UAMS-1, GM had the lowest MBECs among the three antimicrobial agents on both days 3 and 14, although the difference was not statistically significant (Figures 2A, B, Table 2). A very high concentration of more than 1024 μg/mL was required for MBEC60 and MBEC100 for VA and CZ. For GM and VA, with the maturation of the biofilm by day 14, MBEC100 tended to increase. Similarly, in the USA300LAC group, GM was the most effective among the three antimicrobial agents on both days 3 and 14, with statistical significance (Figures 2C, D, Table 2). In the case of GM, the longer the implant was incubated, the higher the MBEC100. However, MBEC100 for VA and CZ did not differ between days 3 and 14.




Figure 2 | Minimal biofilm eradication concentration of in vivo biofilm formed on the implant incubated in rat femur for 3 days and 14 days (in vivo MBEC) of UAMS-1 (A, B) and USA300LAC (C, D). Bars in each graph indicate the median of five assays. *: p < 0.05 by Kruskal-Wallis test with Dunn’s multiple comparison. GM, gentamicin; VA, vancomycin; CZ, cefazolin.




Table 2 | MBEC on bacteria on in vivo biofilm formed on a screw (in vivo MBEC).





SEM Analysis for In Vivo Biofilm

A small amount of biofilm was observed in in vitro day 1 and in vivo day 3 infection with USA300LAC (Figures 3A, C). Although simple matrix formation surrounded by bacterial clusters was observed on the in vitro implant, bacterial clusters were entangled in a matrix with fiber-like structures on the in vivo implant (Figures 3B, D). Compared to day 3, a considerable amount of biofilm was observed in the screw groove after 14 days of infection with USA300LAC (Figures 4A, B). Even after GM treatment and VSVM, residual biofilm was still observed on the implant with live bacteria (Figures 4C, D). EDS showed that residual tissue on the implant after VSVM was not metallic material but tissue from an organism containing much more carbon and less iron and chrome (Figures 4E, F).




Figure 3 | Scanning electron microscopy (SEM) image of USA300LAC infected implant of in vitro day 1 (A, B) and in vivo day 3 (C, D). In low magnification images, a small amount of biofilm formations were observed (white arrow) (A, C). White bars in A, C indicate 100 µm, and white bars in B, D indicate 1 µm.






Figure 4 | Scanning electron microscopy (SEM) image of USA300LAC infected implant of day 14 in vivo biofilm. (A, B) are images after 24 h of antibiotics treatment with 512 µg/mL gentamicin which showed robust biofilm formation in the screw grooves. (C, D) are images after vortex-sonication-vortex method (VSVM) which has a fare less biofilm compared to before VSVM (A), but a small amount of residual biofilm was observed (white arrows) which has live bacteria (D) in the matrix. Energy Dispersive X-Ray Spectroscopy (EDS) on the implant surface (E) and on the residual biofilm (F) after VSVM was shown with the percentage of containing elements. White bars in A and C indicate 100 μm, and white bars in B and D indicate 1 μm.





In Vivo Implant MBEC on Residual Biofilm

Because residual biofilm was confirmed on the implant after VSVM, bacterial recovery from the residual biofilm was also investigated. Surprisingly, MBECs for bacteria in residual biofilm were far higher than in vivo MBEC (Figure 5, Table 3). Although GM completely eradicated bacteria in the residual biofilm at 2048 μg/mL and 4096 μg/mL for USA300LAC, the other two antibiotics for USA300LAC and all three antibiotics for UAMS-1 on day 14 did not eradicate bacteria completely in the biofilm even with 4096 μg/mL.




Figure 5 | Minimal biofilm eradication concentration against residual in vivo biofilm after vortex-sonication-vortex-method. (in vivo implant MBEC) of UAMS-1 (A, B) and USA300LAC (C, D). Bars in each graph indicate the median of five assays. **: p < 0.01 and *: p < 0.05 by Kruskal–Wallis test with Dunn’s multiple comparison. GM, gentamicin; VA, vancomycin; CZ, cefazolin.




Table 3 | MBEC on residual bacteria in in vivo biofilm on a screw after VSVM (in vivo implant MBEC).





Additional Effect of Second Antibiotics

Local antibiotics are always administered along with systemic antibiotics. Since GM seemed to be the most effective among the three antibiotics for local administration, the additional effect of RF and VA with a systemic concentration on the MBEC of GM was investigated with USA300LAC. The addition of RF reduced the in vitro MBEC60 and MBEC100 of GM in both day 1 and day 3 (Table 4). As for in vivo MBEC, the addition of systemic doses of RF reduced the MBEC60 and MBEC100 of GM on day 14 biofilms (Table 5), but without a statistical difference (Figures 6A, B). For the residual biofilm on the implant after VSVM, although a very high concentration was still needed, RF reduced MBEC60 and MBEC100 of GM on both day 3 and day 14 biofilms (Table 6), with a significant difference on day 3 (Figures 6C, D). In contrast to RF, the addition of a systemic dose of VA had no effect on the MBEC of GM in all experiments. SEM showed very little residual biofilm and debris from the fibrous matrix from the implant treated with 512 GM μg/mL plus 1.5μg/mL RF (Figure 7).


Table 4 | Additional effect of second antibiotics in systemic dose on in vitro MBEC of GM.




Table 5 | Additional effect of second antibiotics in systemic dose on in vivo MBEC of GM.






Figure 6 | Effect of secondary antibiotics (VA: vancomycin, RF: rifampin) on in vivo minimal biofilm eradication concentration (MBEC) of GM (gentamicin) (A, B) and against residual in vivo biofilm after vortex-sonication-vortex-method on in vivo implant (in vivo implant MBEC) in combination with GM (gentamicin) (C, D) Bars in each graph indicate the median of five assays. *: p < 0.05 by Kruskal–Wallis test with Dunn’s multiple comparison.




Table 6 | Additional effect of second antibiotics on MBEC of residual bacteria in in vivo biofilm on screw after VSVM (in vivo implant MBEC) of GM.






Figure 7 | Scanning electron microscopy (SEM) image of USA300LAC infected implant of day 14 in vivo biofilm which was treated with 512 µm/mL gentamicin and rifampicin after vortex-sonication-vortex method. Although some residual tissues remained on the implant surface (A), only debris of fibrous matrix without live bacteria in it (B). White bars in A and B indicate 100 μm and 1 μm, respectively.






Discussion

In this study, the potential of SOC antibiotics to eradicate biofilm bacteria was evaluated. Notably, in vivo biofilms, which are far more resistant to antibiotics than in vitro biofilms, were formed on the implant in the rodent femur and utilized in this study. As expected, the in vivo MBEC was higher than the in vitro MBEC on stainless steel implants. Not surprisingly, although in vitro MBEC ranged from 64–1024 μg/mL, the in vivo MBEC was as high as 512–4096 μg/mL. When the implant was incubated for the same duration (3 days), bacteria in the in vivo biofilm were more resistant to antibiotics than in the in vitro biofilm. SEM analyses showed that remnants of the biofilm were firmly attached to the implant, and far higher concentrations were needed to eradicate bacteria from the residual biofilm. Among the three antibiotics, only GM had the potential to eradicate USA300LAC on day 14 biofilms in 60% of samples at 1024 μg/mL. This high concentration might be possible with a radical local administration, but cytotoxicity is a concern. A combination of systemic doses of second antibiotics was attempted, and the concentration of GM to obtain 60% effectivity was reduced to 256 μg/mL with RF 1.5 μg/mL in day 14 biofilms of USA300LAC.

We also expected that the MBEC would increase as the biofilm matured; thus, MBEC for day 14 biofilms was expected to be much higher than MBEC for day 3 biofilms, because biofilm maturation is reported at 14 days post-infection (Nishitani et al., 2015). Although this trend was confirmed in most cases, within the in vivo biofilms detailed in Table 2, GM used on USA300LAC showed the same MBEC60 on days 3 and 14, and CZ used on UAMS-1 had a lower MBEC100 on day 14 than it did on day 3. It was speculated that mature biofilms were firmly attached to the implant surface and difficult to remove in these cases. Although VSVM is an established method for removing biofilms, all the biofilms cannot be removed, and some biofilm remains on the implant (Rosa et al., 2019). In the present study, the presence of residual biofilm was confirmed using SEM after VSVM. Therefore, if antimicrobial agents do not penetrate deep into the biofilm, surviving bacteria may multiply again in the residual biofilm. To this end, the implants were cultured again for 24 h after VSVM to examine biofilm persistence. It is noteworthy that persistent biofilms on the implant surface needed a much higher concentration to eradicate the bacteria inside. This can be demonstrated by the finding that VA and CZ were almost ineffective at experimental concentrations of up to 4096 μg/mL in this study. GM was the most effective, but its MBEC100 on the residual biofilm was also very high at 2048 μg/mL for day 3 and 4096 μg/mL for day 14 biofilms. Even with the local administration of antibiotics, it seems difficult to reach these high concentrations in actual clinical practice. Therefore, a combination of antibiotics was considered, as a reduction of MBEC was reported by combining multiple antibiotics in previous studies (Deresinski, 2009) (Dall et al., 2018).

We used the concentration of a systemic administration dose to mimic the condition of the combination of local and systemic therapy. As GM had the lowest MBEC among the three antibiotics, the MBEC of GM was evaluated again in combination with a systemic dose of VA and RF. VA and RF were selected because they have been reported to penetrate deep into biofilms (Jacqueline and Caillon, 2014). The addition of a systemic dose of VA did not reduce the MBEC of GM. On the other hand, RF reduced the in vivo MBEC, especially in the in vivo implant MBEC on day 3. The reason for this may be that the bactericidal effect of VA in biofilms is inferior to that of RF and RF is reported to be more effective than VA in MRSA biofilm infections) (Jørgensen et al., 2016). Some in vivo animal studies have demonstrated the benefits of combined treatment with RF, and these studies have reported that the addition of RF significantly reduces CFU (Stavrakis et al., 2014; Thompson et al., 2017). Previous studies have also reported that sublethal doses of VA induce robust biofilm formation through the promotion of extracellular DNA-dependent release (Hsu et al., 2011; Abdelhady et al., 2014). The 20 μg/mL dose used in this study may be insufficient for bacteria in biofilms, but higher blood concentrations increase the risk of side effects. GM is effective in eradicating biofilms formed by S. aureus, including MRSA, and GM’s MBEC has been reported to be lower than that of VA (Mottola et al., 2016; Metsemakers et al., 2018). In addition, the synergistic effect of GM with other antimicrobial agents on staphylococcal biofilms has been reported previously (Dall et al., 2018). GM has a long history of local administration in the form of antibiotic-loaded cements (Vugt et al., 2019), and is also used for systemic administration by intramedullary antibiotic perfusion (Maruo et al., 2021). GM seemed a good candidate for local antibiotic treatment.

This study had some limitations. First, only one bacterial strain of MSSA and MRSA was investigated. Although these bacteria are representative strains that produce robust biofilms (Nishitani et al., 2015), the effectiveness of antibiotics against other S. aureus strains remains unknown. GM was the most effective among the three SOC antibiotics, and whether GM has similar efficiency against GM-resistant MRSA strains is unknown. Moreover, other bacterial strains that cause implant-associated infections have not yet been investigated. However, since we established a novel method to investigate in vivo MBEC with real implants, it became possible to investigate in vivo MBEC with various clinically acquired bacterial strains from patients with implant-associated infections. Second, three SOC antibiotics were selected, but there are many candidate antibiotics, including other anti-MRSA drugs (e.g., linezolid and daptomycin), that might be more effective. Third, stainless steel was used to grow the biofilm, but the MBEC of other implant materials, such as titanium alloy or cobalt-chrome, may be different. Fourth, antibiotic treatment was administered for only 24 h. Some reports have shown that a longer treatment duration reduced the required MBEC (Castaneda et al., 2016; Post et al., 2017). Although very high concentrations were needed for in vivo implant MBEC in this study, these high concentrations may not be needed when biofilms on implants are exposed to antibiotics for longer durations. This study only showed the concentration required to eradicate bacteria in biofilms on orthopedic implants within 24 h of treatment.

In conclusion, a novel MBEC assay for in vivo biofilms on orthopedic implants was developed. GM was the most effective SOC antibiotic against both MSSA and MRSA biofilms in both the in vitro and in vivo experiments. Although in this study GM + RF only showed its greater effect against MRSA on day 14, early initiation of treatment with antimicrobial intervention is still desirable in clinical practice because the required concentration of antibiotics increases with the maturation of the biofilm.
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Purpose

Fracture-related infection (FRI) is an important complication related to orthopaedic trauma. Although the scientific interest with respect to the diagnosis and treatment of FRI is increasing, data on the microbiological epidemiology remains limited. Therefore, the primary aim of this study was to evaluate the microbiological epidemiology related to FRI, including the association with clinical symptoms and antimicrobial susceptibility data. The secondary aim was to analyze whether there was a relationship between the time to onset of infection and the microbiological etiology of FRI.



Methods

FRI patients treated at the University Hospitals of Leuven, Belgium, between January 1st 2015 and November 24th 2019 were evaluated retrospectively. The microbiological etiology and antimicrobial susceptibility data were analyzed. Patients were classified as having an early (<2 weeks after implantation), delayed (2-10 weeks) or late-onset (> 10 weeks) FRI.



Results

One hundred ninety-one patients with 194 FRIs, most frequently involving the tibia (23.7%) and femur (18.6%), were included. Staphylococcus aureus was the most frequently isolated pathogen, regardless of time to onset (n=61; 31.4%), followed by S. epidermidis (n=50; 25.8%) and non-epidermidis coagulase-negative staphylococci (n=35; 18.0%). Polymicrobial infections (n=49; 25.3%), mainly involving Gram negative bacilli (GNB) (n=32; 65.3%), were less common than monomicrobial infections (n=138; 71.1%). Virulent pathogens in monomicrobial FRIs were more likely to cause pus or purulent discharge (n=45;54.9%; p=0.002) and fistulas (n=21;25.6%; p=0.030). Susceptibility to piperacillin/tazobactam for GNB was 75.9%. Vancomycin covered 100% of Gram positive cocci.



Conclusion

This study revealed that in early FRIs, polymicrobial infections and infections including Enterobacterales and enterococcal species were more frequent. A time-based FRI classification is not meaningful to estimate the microbiological epidemiology and cannot be used to guide empiric antibiotic therapy. Large multicenter prospective studies are necessary to gain more insight into the added value of (broad) empirical antibiotic therapy.





Keywords: fracture, infection, fracture-related infection, microbiology, antibiotic resistance



Introduction

Fracture-related infection (FRI) is a serious complication following skeletal injury (Depypere et al., 2019b; Metsemakers et al., 2019). Although consensus guidelines regarding the diagnosis and treatment of FRI were published (Depypere et al., 2019a; Depypere et al., 2019b; Foster et al., 2020; Govaert et al., 2020), knowledge gaps remain. An important example is the microbiological epidemiology of FRI where, as opposed to periprosthetic joint infection (PJI) (Tsukayama et al., 1996; Carrega et al., 2008; Sharma et al., 2008; Benito et al., 2016; Drago et al., 2017; Triffault-Fillit et al., 2019), data are limited. Although PJI and FRI are both implant-related infections, there are some important differences between these entities that could influence the type of microbiological flora that is present at time of diagnosis. A first difference is the initial damage to the soft tissues overlying the surgical site. An open fracture potentially leads to wound contamination with soil microorganisms, and massive crush injuries may cause disturbed vascularization with concomitant skin necrosis. For these reasons, a wider range of pathogens is expected as compared to PJI, where the device is implanted in a sterile environment. A second difference is the presence of a fracture and the need for biomechanical stability. While stability is important for both the prevention and treatment of FRI, it is not clear whether it influences the type of local infecting agents (Foster et al., 2021). Although data on the topic is limited, a recent study showed that there is no significant difference in pathogen distribution between FRI and PJI (Rupp et al., 2021).

The Willenegger and Roth classification represents the time-dependent pathophysiologic changes of FRI (Willenegger and Roth, 1986; Metsemakers et al., 2019). This classification is based on time after device implantation. It classifies FRIs in early (< 2 weeks), delayed (2-10 weeks) and late-onset infections (> 10 weeks). However, evidence for such a clear, time-based cut-off to aid in the decision-making process is scarce. A recent study showed that time to onset of FRI is not the only treatment-guiding factor in the decision-making process towards the choice of surgical strategy (Morgenstern et al., 2021). Little is known about the value of this classification regarding the microbiological spectrum at time of debridement. A recent publication did not report significant differences in the pathogen distribution between the three subgroups (Baertl et al., 2022).

We performed a study based on two aims. The primary aim was to evaluate the microbiological epidemiology of FRIs at our center, including the association with clinical symptoms and antimicrobial susceptibility data. The secondary aim was to analyze whether there was a relationship between the Willenegger and Roth classification and the microbiological etiology of FRI which could guide empiric antibiotic therapy.



Patients and Methods


Study Design and Inclusion/Exclusion Criteria

This retrospective cohort study evaluated data of patients with an FRI who were treated between January 1st 2015 and November 24th 2019 at the Department of Trauma Surgery of the University Hospitals Leuven (Belgium). All patients were treated according to recommendations of the multidisciplinary team. The multidisciplinary team consisted of trauma- and plastic surgeons, microbiologists, clinical pharmacists, radiologists/nuclear medicine physicians and clinical infectious disease specialists. All consecutive patients were identified from the operating theater logbooks, and all case notes were retrieved. Patient data was collected using the hospital electronic patient file system and included in the study database. The diagnosis of FRI was determined according to the criteria of the FRI consensus definition (Metsemakers et al., 2018). Exclusion criteria were patients with an FRI diagnosed outside the study period, patients younger than 18 years of age, pathological fractures, fractures of the skull and fractures of the spine. To reduce data misinterpretation and data entry mistakes, the retrospective review of medical records was carried out by two of the authors (JS, JO). All patient charts were searched for a complete medical and microbiological history. The latter was verified by two other authors (MD, WJM).



Ethical Statement

The study protocol was conducted following good clinical practice guidelines. The study was approved by the Ethics Committee of the University Hospitals Leuven, Belgium (S62394).



Microbiological Analysis

When patients were suspected of having an FRI, at least five tissue biopsies were taken during a surgical procedure and incubated in Wilkins-Chalgren broth for seven days. Every day, broths were checked for cloudiness. When cloudy, Gram-staining was performed, and suitable agars were streaked and incubated. In cases without cloudiness, broths were streaked on chocolate agar and anaerobic blood agar plates. Identification was performed using Matrix-assisted laser desorption ionization Time-Of-Flight mass spectrometry (Maldi-TOF MS) (Bruker, Bremen, Germany). Antibiotic susceptibility was tested on Vitek2 (BioMérieux, Marcy l’Etoile, France), and interpreted according to European Committee on Antimicrobial Susceptibility Testing (EUCAST) breakpoints since August 2017. Before this date, Clinical and Laboratory Standards Institute (CLSI) breakpoints were applied.

Two or more positive cultures with identical pathogens were considered confirmatory for infection (Metsemakers et al., 2018). Single positive culture tests were considered only when a virulent pathogen was isolated. Virulent pathogens were defined a priori as Gram negative bacilli (GNB), Staphylococcus aureus, Staphylococcus lugdunensis, enterococci, beta-hemolytic streptococci, Streptococcus anginosus group (previously milleri group streptococci), Streptococcus pneumoniae and Candida spp (Onsea et al., 2022). Single positive cultures with non-virulent pathogens were not further evaluated as they were seen as contaminants.



Statistical Analysis

Data was collected and analyzed using SPSS (version 23, IBM Inc, Armonk, NY, USA). The data were reported using standard descriptive statistics, including counts and percentages to report proportions, mean and standard deviation (SD) for normally distributed continuous variables and median and Inter-Quartile Range (p25-p75) for non-parametric variables. Normality of continuous data was tested with the Shapiro-Wilk test and homogeneity of variances was tested using the Levene’s test. In case of parametric data, a one-way Analysis of Variance (ANOVA) or Student’s t-test (with either equal variances assumed or not) was used to compare differences between groups (based on time to onset of FRI). In case of non-parametric data, the Kruskal-Wallis or Mann-Whitney U test was used as appropriate. For non-continuous data Chi-square tests or Fisher exact tests were used as appropriate. P-values below 0.05 were considered statistically significant.

Data included for statistical analysis were age, sex, body mass index (BMI) and American Society of Anesthesiologists (ASA) score at time of clinical presentation. Furthermore, the anatomical site, Gustilo-Anderson type, confirmatory and suggestive diagnostic criteria and microbiological analysis were taken into account. The Gustilo-Anderson classification can be used to classify open fractures according to their severity. As mentioned earlier, FRIs were classified according to the Willenegger and Roth classification (Willenegger and Roth, 1986; Metsemakers et al., 2018).




Results


Population Characteristics

A total of 191 patients with 194 FRIs were included in this study. There were 65 (34.0%) women and 126 (66.0%) men, with a median age of 54 (p25-p75: 43-67) years. Most patients had an ASA score of 2 (n=97, 50.8%). The tibia (n=46, 23.7%) was the anatomical site most frequently involved, followed by the femur (n=36, 18.6%) and the ankle (n=30, 15.5%). Overall, 48 (24.7%) infections were related to an open fracture. Table 1 shows the population characteristics and clinical presentation according to time to onset of FRI.


Table 1 | Population characteristics and clinical presentation according to time after device implantation.





Microbiological Etiology

Microbiological cultures were performed in all 194 infectious cases. In seven patients, culture results were negative. Five of them were treated with antibiotics during the two weeks before sampling.

In open fractures, 13 (27.1%) GNB were isolated as compared to 28 (19.2%) in closed fractures. Figure 1 shows the microbiological results according to time to onset of FRI. S. aureus was the most commonly isolated pathogen regardless of time to onset (n=61; 31.4%), followed by S. epidermidis (n=50; 25.8%) and non-epidermidis/non-lugdunensis coagulase-negative staphylococci (CoNS) (n=29; 14.9%). Methicillin-resistant S. aureus (MRSA) was isolated in six FRIs (3.1%). Enterococcus spp. was significantly more prevalent in the early FRI (n=7; 20.6%), as compared to the delayed (n=3; 4.1%; p=0.010) and late-onset group (n=3; 3.5%; p=0.005). Overall, E. faecalis was the most represented Enterococcus spp. (n=10; 5.2%). Enterobacterales were divided in group 1 and 2, with group 2 being pathogens which are intrinsically resistant to amoxicillin-clavulanic acid. In the early infection group, group 2 Enterobacterales were more prevalent (n=13; 38.2%) than in the delayed (n=3; 4.1%; p<0.001) and late infection group (n=6;7.0%, p<0.001), with Enterobacter cloacae as the most common pathogen. Group 1 Enterobacterales were found more frequently in the early infection group (n=7; 20.6%), as compared to the infections in the late-onset group (n=2; 2.3% p=0.002). Non-fermenting GNB were observed in thirteen cases (6.7%), of which Pseudomonas aeruginosa was the most prevalent pathogen (n=6; 46.2%). Although not statistically significant (p=0.055), the prevalence of Cutibacterium acnes tended to be higher in the delayed group (n=9; 12.2%) compared to the early onset group (n=0; 0%). Other anaerobes, Streptococcus spp. and aerobic Gram positive bacilli (GPB) were rarely detected.




Figure 1 | Microbiological etiology of FRI according to time to onset of FRI.



Polymicrobial infections were diagnosed in 49 cases (25.3%) and mostly observed in the early onset group (n=16; 47.1%; p=0.005). The combinations of causative pathogens in polymicrobial infections are displayed in Table 2. In contrast, monomicrobial infections were more common overall (n=138; 71.1%), but statistically less frequent in the early onset group (n=17; 50.0%; p=0.009). The main microorganisms present in polymicrobial infections were GNB (n=32; 65.3%), followed by non-epidermidis CoNS (n=22; 44.9%) and S. epidermidis (n=17; 34.7%). In monomicrobial infections, the proportion of S. aureus was greater (n=51; 37.0%) than in polymicrobial infections (n=10; 20.4%; p=0.034). The second most common pathogen was S. epidermidis (n=33; 23.9%), followed by GNB (n=18; 13.0%) and non-epidermidis CoNS (n=13; 9.4%). Figure 2 compares the microbiological epidemiology in mono- and polymicrobial FRI.


Table 2 | The microbiological etiology of polymicrobial fracture-related infections.






Figure 2 | Microbiological epidemiology in mono- and polymicrobial FRIs. CoNS, Coagulase-Negative Staphylococci; GNB, Gram negative bacilli (Enterobacterales and non-fermenting GNB); C. acnes, Cutibacterium acnes; MSSA, methicillin-sensitive Staphylococcus aureus; MSSE, methicillin-sensitive Staphylococcus epidermidis; MRSA, methicillin-resistant Staphylococcus aureus; MRSE, methicillin-resistant Staphylococcus aureus.



Figure 3 shows the distribution of pathogens according to body region. C. acnes is predominantly isolated from the upper extremity (13/53; 24.5%) compared to the lower extremity (2/139; 1.4%) and the axial skeleton (0/2; 0%). There is no notable difference between the presence of S. aureus, S. epidermidis and other CoNS when comparing lower and upper extremity FRIs.




Figure 3 | Frequency of pathogens isolated per body region. Upper extremity: humerus and forearm; lower extremity: femur, tibia, fibula, patella, ankle and foot. Only two patients suffered an FRI of the axial skeleton, these patients were excluded from visualization in this figure as the percentages would be misleading. The cultured pathogen in the axial FRI group was a S. aureus in one patient and a S. epidermidis in the other.





Clinical Presentation

The association between highly virulent pathogens and clinical confirmatory signs in monomicrobial infections is shown in Table 3. A statistically significant association was found for the combination of pus/purulent drainage (n=45; 54.9%, p=0.002) and fistula (n=21; 25.6%; p=0.030), with the presence of highly virulent pathogens. For wound breakdown there was no significant association.


Table 3 | The association between virulent pathogens in monomicrobial infections and clinical confirmatory signs.



Antimicrobial susceptibility data

Figure 4 shows the microbiological epidemiology according to the interval from primary fracture fixation to onset of FRI and susceptibility for GNB and staphylococci to different β-lactam antibiotics. Resistance data was available for all isolated pathogens. Regardless of time to onset, the rate of methicillin-resistant Staphylococcus spp. was high (e.g. 60% methicillin-resistant S. epidermidis), but susceptibility to vancomycin remained 100%. These results also show that 75.9% of GNB were sensitive to piperacillin/tazobactam. Susceptibility to cefepime and meropenem was higher, namely 85.2% and 96.3%, respectively.




Figure 4 | Antimicrobial susceptibility of pathogens in early, delayed and late fracture-related infections. (AMC, Amoxicillin/clavulanic acid; CEP, Cefepime; MEH, Methicillin; MER, Meropenem; PIT, Piperacillin-tazobactam).






Discussion

Publications focusing on the microbiological epidemiology of FRI are still scarce. This is especially true for data on the relation between the microbiology and clinical signs or time to onset of infection. Therefore, the primary aim of our study was to evaluate the microbiological epidemiology of FRIs, including the association with clinical symptoms and antimicrobial susceptibility data. The secondary aim was to analyze whether there was a relationship between the Willenegger and Roth classification and the microbiological etiology of FRI to guide empirical antibiotic therapy. In brief, the present study revealed that in early FRI, polymicrobial, enterococcal and Enterobacterales etiologies were more frequent, indicating more frequent soil contamination in this type of FRI.


Microbiological Epidemiology

Previous studies focusing on FRI reported a polymicrobial infection rate of approximately 30% in their patient cohorts, which is similar to our results (25.3%), but higher compared to PJI (10%) (Flurin et al., 2019; Kuehl et al., 2019; Wang et al., 2021). Furthermore, the predominant pathogens that are identified in the literature in case of polymicrobial infections are GNB (Kuehl et al., 2019; Rupp et al., 2020; Wang et al., 2021). In our study, GNB also predominated (65.3%), followed by non-epidermidis CoNS (44.9%), S. epidermidis (34.7%) and S. aureus (20.4%). Overall, GNB were isolated in 27.8% of the cases which is comparable to the 26.2% found by Kuehl et al. and higher than the 14% generally reported in PJI studies (Kuehl et al., 2019; Triffault-Fillit et al., 2019). C. acnes is the predominant microorganism in sebaceous follicles of the skin which is more frequently observed in the shoulder region than on the skin of the knee and hip (Hudek et al., 2021). This explains why in our cohort this pathogen was mainly isolated in FRIs of the upper extremity.

In our patient cohort with a monomicrobial FRI, the presence of a virulent pathogen was associated with the presence of pus or purulent drainage and the presence of a fistula.



Antibiotic Susceptibility Data

At initial clinical presentation, a high bacterial load is commonly found at the infection site. Therefore, the risk for emergence of resistance is significant during this period, especially when fluoroquinolones or rifampicin are used (Zimmerli et al., 1998; Sendi and Zimmerli, 2012). In contrast, emergence of resistance against β-lactam antibiotics and vancomycin does not occur during treatment, even if the bacterial load is high (Sendi and Zimmerli, 2012). From this point of view, these antibiotic agents are qualified for use in an empirical setting. Currently, guidelines recommend the use of a glycopeptide in combination with a β-lactam antibiotic (Hoiby et al., 2015; Depypere et al., 2019a).

In our study, vancomycin susceptibility of staphylococci was 100%. Susceptibility of any type of microorganism to piperacillin/tazobactam was lower (75.9%) as compared to cefepime (85.2%) and meropenem (96.3%), respectively. Nevertheless, Piperacillin/tazobactam combined with vancomycin seems a rational initial option as mentioned in recent guidelines (Depypere et al., 2019a). Our study shows that cefepime could be a potential alternative as combination partner to vancomycin. Breilh et al. reported an excellent diffusion of cefepime into bone tissue, with concentrations in cancellous and cortical bone greater than the minimum concentrations required to inhibit growth of 90% of the strains (MIC90) (Breilh et al., 2003; Thabit et al., 2019). However, a diminished efficacy of cefepime for the treatment of extended-spectrum beta-lactamase (ESBL) infections with a high bacterial inoculum (i.e. osteomyelitis) has been shown in animal models (Karaiskos and Giamarellou, 2020). The ESCMID study group on multidrug resistant organisms recommends against the use of cefepime in case there is resistance to third generation cephalosporins (Paul et al., 2021). In our cohort, two pathogens would therefore no longer be eligible for cefepime therapy. This brings the percentage of cefepime coverage to 81.5% instead of 85.2%. A major advantage of cefepime is the proven stability against AmpC beta-lactamases (Siedner et al., 2014; Harris et al., 2016; Rodriguez-Bano et al., 2018; Tamma et al., 2021). A disadvantage is its lack of coverage against Gram negative anaerobes which surprisingly, were not found in our study population. This could be due to our current culturing methods which might not be sufficient for growth of anaerobic micro-organisms. Kuehl et al. (Kuehl et al., 2019) reported 16.3% anaerobes but did not differentiate between Gram positive and –negative cases. Two other studies also did not report the presence of anaerobes (Peng et al., 2017; Wang et al., 2021). Thus, it remains unclear whether anaerobic activity is required in case of empirical therapy. Considering only susceptibility data, meropenem would be the best option for empirical treatment in early, delayed and late FRI. However, misuse and overuse of carbapenems has resulted in the emergence of carbapenem-resistance which represents a paramount therapeutic challenge.

In addition, there is another critical concern. The current guidelines regarding empirical antibiotic therapy are not based on scientific data (Depypere et al., 2019a). Studies evaluating the need for empirical therapy in FRI are scarce (Hellebrekers et al., 2020). When patients have a severe life-threatening infection (e.g. sepsis) rapid and correct empirical therapy is proven to be crucial (Strich et al., 2020). Although FRI can lead to severe complications, it is not a life-threatening disease when the patient is not septic. Several critical questions arise regarding the use of empirical therapy. First, what are the consequences if empirical therapy is not started, but delayed targeted antibiotic therapy is initiated based on culture results? Second, is rapid empirical therapy needed for all patients with FRI at time of definitive fracture fixation? Third, does the need for empirical therapy depend on the type of surgical strategy (e.g. DAIR, one vs two- stage exchange, internal vs external fixation)? These questions are crucial and should be answered in large prospective multicenter studies.



Microbiological Etiology According to Willenegger and Roth Classification

Traditionally, duration of infection is considered as one of the most important factors in the treatment decision making process of FRI. One of the reasons is that there is a decreasing antibiotic susceptibility with maturation of bacterial biofilms on implants over time (Costerton et al., 1999; Barberan et al., 2006; Metsemakers et al., 2018; Stewart and Costerton, 2001). Therefore, time after fracture fixation is the most commonly used classification for FRI (Willenegger and Roth, 1986; Metsemakers et al., 2018; Metsemakers et al., 2019). Various time-based classifications have directed surgeons towards one of the two main surgical principles in FRI treatment: debridement, antimicrobial therapy, and implant retention (DAIR) or debridement antimicrobial therapy and implant removal/exchange. One of the most used classifications was described by Willenegger and Roth who divided FRI into early, delayed, and late-onset infection with respective cut-offs after two and ten weeks (Willenegger and Roth, 1986). However, the evidence in the literature for a clear time-based cut-off to aid in the decision-making process between implant retention and removal is scarce. Morgenstern et al. recently published a systematic review in which they concluded that acute/early FRI successfully could be treated with DAIR up to 10 weeks after osteosynthesis (Morgenstern et al., 2021). As a result, the distinction between early and delayed is not meaningful in this setting. Other factors must be taken into account (e.g. construct stability, causative pathogen) for treatment success. Therefore, we investigated whether microbiological epidemiology depends on this time-based classification.

It was previously stated that early infections after osteosynthesis are mainly caused by virulent pathogens (e.g. S. aureus, β-haemolytic streptococci, S. lugdunensis, GNB) (McBride, 2010; Metsemakers et al., 2019). Our data showed that early infections were mostly caused by GNB (50.0%). S. aureus and S. lugdunensis were isolated in only 20.6% of the early FRIs, and in 39.5% of the late-onset FRIs. Unfortunately, documentation of haematogenous seeding is lacking, as is often the case in fracture-related infection studies. A few studies reported a predominance of S. aureus in each time interval (Kuehl et al., 2019; Baertl et al., 2022), whereas in our study, S. aureus predominated in the delayed and late onset group.

A recent paper evaluated empirical antibiotic therapy according to onset of FRI. No significant differences in the potential efficacy of empiric antimicrobial regimens were observed between early, delayed and late-onset FRI, except for early FRI, in which the combination ciprofloxacin and glycopeptide was superior as compared to delayed and late FRI (Baertl et al., 2022). Fluoroquinolone susceptibility was not evaluated in our cohort, because selection of resistance to these agents is possible when the bioburden is high, which makes them not suitable as empirical agent (Greenberg et al., 1987; Aboltins et al., 2011).



Limitations

Several limitations regarding our study should be mentioned. First, the study design was retrospective, leading to a reduced level of evidence and difficult interpretation. Second, we performed a single-center study. Thus, the microbiological spectrum and the susceptibility pattern reflects a local situation. A large multicenter study would offer more information and would increase the study’s scientific value. However, different diagnostic culture protocols between centers would make interpretation of the results difficult. A third limitation is the knowledge gap regarding the use of empirical therapy in FRI.




Conclusions

This study revealed that in early FRIs, polymicrobial infections and infections including Enterobacterales and enterococcal species were more frequent. A time-based FRI classification is not meaningful to estimate the microbiological epidemiology and cannot be used to guide empiric antibiotic therapy. Large multicenter prospective studies are necessary to gain more insight into the added value of (broad) empirical antibiotic therapy.
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Staphylococcus aureus osteomyelitis remains a very challenging condition; recent clinical studies have shown infection control rates following surgery/antibiotics to be ~60%. Additionally, prior efforts to produce an effective S. aureus vaccine have failed, in part due to lack of knowledge of protective immunity. Previously, we demonstrated that anti-glucosaminidase (Gmd) antibodies are protective in animal models but found that only 6.7% of culture-confirmed S. aureus osteomyelitis patients in the AO Clinical Priority Program (AO-CPP) Registry had basal serum levels (>10 ng/ml) of anti-Gmd at the time of surgery (baseline). We identified a small subset of patients with high levels of anti-Gmd antibodies and adverse outcomes following surgery, not explained by Ig class switching to non-functional isotypes. Here, we aimed to test the hypothesis that clinical cure following surgery is associated with anti-Gmd neutralizing antibodies in serum. Therefore, we first optimized an in vitro assay that quantifies recombinant Gmd lysis of the M. luteus cell wall and used it to demonstrate the 50% neutralizing concentration (NC50) of a humanized anti-Gmd mAb (TPH-101) to be ~15.6 μg/ml. We also demonstrated that human serum deficient in anti-Gmd antibodies can be complemented by TPH-101 to achieve the same dose-dependent Gmd neutralizing activity as purified TPH-101. Finally, we assessed the anti-Gmd physical titer and neutralizing activity in sera from 11 patients in the AO-CPP Registry, who were characterized into four groups post-hoc. Group 1 patients (n=3) had high anti-Gmd physical and neutralizing titers at baseline that decreased with clinical cure of the infection over time. Group 2 patients (n=3) had undetectable anti-Gmd antibodies throughout the study and adverse outcomes. Group 3 (n=3) had high titers +/− neutralizing anti-Gmd at baseline with adverse outcomes. Group 4 (n=2) had low titers of non-neutralizing anti-Gmd at baseline with delayed high titers and adverse outcomes. Collectively, these findings demonstrate that both neutralizing and non-neutralizing anti-Gmd antibodies exist in S. aureus osteomyelitis patients and that screening for these antibodies could have a value for identifying patients in need of passive immunization prior to surgery. Future prospective studies to test the prognostic value of anti-Gmd antibodies to assess the potential of passive immunization with TPH-101 are warranted.
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Introduction

Osteomyelitis is the bane of orthopedic surgery, and there is a great need for novel interventions (Schwarz et al., 2019). Most severe cases involve Staphylococcus aureus (Darouiche, 2004), primarily methicillin-resistant S. aureus (MRSA) in some regions (Kaplan, 2014), and multidrug-resistant strains are emerging (Assis et al., 2017). Thus, there is a great need for non-antibiotic immune-based approaches to treat these deep infections, as loss of the few remaining antibiotics due to drug resistance is a serious public health threat (Miller et al., 2019). Sadly, infection rates following total joint replacement and trauma surgery have remained largely unchanged over the last 50 years (Schwarz et al., 2019). This is not due to lapses in technique, as adherence to rigorous prophylactic and surgical protocols [e.g., Surgical Care Improvement Project (SCIP) (Stulberg et al., 2010)] failed to reduce infection rates for elective surgery below 1%–2% (Cram et al., 2012). Based on this, the field has concluded that host factors represent an essential role in orthopedic infections (Ricciardi et al., 2020).

Staphylococcus aureus osteomyelitis results from various pathogenic mechanisms of immune evasion (Masters et al., 2019; Muthukrishnan et al., 2019). These mechanisms include (1) biofilm formation on the implant (Nishitani et al., 2015) and necrotic bone (Lew and Waldvogel, 2004; Birt et al., 2017), (2) generation of staphylococcal abscess communities in soft tissues and bone marrow (Cheng et al., 2009; Varrone et al., 2014; Yokogawa et al., 2018), (3) intracellular infection including “Trojan horse” macrophages (Masters et al., 2019; Nishitani et al., 2020), and (4) the ability to colonize the osteocytic-canalicular network of live cortical bone (de Mesy Bentley et al., 2017; de Mesy Bentley et al., 2018). As a result, persistence of infection following surgery for S. aureus osteomyelitis is common (15%–40%) and often requires multiple surgeries (Salgado et al., 2007; Azzam et al., 2009; Ferry et al., 2009; Ghanem et al., 2009; Parvizi et al., 2009).

Regrettably, 19 S. aureus immunizations have been evaluated in Food and Drug Administration (FDA) registration trials, and all failed to demonstrate efficacy (Proctor, 2015; Miller et al., 2019). Acknowledged reasons for these failures include the inability to predict the protective role of staphylococcal immune responses in humans based on animal data (Proctor, 2015; Miller et al., 2019). Thus, we aimed to develop an immunotherapy based on osteomyelitis epidemiology data and monoclonal antibodies (mAb) that have dual-acting mechanisms of action: (1) direct inhibition of critical S. aureus enzymes and (2) immunomodulatory activity to stimulate the host response and bacterial clearance (Varrone et al., 2011; Varrone et al., 2014). Based on results in a murine tibial osteomyelitis model that recapitulates several features of implant-associated osteomyelitis (Li et al., 2008), we identified the glucosaminidase (Gmd) protein subunit of S. aureus autolysin (Atl) as our lead target for passive immunization (Varrone et al., 2011; Gedbjerg et al., 2013; Varrone et al., 2014; Yokogawa et al., 2018). Of note, other groups also identified Atl as an immunodominant and protective antigen in various animal models (Holtfreter et al., 2010; Brady et al., 2011; Gotz et al., 2014). Atl is also known to be critical for cell wall biosynthesis and degradation during binary fission (Oshida et al., 1995; Sugai et al., 1995; Yamada et al., 1996) and functions as an adhesin (Heilmann et al., 2005) and a biofilm enzyme (Brady et al., 2006), and facilitates host cellular internalization/immune evasion (Hirschhausen et al., 2010). Of the various surface proteins we investigated, only deletion of Atl results in a defective cell division phenotype in vitro (Masters et al., 2021). Most importantly, it has been shown that anti-Gmd passive immunization synergizes with vancomycin therapy in rabbit and murine models of infection (Brady et al., 2011; Yokogawa et al., 2018; Kalali et al., 2018). Moreover, our clinical studies of patients with osteomyelitis from prosthetic joint infection (PJI), trauma, and diabetic foot ulcers have found anti-Gmd antibodies in patients that recover from these serious infections (Gedbjerg et al., 2013; Nishitani et al., 2015; Oh et al., 2018). Hence, anti-Gmd antibodies might be a long sought-after biomarker of protective immunity against S. aureus (Miller et al., 2019).

In our initial screening for candidates, we utilized an in vitro Micrococcus luteus cell wall digestion assay to identify anti-Gmd mAb that inhibits recombinant enzyme activity (Gedbjerg et al., 2013). The results showed that mAb can be either neutralizing or non-neutralizing and that most neutralizing mAb bind to the R3 domain of Gmd (Varrone et al., 2011; Varrone et al., 2014). Based on this initial in vitro and in vivo research, we derived a mouse IgG1 anti-Gmd mAb (1C11) with high affinity and 1:1 stochiometric neutralizing activity (Gedbjerg et al., 2013; Varrone et al., 2014). We also showed that 1C11 mediates S. aureus megacluster formation and opsonophagocytosis in vitro (Varrone et al., 2011; Varrone et al., 2014) and had favorable safety and pharmacokinetics in a sheep model of passive immunization (Lee et al., 2020).

We also completed several clinical studies to assess endogenous human anti-Gmd antibodies in osteomyelitis patients and healthy controls (Gedbjerg et al., 2013; Oh et al., 2018; Kates et al., 2020; Muthukrishnan et al., 2021; Owen et al., 2021). These studies included the analysis of sera collected in a unique biospecimen registry of 297 patients with culture-confirmed S. aureus osteomyelitis (AOTrauma CPP Bone Infection Registry (Kates et al., 2019)]. The results demonstrated that anti-Gmd antibody levels ranged from undetectable (<1 ng/ml) to 300 μg/ml, and the mean concentration was 21.7 μg/ml (Lee et al., 2020). We also addressed critical questions regarding the relationships between the endogenous anti-Gmd antibodies in these patients and their clinical outcome following standard of care surgery and postoperative treatment. The results showed that all patients had measurable humoral immunity against some S. aureus antigens, but only 20 (6.7%; p<0.0001) had basal levels of anti-Gmd antibodies (>10 ng/ml) in their serum at the time of surgery (baseline). Of these patients, 194 (65.3%) completed the 1-year follow-up and were divided into groups based on their anti-Gmd antibody level at baseline, namely, low (<1 ng/ml, n=54; 27.8%), intermediate (<10 ng/ml, n=122; 62.9%), and high (>10 ng/ml, n=18; 9.3%), and the infection control rates were 40.7%, 50.0%, and 66.7%, respectively. The incidence of adverse outcomes in these groups was 33.3%, 16.4%, and 11.1%, respectively. While high anti-Gmd titers were not the only deciding factor in infection control, as 21 out of 194 patients (10.8%) had low titers and achieved a favorable outcome at 1-year post-surgery, by assessing anti-Gmd level as a continuous variable, we found that for every 10-fold increase in concentration, there was a 60% reduction in adverse event risk (p=0.04). Furthermore, patients with low anti-Gmd titer demonstrated a highly significant 2.7-fold increased risk in adverse outcomes (p=0.008). However, a few of these patients had high titers of anti-Gmd antibodies at baseline and had adverse outcomes following surgery, which was not due to IgG4 class switching to non-functional immunoglobulin (Owen et al., 2021). Therefore, to further understand this endogenous anti-Gmd immune response, here, we describe an optimized in vitro assay to quantify the autolysis-neutralizing activity of anti-Gmd antibodies and the presence of neutralizing and non-neutralizing anti-Gmd antibodies in the AOTrauma CPP Bone Infection Registry.



Materials and Methods


Human Subjects

All human subject research was performed with informed consent under Institutional Review Board (IRB)-approved protocols (HM20009308, 20006017, and NCT01677000). Specific serum samples from the AO Trauma Clinical Priority Program (CPP) Bone Infection Registry were selected for study based on their known anti-Gmd physical titer and the patient’s clinical outcome (Kates et al., 2020).



TPH-101 mAb

A humanized IgG1 anti-Gmd mAb derived from 1C11 was generated by transiently transfecting the heavy- and light-chain immunoglobulin genes into ExpiCHO cells as previously described (Brannan et al., 2019), and the secreted mAb was purified from the culture supernatant via protein-A affinity chromatography (Supplementary Figure S1). These quality control studies confirmed the purity of the mAb to be >99% and its specificity for native Gmd. Specificity of the GMD protein and TPH-101 antibody is further confirmed by running the Western blot assay using bacterial culture supernatant (Supplementary Figure S1) and in GMD protein (Supplementary Figure S3).



Optimization of Cell Wall Digestion Assay

Heat-killed Micrococcus luteus (ATCC No. 4698; Sigma-Aldrich, Catalog # M3770-5G) was used as a substrate for recombinant His-Gmd at final concentration of 0.075% (750 μg/ml) in phosphate-buffered saline (PBS) as we previously described (Gedbjerg et al., 2013). Triton X-100 (Sigma, Catalog # T8787-250ML) was used as a substrate-solubilizing agent. Briefly, 50 μl of 200 μg/ml of Gmd was diluted twofold in 96-well plate and 50 μl of 0.15% M. luteus containing various concentrations of cell wall solubilizing agent Triton X-100 was added and incubated at 37°C, and OD600 was measured after 5, 60, and 120 min of incubation. Percentage of lysis was calculated by subtracting OD600 of M. luteus treated with various concentrations of Gmd from OD600 of M. luteus treated with Triton X-100 and dividing the product by OD600 of M. luteus treated with Triton X-100, expressing it as a percentage.



Optimization of Neutralization of GMD by TPH-101

Purified TPH-101 (1 mg/ml) was serially diluted in PBS, and equal volume of 40 μg/ml Gmd was added in a 96-well plate and incubated at 37°C for 15 min. After incubation, equal volume of 0.15% heat-killed M. luteus treated with 1% Triton X-100 was added. OD600 was measured after 30 and 60 min of incubation at 37°C. Percentage of neutralization was calculated by subtracting OD600 of M. luteus treated with Gmd (10 μg/ml) from OD600 of M. luteus treated with Gmd neutralized by various concentrations of TPH-101 antibody and dividing the product by the OD600 obtained from subtracting OD600 of M. luteus treated with Gmd (10 μg/ml) from OD600 of M. luteus (bacteria only). IBT produced antibody c21D10 (IgG1 isotype; Catalog # 0200-003, Lot # 1811002) (6.643 mg/ml) was used as negative isotype control. The neutralizing concentration (NC50) value was determined using Sigmoidal 4PL, where X is concentration, and the least squares fit was used to quantify the 50% (NC50) of TPH-101 in the 30- and 60-min incubation.



Determination of Gmd Neutralizing Human Serum Titers

Human serum samples were heat inactivated for 30 min at 56°C. Equal volume of heat-inactivated human serum samples (neat) and Gmd (40 μg/ml) was incubated at 37°C for 15 min. After incubation, equal volume of 0.15% M. luteus treated with 1% Triton X-100 was added. OD600 was measured after incubating at 37°C for 30 and 60 min, and percentage of neutralization was calculated as above.



Spiking of Human Serum Samples

Human serum sample without physical titers against Gmd (ELISA) from the AO Clinical Priority Program (AO-CPP) cohorts were diluted 1:20, and 1 mg/ml of TPH-101 was added and incubated at 37°C with equal volume of Gmd (40 μg/ml) for 15 min. After incubation, the substrate was added, and OD600 was measured after 30 and 60 min. TPH-101 was used as positive control, c21D10 was used as negative control, and non-spiked serum was used as non-neutralizing control.




Results


Optimization of M. luteus Cell Wall Lysis Assay by Recombinant Gmd

Prior to assessing the Gmd autolysis-neutralizing activity of the patient sera (hereafter referred to as “neutralizing”), we aimed to optimize the M. luteus cell wall digestion assay by solubilizing the substrate in varying concentrations of a non-ionic detergent (Triton X-100). Figure 1 shows the results of a representative experiment in which the concentration of the enzyme, detergent, and incubation time were varied to identify the condition that achieved the greatest percentage of lysis. Based on these results, we established 10 μg Gmd/ml and 0.5% Triton X-100 in a 30- and 60-min incubation period as ideal for M. luteus digestion.




Figure 1 | Optimization of in vitro assay assessing Gmd digestion of M. luteus cell wall. The indicated concentration (μg/ml) of purified recombinant S. aureus Gmd was incubated with heat-killed M. luteus in the presence of the indicated amount of Triton X-100 at 37°C for 5 min (A), 60 min (B), or 120 min (C), and the percentage of lysis of M. luteus cell wall extract was determined by optical density as described in Materials and Methods. Note that the peak percentage of lysis (~80%) was achieved with a concentration of 10 μg/ml Gmd, 0.5% Triton X-100, and incubation time of 60 min.





Neutralizing Efficiency of Humanized Anti-Gmd mAb TPH-101

To determine the concentration of purified TPH-101 required to neutralize 50% (NC50) of Gmd enzyme activity in the M. luteus cell wall lysis assay, we performed a dose–response study using the optimized in vitro conditions described in Figure 1. The results confirmed the high efficiency of TPH-101 vs. an irrelevant control IgG (c21D10), which demonstrated that the humanized anti-Gmd mAb has an NC50 of ~15.5 μg/ml (Figure 2). To confirm that this anti-Gmd neutralizing activity of TPH-101 was functional against live bacteria, we repeated this assay on cultured M. luteus and assessed cytolysis via colony-forming unit (CFU) assay, which demonstrated a similar NC50 of ~12.5 μg/ml (Figure 3). Briefly, CFU was assayed by adding 100 μl of treated ML to 900 μl of PBS and serially diluted 10-fold across 6 points (10−1 to 10−6), and 100 μl was plated on tryptic soy agar (TSA) plates, and colonies were counted by incubating at 37°C for 48 h.




Figure 2 | Quantification of the neutralizing activity of humanized anti-Gmd mAb (TPH-101) in vitro. The indicated concentration (μg/ml) of purified anti-Gmd TPH-101 mAb or irrelevant control mAb (c21D10) was added to 10 μg/ml of recombinant Gmd prior to incubation with 0.075% heat-killed M. luteus cell wall extract in the presence of 0.5% Triton X-100 at 37°C for 30 min (A) or 60 min (B), and the percentage of lysis was determined as described in Figure 1. These data were reanalyzed using Sigmoidal, 4PL, X is concentration least squares fit to quantify the 50% neutralizing concentration (NC50) of TPH-101, which is 14.1 μg/ml in the 30-min incubation (A) and 17.0 μg/ml in the 60-min incubation (B), respectively. Dotted red and green lines are ± SD.






Figure 3 | Quantification of the neutralizing activity of humanized anti-Gmd mAb (TPH-101) via M. luteus killing assay. The indicated concentration (μg/ml) of purified anti-Gmd TPH-101 mAb or irrelevant control mAb (c21D10) was added to 10 μg/ml of recombinant Gmd prior to incubation with live M. luteus in the presence of 0.5% Triton X-100 at 37°C for 30 min (A) or 60 min (B). The percentage of neutralization was determined as described in Material and Methods. Sigmoidal, 4PL, X is concentration least squares fit to quantify the 50% neutralizing concentration (NC50) of TPH-101, which is 12.70 μg/ml in the 30-min incubation (A) and 12.25 μg/ml in the 60-min incubation (B), respectively. Dotted red and green lines are ± SD.



To exclude the possibility that a factor in the serum is interfering with the assay, we evaluated the efficiency of TPH-101 complementation of human sera deficient in anti-Gmd antibodies. We performed Gmd inhibition assays with purified TPH-101 and TPH-101 added to sera from patients that had no detectable titers of anti-Gmd antibodies (Figure 4). The results showed ~100% complementation efficiency, as no differences in the percentage of neutralization was observed at any antibody concentration. These data indicated that those sera are truly lacking anti-Gmd neutralizing activity.




Figure 4 | TPH-101 complementation of anti-Gmd antibody-deficient human serum in vitro. The indicated concentration of purified anti-Gmd TPH-101 mAb, irrelevant control mAb (c21D10), or twofold serial dilutions of human sera that do not contain neutralizing anti-Gmd antibodies (Patient 4 in the AO-CPP cohort) was added to 10 μg/ml of recombinant Gmd prior to incubation with 0.075% heat-killed M. luteus cell wall extract in the presence of 0.5% Triton X-100 at 37°C for 30 min (A) or 60 min (B), and the percentage of neutralization was determined as described in Figure 2. Complementation of the patient 4 serum was also assessed by addition of TPH-101 or c21D10 at the indicated concentration. No differences in the percentage of neutralization of purified TPH-101 vs. TPH-101 in the human serum were detected at any concentration of antibody.





Characterizing Physical and Neutralizing Anti-Gmd Antibodies in a Select Cohort of Osteomyelitis Patients With Known Clinical Outcome

Although we have previously described the association of anti-Gmd antibody physical titers with clinical outcome of the patients in the AOTrauma CPP Bone Infection Registry (Kates et al., 2020), the Gmd neutralizing titers were unknown. Therefore, we used the M. luteus cell wall digestion assay to quantify the Gmd neutralization activity in a small subset of patients that (1) had high physical titers of anti-Gmd antibodies at baseline (>10 ng/ml), (2) never had detectable anti-Gmd titers throughout their treatment, or (3) developed high titers of anti-Gmd at some point during their treatment. The results are presented with the clinical outcomes in Table 1 and contain two interesting observations. The first is that only 5 out of the 11 patients studied develop anti-Gmd neutralizing antibodies, which correlated with anti-Gmd physical titers >9,000 mean fluorescence intensity (MFI), which equates to >10 ng/ml in serum. The second observation was made by associating the patients’ antibody response with their clinical outcome over the course of treatment, which revealed that these patients can be characterized into four groups. Group 1 patients (n=3) had high physical titers and neutralizing anti-Gmd at baseline that decreased with clinical cure of the infection over time. Group 2 patients (n=3) had undetectable anti-Gmd antibodies throughout the study and adverse outcomes. Group 3 (n=3) had high titers +/− neutralizing anti-Gmd at baseline with adverse outcomes. Group 4 (n=2) had low titers of non-neutralizing anti-Gmd at baseline with delayed high titers and adverse outcomes. Collectively, these findings demonstrate that both neutralizing and non-neutralizing anti-Gmd antibodies exist in S. aureus osteomyelitis patients and that screening for the types of antibodies could have value for identifying patients in need of passive immunization prior to surgery.


Table 1 | Categorical clinical outcomes and anti-Gmd responses.



We were also interested to know if anti-Gmd antibody physical titers correlate with Gmd neutralizing activity in the patient sera. Thus, we performed a linear regression analysis on the five sera samples that contained Gmd neutralizing activity, and our negative findings are presented in Supplementary Figure S2.




Discussion

Development of an effective immunotherapy against S. aureus would be transformative for orthopedic surgery and many other infections caused by this pathogen. Here, we have focused on the hypothesis that an ideal mAb would act both directly via antimicrobial effects through inhibition of a critical S. aureus target and have immunomodulatory activity to enhance the host response and bacterial clearance. From non-biased antigen discovery, in vitro, animal model, and clinical research, we identified Gmd as a validated target for immunotherapy (Varrone et al., 2011; Gedbjerg et al., 2013; Varrone et al., 2014; Nishitani et al., 2015; Oh et al., 2018). Based on this, we developed a lead anti-Gmd mAb (1C11) from over 36 candidates, based on its superior in vitro characteristics (Varrone et al., 2011; Gedbjerg et al., 2013; Varrone et al., 2014; Nishitani et al., 2020) and its safety and efficacy in animal models (Varrone et al., 2014; Yokogawa et al., 2018; Lee et al., 2020). As might be anticipated, we found that this antibody, which interferes with an enzyme expressed on the surface of the bacteria that is critical for cell wall biosynthesis, synergizes with the standard of care antibiotic therapy (vancomycin) in a one-stage exchange model of MRSA via distinct mechanisms of actions. Vancomycin decreased the bacterial burden on the implant, while anti-Gmd mAb inhibited Staphylococcus abscess communities (Yokogawa et al., 2018). We also showed feasibility of anti-Gmd mAb passive immunization by demonstrating safety and favorable pharmacokinetics following a clinically relevant dose in sheep (Lee et al., 2020).

Results from clinical research to define native humoral immunity against S. aureus in osteomyelitis patients also supports the hypothesis that passive immunization with anti-Gmd mAb may be an effective treatment (Gedbjerg et al., 2013; Oh et al., 2018; Kates et al., 2020; Owen et al., 2021). Most notable are the results from the AOTrauma CPP Bone Infection Registry, which showed that only 6.7% of patients with life-threatening S. aureus osteomyelitis have basal levels of anti-Gmd antibodies (>10 ng/ml) in their serum at the time of surgery, and that for every 10-fold increase in anti-Gmd antibody concentration in sera, there is a 60% reduction in adverse event risk (Kates et al., 2020). Furthermore, low anti-Gmd titer patients have a highly significant 2.7-fold increased risk in adverse outcomes within 1 year of surgery (Kates et al., 2020). However, in contrast to our hypothesis of passive immunization with anti-Gmd mAb, we found that a few patients had high titers of anti-Gmd antibodies at baseline and had adverse outcomes following surgery, which was not due to IgG4 class switching to non-functional immunoglobulin (Owen et al., 2021). Thus, we aimed to determine if this was due to non-neutralizing antibodies. By optimizing the M. luteus cell wall digestion assay and validating the neutralizing activity of TPH-101 in human sera (Figures 1–4), here, we show the potential of a companion diagnostic with the sensitivity and specificity necessary to assess neutralizing and non-neutralizing anti-Gmd antibodies in sera from patients. Current research is directed towards formal validation of this assay as a clinical diagnostic.

Effective humoral immunity against an infectious agent posits that high titers of neutralizing antibodies are induced, and these antibodies disappear over time after the pathogen is cleared from the host. Indeed, this is the humoral response that we observed in Group 1 patients cured of their S. aureus osteomyelitis and illustrates what effective anti-Gmd mAb therapy would look like (Table 1). Additionally, our finding that S. aureus osteomyelitis patients never develop neutralizing anti-Gmd antibodies (Group 2) or develop them too late in the disease process (Group 4) indirectly supports our hypothesis of anti-Gmd mAb therapy. It was also interesting to see that some patients who develop high titers of non-neutralizing antibodies also succumb to serious adverse events from S. aureus infection (Group 3) and that anti-Gmd physical titer does not correlate with Gmd neutralizing activity (Supplementary Figure S2). Taken together, these results provide the first evidence that only neutralizing antibodies are helpful in fighting off S. aureus bone infection and that patients who are unable to mount this specific humoral response may benefit from passive immunization with mAb like TPH-101.

As a small clinical pilot, there are several major limitations that need to be noted. In addition to the minimal numbers of patients studied, which are too small to make formal conclusions other than both neutralizing and non-neutralizing anti-Gmd antibodies existing in S. aureus osteomyelitis patients, our analyses were post-hoc. Thus, appropriately powered prospective studies of patients with (1) neutralizing anti-Gmd antibodies, (2) non-neutralizing antibodies, and (3) undetectable anti-Gmd antibodies at the time of their surgery are needed to validate the association of neutralizing antibodies with clinical outcome. It is also important to note that some clinical outcomes do not have a straightforward interpretation. For example, patient 8 had high titers of neutralizing anti-Gmd antibodies at baseline and had a knee fusion that we scored as an “Adverse” outcome based on our prospective criterion. However, this successful infection control, potentially aided by the patient’s anti-Gmd antibodies, may have been the best possible outcome based on the patient’s global health (76 years old with Class III obesity) and the damaged bone and soft tissue at the time of surgery. Finally, while the M. luteus cell wall digestion assay proved very useful for these research studies, we do not suggest that it can be translated into a clinical diagnostic due to the technical demands of the assay. Thus, efforts to develop a lateral flow assay to assess anti-Gmd as a biomarker are warranted.
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Supplementary Figure S1 | Quality controls of purified TPH-101 anti-Gmd mAb. ExpiCHO cells were transiently transfected with TPH-101 heavy and light chain genes, and the secreted mAb was purified from culture supernatant via protein-A affinity chromatography as previously described (Brannan et al., 2019). The total yield of TPH-101 mAb was 400 ug/ml, and the purity was determined to be >99% via Coomassie-stained denatured SDS-PAGE and SEC-HPLC chromatograph. No degradation of the mAb was observed. The specificity of TPH-101 binding to Gmd was confirmed via western blot of total S. aureus USA300 protein extract as previously described (Varrone et al., 2014).

Supplementary Figure S2 | Lack of correlation between anti-Gmd antibody physical IgG titer and Gmd neutralizing activity in human sera. A linear regression analysis of anti-Gmd physical IgG titer determined by Luminex vs. Gmd neutralizing activity determined by M. luteus cell wall digestion was performed on the five patient sera that contained Gmd neutralizing activity described in Table 1. No significant association was found by the Spearman’s rank correlation coefficient.

Supplementary Figure S3 | Gmd protein is specifically detected by TPH-101 antibody in Western Blot assay. 100 and 50 ng of recombinant Gmd protein was heated at 70°C for 10 min and separated via SDS-PAGE. Gel incubated with 1 µg/ml anti-THP 101 (lot# 2378-1A-02) for 2 hr and detected by 1:3000 dilution of KPL Goat anti-Human HRP (KPL#474-1006; lot#150100) for 1 hr using chemiluminescence.
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Chronic periapical periodontitis (CAP) is a typical oral disease in which periodontal inflammation caused by an odontogenic infection eventually leads to bone loss. Uncontrolled infections often lead to extensive bone loss around the root tip, which ultimately leads to tooth loss. The main clinical issue in the treatment of periapical periodontitis is the repair of jawbone defects, and infection control is the first priority. However, the oral cavity is an open environment, and the distribution of microorganisms through the mouth in jawbone defects is inevitable. The subversion of host cell metabolism by oral microorganisms initiates disease. The presence of microorganisms stimulates a series of immune responses, which in turn stimulates bone healing. Given the above background, we intended to examine the paradoxes and connections between microorganisms and jaw defect repair in anticipation of new ideas for jaw defect repair. To this end, we reviewed the microbial factors, human signaling pathways, immune cells, and cytokines involved in the development of CAP, as well as concentrated growth factor (CGF) and stem cells in bone defect repair, with the aim of understanding the impact of microbial factors on host cell metabolism to inform the etiology and clinical management of CAP.
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1 Introduction

Most periapical infections are asymptomatic and the untreated inflammation usually develops gradually and is ongoing, referred to as CAP (Paloma de Oliveira et al., 2017; Amaral et al., 2022). Infection is the most common cause of CAP, the most common of which is pulp disease, followed by apical foramen, root canal, and dentinal tubule infections. The presence of microbial factors stimulates an immune response, producing a series of pathological manifestations, mainly inflammation, and even affecting bone tissue. During treatment, infection control should be resolved first, and periapical bone remodeling should be guided on this basis. Current research focuses on CGF and stem cell research. Here we summarize the recent studies on microbes, signaling pathways, and bone remodeling to deepen the understanding of the pathogenesis of CAP and propose new treatment ideas.



2 Chronic apical periodontitis: a brief overview and etiology


2.1 Essential characteristics

Chronic apical periodontitis refers to the chronic inflammation of periapical tissues due to the long-term presence of infection and pathogenic irritants in the root canal, which is manifested by the formation of inflammation and destruction of alveolar bone. Periapical granuloma is the main type of CAP, in which apical granulation tissue is produced around the root tip of the tooth, limiting bacteria to the original infected area and activating the immune system in response to inflammatory stimuli; this process is tailored toward tissue reorganization as opposed to tissue damage. However, the loss of normal tissue is the consequence of developing tissue to fight infection (Dahlén, 2000). Notably, periapical granuloma is the early stage of CAP, and its inflammatory response is more intense than that of periapical cysts (Andrade et al., 2017). Bone loss is another clinical feature of CAP, which is caused by microbial factors and the immune defense response. However, bone loss is inexorable in apical periodontitis (AP) (Xu R et al., 2019) and repair of bone defects is difficult in AP.



2.2 Etiological analysis

CAP is an inflammatory disease with microbial etiology (Braz-Silva et al., 2019). Various microorganisms from the dental pulp cavity play leading roles in the development of AP (Xu R et al., 2019), and it is worth noting that bacteria account for a larger proportion of the total population than other disease-causing microorganisms, such as viruses, fungi, yeasts and protozoa (Gomes and Herrera, 2018). Typically, bacterial lipopolysaccharide (LPS) leads to AP by stimulating a local immune response (Dong et al., 2018a). When enamel or cementum is opened because of caries or trauma, oral microorganisms may enter the pulp cavity or root canal system from the crown or dentin canal and directly contact the pulp tissue or alveolar bone. However, bacteria that cause CAP are usually less toxic than those causing acute AP (Gomes and Herrera, 2018). These bacteria inhabit anatomical locations that are inaccessible to macrophages and other immune cells, such as dentin tubules, thus creating conditions for bacteria to directly damage tissue and secrete enzymes, exotoxins, and metabolic end products to regulate the immune response (Braz-Silva et al., 2019). Microleakage or the introduction of oral irritants after root canal treatment can aggravate CAP (Xu R et al., 2019). In rare cases, if the pulp has metabolic disorders or has been injured, the bacteria in the blood can be ingested by anachoresis into the pulp tissue. If the immune defense mechanism of the pulp itself cannot remove the retained bacteria, the latter can multiply in the pulp, resulting in infection.



2.3 Restrictions of current treatment strategies

Infection restriction and bone injury fixation are the main modalities of CAP treatment (Xu R et al., 2019). Currently, root canal therapy is the main clinical treatment for CAP. Nevertheless, the complex anatomical structure of the root canal system leads to difficulty removing the pulp cavity contents completely (Gao et al., 2018). In this case, tooth extraction or further microscopic apical surgery may be performed. Root canal microsurgery is a minimally invasive technique that not only reduces postoperative pain and dropsy, but also expedites wound healing (Floratos and Kim, 2017). According to the American Association of Endodontists, the cure rate in the microscopic treatment group can reach up to 89% at 18 months of follow-up for CAP; however, various aberrancies that may exist within the tooth still affect the therapeutic effect.




3 Bone remodeling of CAP

As an inflammatory condition, CAP causes an imbalance between bone resorption and reconstruction, leading to bone loss. Bone remodeling is performed by altering bone resorption and formation in chronological order. Bone resorption and formation are opposing and coupled processes of osteoblasts and osteoclasts (Yu et al., 2016), which together constitute normal bone mass. This section focuses on several factors that influence periapical bone remodeling, including microorganisms, human signaling pathways, and the immune system.


3.1 Microbial factors: disease promotion or alleviation

CAP is thought to be initiated by direct bacterial damage and triggers an immune response from the host, which causes the main tissue destruction process (Larsen and Fiehn, 2017). The early microbiota is simple during the pulpitis progression, and the intricacy of the root canal microbiota increases with the dominance of Gram-negative anaerobic bacteria, such as Porphyromonas (Larsen and Fiehn, 2017). A previous study demonstrated that among the bacteria in periapical lesions, Fusobacteria (4.2%), Proteobacteria (9.1%), Bacteroidetes (12.1%), Actinobacteria (14.0%), and Firmicutes (62.9%) were the main species (Korona-Glowniak et al., 2021). Moreover, 54.6% of the bacteria were strictly anaerobic, while anaerobic Gram-negative bacteria were dominant in root canals with periapical lesions (Korona-Glowniak et al., 2021). In tissues with periapical infection, bacterial abundance and diversity are significantly reduced, and the microbial balance in biofilms is disrupted (Qian et al., 2019).

Microorganisms may directly contribute to the formation and maintenance of AP, or interfere with it by influencing the host immune response. This section focuses on the former.


3.1.1 LPS and LTA (lipoteichoic acid)

In general, bacterial stimulation can promote osteogenesis through synergistic action with osteogenic induction signals (Croes et al., 2019). In addition, endotoxins in the cell wall of Gram-negative bacteria, namely LPS, can cause local tissue swelling and bone absorption, mobilize the immune response, and aggravate tissue damage, and its content is positively correlated with the degree of bone damage. LPS is a TLR4 ligand (Tominari et al., 2021), which stimulates receptor activator of nuclear factor κB ligand (RANKL) expression through TLR4 signaling. In contrast to LPS, LTA is a major constituent of the cell walls of many Gram-positive bacteria. LTA induces osteoclast differentiation and bone resorption and is involved in maintaining the survival of mature osteoclasts, thereby jointly causing inflammatory alveolar bone loss (Tominari et al., 2021). LTA can also stimulate the production of prostaglandin E2 (PGE2) by upregulating genes related to PGE2 synthesis in osteoblasts and participating in subsequent inflammatory responses (Tominari et al., 2021).



3.1.2 Fusobacterium nucleatum

Previous studies have shown that absorption of the alveolar bone by Porphyromonas gingivalis, Campylobacter rectus, and Fusobacterium nucleatum is mediated by arachidonic acid metabolites, such as prostaglandins (Gao et al., 2020). Fusobacterium nucleatum can act on osteoblasts, which is reflected in the reduced expression of osteogenic genes and proteins (Reis et al., 2016), inhibition of cell differentiation, formation of mineralized nodules, and increased production of pro-inflammatory factors (Gao et al., 2020) (Figure 1).




Figure 1 | Main microbial factors affecting bone remodeling in CAP. Various oral microorganisms ultimately affect the inflammatory response and bone damage in the periapical region by influencing the physiological functions of macrophage differentiation and osteoblast and osteoclast metabolism. Bone regeneration: (A) Probiotics inhibit pathogenic bacteria. (B) Probiotics promote OPG expression by OBs. (C) OPG competitively inhibits the binding of RANK to RANKL. (D) Probiotics downregulate RANKL produced by OBs. Periapical bone loss: (E) Fusobacterium nucleatum and Enterococcus faecali stimulate OBs to produce RANKL, binding to RANK on OCs. (F) OBs are stimulated to secrete a variety of inflammatory factors, triggering greater bone loss. (G) LPS recruits macrophages from the blood and LTA promotes the differentiation of macrophages towards OCs.





3.1.3 Porphyromonas gingivalis

An experimental study showed that the degree of CAP caused by different pathogens varies. For the same duration of infection, CAP caused by Porphyromonas gingivalis was more severe in terms of bone damage and root resorption than CAP caused by Enterococcus faecalis (Chen S et al., 2019). Moreover, phosphoethanolamine dihydroceramide and phosphoglycerol dihydroceramide of Porphyromonas gingivalis can promote RANKL-mediated osteoclast formation independent of Toll-like receptor 2/4 (TLR2/4) by interacting with Myh9 (non-muscle myosin II-a) (Kanzaki et al., 2017; de Andrade et al., 2019).



3.1.4 Enterococcus faecalis

Macrophages are precursors of osteoclasts. LTA of Enterococcus faecalis inhibits the differentiation of macrophages (RAW264.7) into osteoclasts, with no impact on the phagocytic function (Xu et al., 2018). Continuous stimulation with Enterococcus faecalis induces the pre-resolution polarization of macrophages into an M2 phenotype (Polak et al., 2021). In addition, Enterococcus faecalis can induce secretion of IL-1β and RANKL, activation of the NLRP3 inflammasome, thereby aggravating the severity of bone resorption (Reis et al., 2016; Ran et al., 2021). Xiang, Y., et al. proposed phage therapy and obtained positive results for effective inhibition of Enterococcus faecalis using this method (Xiang et al., 2022).



3.1.5 Probiotics

Microorganisms not only cause CAP but have also been used in the research of new treatments. For example, some studies have explored the inhibitory effect of probiotics on pathogenic bacteria in the root canal (Kumar et al., 2021), which may be used to identify pathogenic bacteria in the root canal for the purposes of treatment (Bohora and Kokate, 2017). The results of a comparative clinical trial showed that treatment with a probiotic product completely prevented the regeneration of biofilms formed by Enterococcus faecalis compared to low concentrations of sodium hypochlorite solution (Safadi et al., 2022). Indeed, probiotics also inhibit bone resorption by increasing osteoprotectin (OPG) and decreasing RANKL (Kumar et al., 2021) (Figure 1).




3.2 RANKL-RANK-OPG system

RANKL is the ligand required for osteoclast formation, whereas RANK and OPG are the receptor and decoy receptor of RANKL, respectively. The RANKL-RANK-OPG system plays an important role in mandibular bone remodeling (Aguirre et al., 2021).


3.2.1 RANKL

RANKL is a pivotal cytokine in bone resorption, and facilitates bone dissolution while continuously promoting periapical inflammation (Francisconi et al., 2018). Previous studies have shown that LPS (Dong et al., 2018b), IL-6,TGF-β, parathyroid hormone -related protein (PTHrP) (Yasuda, 2021), IGF-1 (Huang et al., 2018; Yasuda, 2021), and other inflammatory factors facilitate RANKL expression. During osteoclast differentiation, activated T nuclear factor (NFATc1) is a major transcription factor, which can be activated by RANKL binding to its receptor RANK to promote osteoclast differentiation (Canalis et al., 2021). Additionally, TNF receptor-associated factor 6 (TRAF6) in osteoclast precursors is necessary to mediate RANKL-induced NF-κB activation and osteoclast formation and activation. Studies have shown that RANKL contributes to periapical granulomas and cysts (Santos et al., 2017). Chronic infiltration is strongly associated with high expression of RANKL, which represents increased osteolytic activity (Santos et al., 2017). A reverse RANKL signaling was also detected, which served to restore alveolar bone loss in mice (Ozaki et al., 2017). Therefore, the RANKL reversal signaling modulator may be a promising candidate drug action site for the treatment of AP bone loss (Ozaki et al., 2017). The experimental results of a rat AP model showed that the SPHK1-S1PR1-RANKL axis regulates inflammatory bone imbalance (Xiao et al., 2018). The activity of SPHK1 was significantly increased in macrophages stimulated by LPS, which activated S1PR1 in Bone marrow Mesenchymal Stem Cells (BMSCs), resulting in increased expression of RANKL in BMSCs. Additionally, the RANKL/RANK/OPG system plays an important role in the regulation of the immune system (Kimura et al., 2020), principally via regulation of the phenotype and function of dendritic cells by RANKL (Lin et al., 2016). A previous study reported that inflammatory damage from the activate to inactive state in CAP may occur as a result of RANKL immunoregulatory feedback, and dendritic cells seem to be the underlying factor determining whether this transition is possible (Cavalla et al., 2021).



3.2.2 OPG

OPG, the inducible receptor of RANKL, is mainly produced by osteoblasts and has a higher affinity than RANK (Canalis et al., 2021). It has been reported that during CAP, IL-17, IFN-ϒ, and higher concentrations of IL-33 upregulate RANKL production (Duka et al., 2019). The expression of OPG is upregulated by IL-10 and low concentrations of IL-33, which inhibits bone dissolution (Duka et al., 2019). However, another study reported contradictory results, indicating that IL-33 was highly expressed in CAP and was negatively correlated with the expression of RANKL but positively correlated with the expression of OPG (Gegen et al., 2019). One possible explanation is that even though IL-33 expression is higher than normal in periapical lesions, its high expression remains insufficient to promote RANKL and inhibit OPG generation. However, this conjecture requires further experimental confirmation.



3.2.3 RANKL/OPG ratio

The RANKL/OPG ratio is widely used as a reflective indicator of bone formation and absorption. Evidence has shown that the RANKL/OPG ratio is a key determinant of the progression or stability of periapical lesions (Cavalla et al., 2021). An increase in this ratio indicated increased bone loss. One experimental study showed that the RANKL/OPG ratio in the periapical granuloma group was significantly higher than that in the periapical cyst group, suggesting significantly more bone absorption in periapical granuloma (Takahama et al., 2018). This is associated with an increased inflammatory response and pathological microbial activity in periapical granulomas (Andrade et al., 2017). The RANKL/OPG ratio is mainly used to distinguish healthy from diseased periapical, but it lacks the ability to distinguish symptomatic from asymptomatic periapical. However, the detection of the TRAP5 level meets these requirements (Salinas-Muñoz et al., 2017).

RANKL may be involved in the activation of the inflammatory state of CAP through a feedback mechanism of the immune system. Moreover, its stimulatory effect on osteoclast maturation and differentiation can be inhibited by OPG. In addition, osteopontin (OPN) has also been shown to affect the binding of RANKL to OPG via the NK-kB pathway to promote osteolysis, which may be related to N-glycosylation during OPN formation (Dong et al., 2022).




3.3 Signaling pathways


3.3.1 Notch signaling

The Notch signaling pathway is a highly evolutionarily conserved ligand receptor signaling pathway that plays a crucial role in cell fate determination during cell survival, homeostasis, proliferation, differentiation, and development (Lee et al., 2021). Notch1 inhibits osteoclast formation, whereas Notch2, through both direct and indirect mechanisms, promotes osteoclast differentiation and function (Yu and Canalis, 2020). In periapical disease, Notch2 affects the clinical attachment level and is considered to be involved in alveolar bone loss. Downregulation of Notch1 may occur in severe osteolysis following RANKL activation (Djinic Krasavcevic et al., 2021). Notch3 also induces RANKL expression in osteoblasts and osteocytes (Yu and Canalis, 2020). However, Notch4 is less expressed in bone cells (Yu and Canalis, 2020). Another study suggested that the Notch signaling pathway may participate in alveolar bone resorption in Epstein-Barr virus infected periapical lesions (Jakovljevic et al., 2020). According to a recent study, basic levels of Notch3 are essential for skeletal bone mass balance, whereas activated Notch3 in osteoblasts and osteocytes suppresses osteoclast formation and bone resorption in cancellous bone (Canalis et al., 2021). Additionally, it has been hypothesized that the Notch signaling pathway increases Notch receptors on the surface of immune cells and stimulates the transposition of the Notch receptor intracellular domain (NICD) to the nucleus (Jakovljevic et al., 2019).



3.3.2 Wnt/β-catenin signaling

Wnt signaling is a vital regulatory pathway in osteoblast differentiation (Zhang and Zhang, 2017). The regulation of Wnt/β-catenin signaling pathway inhibitors intensifies periapical lesions (Naruse et al., 2021). The effect of Wnt3a treatment on osteogenic function is temporally dichotomous (Tang et al., 2014). Interactions between signaling pathways may also exist. Upregulation of NF-κB signaling in LPS-induced inflammation can be inhibited by inhibition of the Wnt3a/β-catenin signaling pathway (Guan et al., 2021). It is speculated that simultaneous blocking of these two signaling pathways can significantly inhibit the development of AP. In addition, the secretion of crimp-related protein I (sFRP1) is involved in the osteogenic differentiation of HPLCs under inflammatory conditions by antagonizing Wnt (Yang F et al., 2021). Both the promotion of bone repair by berberine and the role of Dickkopf-1 in mediating bone damage are associated with the regulation of the Wnt/β-catenin signaling pathway (Tan et al., 2018; Cui et al., 2020).



3.3.3 TGF-β signaling

In mice with conditional deletion of TGFβ R2 (a major receptor for TGFβ signaling) from early mesenchymal progenitor cells, alveolar bone mass and density were significantly reduced during early development and the periodontal ligament was severely damaged (Xu et al., 2021). Bone morphogenetic proteins (BMPs) belong to the TGF-β family, which is a group of highly conserved and structurally similar functional proteins. BMPs are a research hotspot in bone regeneration technology. Among the members of the BMP family, BMP9, BMP7, BMP6, BMP4, and BMP2 are known to induce osteogenesis (May et al., 2019). Mineralized nanofiber fragments and BMP-2 mimic peptides have the potential to induce alveolar bone regeneration (Boda et al., 2019). As biocompatible scaffolds, carbonate apatite scaffolds can upregulate the expression of BMP7 and BMP2, decrease the expression of MMP8, and support the proliferation and differentiation of mesenchymal stem cells (Prahasanti et al., 2020). The presence of BMP-2 and mesenchymal stem cells can accelerate bone formation (Stutz et al., 2020). Another study showed that the combination of BMP-2/7 non-viral vectors with in vivo electroporation has potential as a non-surgical treatment option for alveolar bone regeneration (Kawai et al., 2018).



3.3.4 5-Lipoxygenase signaling

In a mouse model of AP, activating the 5-LO pathway stimulated the synthesis of inflammatory mediators and inhibited osteoclast formation (Paula-Silva et al., 2020). Another study showed that 5-LO inhibitors can significantly reduce the number of inflammatory cells and osteoclasts, and bone resorption by affecting leukotriene B4 (LTB4) levels (Lopes et al., 2017). In the early development of the disease, osteoclasts are reduced because of the inhibition of 5-LO (Paula-Silva et al., 2016). However, when 5-LO inhibition is longstanding, it is difficult to block the synthesis of catabolic mediators, so the recruitment of inflammatory cells and bone absorption are not reduced (Paula-Silva et al., 2016). Another study examined 5-LO in periapical mice from a holistic perspective. Compared to the control group, 5-LO deficient mice had a greater periapical bone damage area, and significantly increased levels of inflammatory factors and osteoclast-forming factors, including TNF-α, IL-1β, and RANKL, while OPG was decreased, suggesting that the innate immune system of mice with 5-LO deficiency was damaged and periapical inflammation was aggravated (Wu et al., 2018).



3.3.5 TLR signaling

Toll-like receptors (TLRs) are pathogen recognition receptors encoded by a variety of germ lines expressed by antigen-presenting cells, which induce their maturation, lead to gene transcription, and produce a variety of pro-inflammatory and anti-inflammatory cytokines (Desai et al., 2011). TLRs play important roles in the initial recognition of periapical pathogens. TLR4 has pro-inflammatory properties and can be activated by LPS or endogenous damage-associated molecular patterns (DAMPs), promoting an increase in NF-kB and pro-inflammatory factors (Deng S et al., 2020; Ciesielska et al., 2021). Interestingly, the activity of LPS in Porphyromonas gingivalis is mediated exclusively by TLR4 (Nativel et al., 2017). In periapical granuloma, TLR2 is highly expressed in lymphocytes and plasma cells, but with reduced expression in dendritic cells, suggesting that the former two cell types play a more important role in the disease than the latter (Chen et al., 2018). Another study showed that in apical lesions, TLR2 and TLR4 are overexpressed and associated with collagenolytic MMPs (Fernández et al., 2019). Experiments demonstrated that TLR signaling related genes in TLR4, NF-κB, TNF, CD14, MyD88, and IL-6 were gradually upregulated during the progression of CAP and were highly expressed during the formation of bone destruction (Hasegawa et al., 2021).

In future therapeutic strategies at the molecular level of CAP, further investigation of BMP can lead to its clinical translation by inducing the transmission of Notch1, Notch3, and 5-LO signaling pathways, inhibiting Notch2, and downregulating the expression of the Wnt/β-catenin and NF-kB signaling pathways to achieve the desired effect.




3.4 Production and destructive effects of reactive oxygen species at the site of inflammation

Oxidative stress is commonly seen in a variety of inflammatory diseases. The hypoxic environment of periapical inflammation can drive the progression of periapical inflammation by inducing ROS production as well as apoptosis of osteoblasts (Lai et al., 2018). ROS modulates cell signaling to increase the production of pro-inflammatory mediators and MMP and may exacerbate alveolar bone resorption by stimulating RANKL-mediated osteoclast differentiation and inhibiting osteoblast differentiation (Hernández-Ríos et al., 2017; Georgiou et al., 2021). SIRT5 can mitigate hypoxia-induced osteoblast apoptosis by a mechanism that may be related to Mitochondria (Yang CN et al., 2021).



3.5 Epigenetics


3.5.1 DNA methylation

DNA methylation, which can modify gene expression patterns without altering the DNA sequence, refers to the covalent bonding of methyl to the cytosine 5’ carbon position of genomic CpG dinucleotides in the presence of DNA methylation transferase. Campos, K., et al. found that all periapical lesion samples exhibited partial or full IFNG gene and that the partially methylated samples showed increased expression of the corresponding mRNA (Campos et al., 2013). The team also found that the FOXP3 gene promoter showed high methylation levels in both periapical granulomas and apical cysts, with corresponding mRNA expression downregulated and associated with downregulation of IL-10 and TGF-β (Campos et al., 2015). Wichnieski, C., et al. showed that the differential methylation profiles of FADD, CXCL3, IL-12B and IL-4R contribute to disease-related potential contribution of altered gene expression (Wichnieski et al., 2019). Bordagaray, M.J., et al. found that TLR2 upregulation was associated with methylation of a single CpG site in the TLR2 gene promoter (Bordagaray et al., 2022), while Fernández, A., et al. showed that TLR2 gene promoter hypomethylation was associated with increased transcriptional activity of pro-inflammatory cytokines and angiogenic markers in periapical inflammation (Fernández et al., 2020). Demethylation of the CpG site of the TLR9 promoter, as well as the DNA methylation status within the gene, has also been shown to be associated with lesions in periapical inflammation (Fernández et al., 2022). Both methylation and demethylation of DNA are associated with bone conversion. The methylation status determines the propensity of bone marrow-derived MSCs to differentiate towards osteoblasts, which may be associated with hypomethylation of the promoter regions of the osteogenic genes RUNX2 and OCN, and higher expression of the corresponding mRNAs. In addition, methylation regulation of the Wnt/β-catenin signalling pathway and the RANKL/RANK/OPG system also plays an important role in bone regeneration (Oton-Gonzalez et al., 2022). The studies related to DNA methylation in periapical inflammation are currently inadequate, and the elucidation of the relevant mechanisms depends on further studies.



3.5.2 miRNA

The contribution of miRNAs to bone remodeling in CAP has also been extensively studied (Figure 1). Several miRNAs have been identified in AP (Shen et al., 2021), but only a few have been thoroughly studied. Among them, mir-10A-5p has the highest expression level, and its overexpression can downregulate TNF-α mRNA levels and upregulate IL-10 (Shen et al., 2021). mir-155 inhibits SEMA3A in the progression of AP (Yue et al., 2016). mir-335-5p positively contributes to the inflammation of HPDLF, and its targets are RANKL and uPAR. Regardless of inflammation, mir-335-5p can promote the expression of RANKL in HPDLFs, while uPAR is suppressed by mir-335-5p, which can be alleviated by LPS stimulation (Yue et al., 2017). Moreover, mir-335-5p promotes osteogenic differentiation in mice by downregulating the Wnt antagonist, Dickkopf-1 (DKK1) (Zhang et al., 2017). mir-200a takes part in the migration of BMSCs induced by Enterococcus faecalis products through the FOXJ1/NFκB/MMPs axis, thus regulating bone injury repair (Li et al., 2020). mir-181b-5p negatively regulates THF-α-induced inflammation by targeting IL-6 in cementoblasts and modulating the NF-κB signaling pathway while promoting osteoblast apoptosis (Wang et al., 2019). Another study inferred that mechanical stress-induced exosomes facilitated the proliferation of HPLSCs through the mir-181-5p/PTEN/AKT signaling pathway and facilitated their osteogenic differentiation through BMP2/Runx2 (Lv et al., 2020). An experiment showed that mir-146a is also LPS-induced and is a negative mediator of inflammation that downregulates the expression of TNF-α, IL-1β, and IL-6 (Lina et al., 2019). Meanwhile, it was demonstrated that Hey2 is the target gene of mir-146a, which together form a regulatory loop and negatively regulate each other (Lina et al., 2019). Furthermore, exosomal mir-1260b inhibits osteoclast formation via the WNT5a-mediated RANKL pathway (Nakao et al., 2021).




3.6 Main immune cells mediate the major tissue destruction process


3.6.1 T Cells

The activity of osteoclasts in CAP is influenced by T-cell regulation (Wang et al., 2021). The functions of the T lymphocyte family, including Th1, Th2, Th17, and regulatory T (Treg) cells, have been extensively described. Recent studies have focused on Th17 and Treg cells, which have opposite roles in the immune response in periapical lesions (Toledo et al., 2019). Treg and Th17 cells are thought to be important junctions between the immune system and bone (Zhang et al., 2021). According to a recent review, IL-17 and TNF-α secreted by Th17 cells promote RANKL expression and osteoclast differentiation, while TGF-β and IL-10 secreted by Treg cells inhibit this process (Wei et al., 2021). Th17 cells also stimulate the colony of neutrophils, triggering an inflammatory response to stimulate osteoclast activity, whereas neutrophil clearance of infection inhibits osteoclast activity (Wei et al., 2021). In addition, IL-1β, IL-6, IL-21, IL-23, and in periapical inflammatory environment can stimulate the upregulation of STAT3 and NFAT in Th17 cells, further increase the levels of IL-22, IL-21, IL-17F, IL-17A, and pathologically up-regulate the expressions of IFN-γ and GM-CSF (Hasiakos et al., 2021).



3.6.2 B Cells and plasma cells

Plasma cells play a more important role in tissue repair than CAP development (Weber et al., 2019). The intensity of the plasma cell response is determined by its number, with plasma cells being more numerous and responsive in older, neglected granulomas than in more recent ones (Bănică et al., 2018). A mouse model suggested that antigen-activated B cells significantly increase RANKL expression and promote osteoclast generation (Settem et al., 2021). Switched memory B cells produce more RANKL and increase Th1 and Th17 cell proliferation to stimulate osteoclast and alveolar bone loss (Han et al., 2018). In contrast, in periodontitis, B cells may play an active role in suppressing inflammation and osteolysis (Zeng et al., 2021). However, the mechanism underlying the roles of B cells in periapical periodontitis has rarely been described, and the mechanism in periodontitis can only be used as a reference. Therefore, further experiments are required to study B cells in periapical periodontitis.



3.6.3 Macrophages

Macrophages are involved in both innate and adaptive immunity, and modulate the immune response to host inflammation. One report has shown that AP antigen presenting cells, such as macrophages, may have a greater role than T cells in the pathogenesis of AP (Weber et al., 2019). Macrophages in periapical lesions show polarization switches towards M1 (Veloso et al., 2020), and this polarization process is triggered by pathogen-associated antigens. Macrophage polarization may be related to the development and progression of periodontitis injury, including alveolar bone loss (Weber et al., 2018). Th1 T cells and phagocytes promote bone resorption by upregulating the expression and secretion of inflammatory factors and RANKL (Hienz et al., 2015). The development of exacerbated inflammation in AP is likely to be distinctly influenced by the macrophage migration inhibitory factors -794 CATT5-8 and -173G>C (Freer-Rojas et al., 2020). One study showed that the expression of PD-L1 was more significant in macrophages at the focal site of CAP than in the control group (Delgado et al., 2019). PD-L1 binds to PD-1 on T cells to inhibit immune function, which may be related to the persistence of bacteria in CAP and chronic pulp infection.



3.6.4 Mast cells

Mast cells (MCs) also contribute to bone damage in periapical periodontitis (Sheethal et al., 2018). MCs can promote bone destruction by secreting the classic pro-inflammatory factor TNF-α. In addition, the number of MCs with MMP-8 and MMP-13 double-positive in AP was significantly increased (Wang G et al., 2018). In contrast, TGF-β expressed by MCs seems to neutralize IL-1, TNF-α, and other pro-inflammatory factors and inhibit macrophage activity (Tang et al., 2017). From an immune perspective, bone loss due to inflammatory bone imbalance has positive roles because bone resorption creates space for immune cells to infiltrate, thus forming a barrier against infection (Holland et al., 2017).




3.7 Relative cytokines

Cytokines are diverse and play complex roles in inflammatory responses. In this section, we discuss colony stimulating factor (CSF), tumor necrosis factor (TNF), interleukin (IL), and interferon (IFN) (Table 1).


Table 1 | Roles of cytokines and miRNA.




3.7.1 CSF

The proliferation and survival of osteoclasts before differentiation are mainly regulated by MCSF (Anesi et al., 2019). An in vitro assay showed that M-CSF anti-c-fms antibodies did not alter the expression of RANKL and OPG during osteoblast and osteoclast differentiation but directly inhibited osteoclast precursors to osteoclast formation (Nara et al., 2020). LPS can induce the production of TNF-α in osteoblasts in CAP induced by LPS from Porphyromonas in dental pulp. The expression of M-CSF in apical cysts was significantly higher than that in apical granulomas, indicating increased osteoclast activation and continuous bone resorption in periapical cysts (Weber et al., 2019). In addition, RANKL was not significantly upregulated in periapical cysts compared to in granulomas (Weber et al., 2019). GCSF stimulates bone tissue injury by increasing the expression of inflammatory factors such as CXC chemokines, interleukins (IL-1β, IL-6), and MMP-9, and increasing the ratio of RANKL/OPG and the number of osteoclasts (Zhang Z et al., 2020).



3.7.2 TNF

TNF-α and TNF-β can activate osteoclasts and inhibit collagen synthesis, and are mainly produced by macrophages and activated lymphocytes, respectively. TNF-α directly affects osteoblast expression of osteolytic cytokines, such as M-CSF, through the NF-κB signaling pathway, and indirectly affects osteoclast formation and activity through the action of M-CSF (Yu et al., 2016). TNF-α can also up-regulate the release of prostaglandin E2 from fibroblasts and osteoblasts (Canalis et al., 2021), and contributes to the alleviation of bone loss by increasing exosome CD73 expression and inducing the polarization of M2 macrophages. In addition, TNF-α inhibits the role of BMP9-induced osteoblast stem cells in inflammatory processes in mouse apical papilla osteogenesis (Wang et al., 2017). Nonetheless, the role of TNF in promoting osteoclast precursor differentiation is inhibited by multiple mechanisms, such as the RBP-J-mediated regulatory network, which has been reviewed and described in detail (Zhao, 2020). This may explain why TNF-mediated osteoclast formation is much weaker than RANKL-mediated osteoclast formation. Moreover, at the molecular level, the TNF-α-induced inflammatory response in odontoblast cells can be down-regulated by mir-181b-5p (Wang et al., 2019).



3.7.3 IL

Among the pro-inflammatory cytokines in the periapical granulation tissue, Interleukin-1 β (IL-1β) is the most common. TLR and inflammasome activation contribute to the regulation of synthesis and secretion of IL-1β (Ran et al., 2021). With the progression of periapical inflammation, the expression levels of IL-1α and IL-1β in deciduous teeth increase in periapical granulomas, which may be a cause of inflammation (Yang et al., 2018). The main role of IL-4 in AP is to prevent bone damage and inhibit the development of inflammation and the resulting injury (Freire et al., 2021). IL-6 and IL-23 (Veloso et al., 2020) are associated with the severity of apical lesions. IL-23 stimulates osteoclast formation in LPS-induced PDL cells (Ma et al., 2017). IL-12 may regulate the expression of MMP in hPDLFs through the NF-κB signaling pathway, in which the expression levels of MMP-13, MMP-3, and MMP-1 are increased, while the expression levels of MMP-9 and MMP-2 are inhibited (Ma et al., 2017; Miao et al., 2017). IL-17 also contributes to bone resorption in periapical inflammation (Xiong et al., 2019), possibly through RANKL upregulation (Duka et al., 2019). A previous study confirmed that IL-17 can directly promote RANKL expression through the JAK2-STAT3 pathway (Wang Z et al., 2018; Xiong et al., 2019). In periapical abscesses, IL-17a is highly expressed and responsible for the initiation and subsequent progression of inflammation, as well as recruitment of neutrophils to the site of infection (Ferreira et al., 2016). In a mouse model, IL-22 deletion resulted in a smaller periapical lesion area and lower bone destruction, suggesting the promoting role of IL-22 in CAP (de Oliveira et al., 2015). IL-34 may bind to RANKL and stimulate osteoclast formation in CAP (Ma et al., 2016).



3.7.4 IFN

Interferon inhibits osteoclast formation in many chronic inflammatory conditions and is associated with bone loss (Place et al., 2021). IFN-γ upregulates RANKL production (Duka et al., 2019). In mesenchymal stem cell therapy, IFN-γ promotes the expression of anti-pathogenic proteins and induces the action of mesenchymal stem cells while promoting their own survival, resulting in the inhibition of inflammation and fibrosis (Wobma et al., 2018). IFN-γ may have a promoting effect of IL-17 on the expression of OPG, Runx2, Alp, and RANKL (Wang Z et al., 2018). Furthermore, IFN-γ promotes the early differentiation of osteoblasts but negatively modulates osteoblast calcification (Wang Z et al., 2018). IFN-γ is considered an osteoblast cytokine, while both IFN-α and IFN-β are anti-osteoblast cytokines (Amarasekara et al., 2021). IFN-β is a strong inhibitor of osteoclast formation, as evidenced in the following two cases. One of these is the farnesoid X receptor, whose deletion enhances osteoclast formation by downregulating IFN-β expression via RANKL and disrupting the downstream JAK3-STAT1 signaling pathway (Zheng et al., 2017). The other is Def6, which has been identified as a regulator of bone remodeling and a key upstream regulator of IFN-β expression (Deng Z et al., 2020). IFN-λ1 prevents LPS-induced inflammatory bone damage by suppressing osteoclast formation and bone resorption (Chen et al., 2020).




3.8 Inflammasome

NLRP12 reduces inflammation and osteoclasts by negatively regulating the NF-κB pathway (Taira et al., 2019). NLRP6 suppresses the production of inflammatory promoters such as IL-6 and TNF-α in HPLCs by inhibiting the NF-κB and ERK signaling pathways (Lu et al., 2019). NLRP3 is also associated with AP progression and its ubiquitination is critical for ATP-induced IL-1ß secretion and the alleviation of LPS by TRIM31 (Wu et al., 2020). Experimental results suggest that NLRP3 may be a promising target for the prevention and treatment of periodontal inflammation induced by Enterococcus faecalis (Ran et al., 2021).



3.9 Matrix metalloproteinases

The MMP family is extensively involved in tissue destruction during inflammation, including alveolar bone absorption during periapical inflammation. In inflammation, the expression of MMP-9, MMP-7, and MMP-2 is increased (Letra et al., 2013), and the expression levels of MMP-13 and MMP-8 in MCs are also promoted (Wang G et al., 2018). MMP-1 is a key enzyme in initial bone resorption during periapical injury (Jain and Bahuguna, 2015), while MMP-2 is also involved in bone resorption (Yu et al., 2018). MMP-8 and MMP-13 are related to the pathological response to inflammation, while MMP-9 seems to suppress inflammation (Zhang H et al., 2020), which can reduce the expression of various inflammatory factors and osteoclast factors induced by LPS stimulation, while also upregulating the expression of OPG and osteocalcin (OCN). The upregulation of MMP-9 expression levels may be related to the inflammatory state that deregulates the methylation of DNA in the promoter region (Ahmed et al., 2021). A clinical study has shown that the use of calcium hydroxide as an intracanal medication during root canal treatment can lead to lower levels of MMP-9 synthesis (Paula-Silva et al., 2021).




4 Advances in alveolar bone regeneration after CAP

Most endodontic treatments are successful, but in a small percentage of cases of periapical inflammation there is persistence of symptoms or recurrence (Sureshbabu et al., 2020). Periapical surgery is the treatment of choice in such cases. Bone regeneration at the newly formed wound after endodontic surgery is an important step in periapical restoration (Montero-Miralles et al., 2021). The application of CGF or stem cells is an effective means to ensure a rapid and successful recovery of the diseased periapical area after surgery (Keranmu et al., 2021).


4.1 Traditional method: periosteum and bone powder

The traditional method of bone regeneration for AP involves the use of the periosteum or bone powder. The periosteum consists mainly of heterogeneous cells, extracellular matrix scaffolds, blood vessels, and nerves. The periosteum mainly plays an osteogenic role through periosteum stem cells (Debnath et al., 2018), whereas the extracellular matrix of the periosteum plays a synergistic role in osteogenesis (Sun et al., 2019). In addition, the blood supply to the periosteum is rich (Lou et al., 2021), which is of great significance for the formation of new bone. Bone powder is widely used to guide bone regeneration. Bio-Oss is a carbonate apatite crystal extracted from bovine bones, with a similar structure to that of human bone, with good biocompatibility and the ability to induce bone regeneration; thus, it is widely used in clinical practice (Wang et al., 2020).



4.2 Concentrated growth factors

An increasing number of clinical studies have shown that CGFs can achieve rapid repair and regeneration of periapical lesions, and using CGF as a substitute for the periosteum and bone powder is considered a better strategy for periapical bone regeneration (Sureshbabu et al., 2020). CGF, a new generation of platelet concentrate with more abundant and thicker growth factor content than platelet -rich fibrin (PRF), is a highly concentrated collection of growth factors (Sureshbabu et al., 2020). CGF is mainly composed of concentrated platelets, white blood cells, cytokines, and fibrin with a reticular structure, and is prepared with relation to the coagulation of blood. CGF contains TGF-1, platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF), epidermal growth factor (EGF), and insulin-like growth factor-1 (IGF-1), among others (Keranmu et al., 2021; Vaid et al., 2021). The scaffold network structure of CGF slows the release of the growth factors. As VEGF has a short half-life, the slow-release effect of CGF can alleviate the disadvantage of VEGF as a free protein, which necessitates a large amount and carries a high cost (Stanca et al., 2021). TGF-β1 is the most abundantly released growth factor in CGF (Stanca et al., 2021). According to one study, the longest release time of the factors in CGF was 28 days (Stanca et al., 2021). The authors also found that BMP-2 was the least abundant and released factor in CGF.

The growth factors and cytokines mentioned above stimulate osteoblast activity (Zoltowska et al., 2021). TGF-β1 stimulates the expression of bone morphogenetic proteins and inhibits matrix metalloproteinases (MMPs) and other enzymes to stimulate osteoblast differentiation, while VEGF promotes angiogenesis, which occurs before bone formation, and is key to bone regeneration. A promising effect of sticky bone on long-term regeneration has also been anticipated (Zoltowska et al., 2021). An evaluation study showed that CGF can perform better as a scaffold when used in combination with Bio-Oss (Xu Y et al., 2019).



4.3 Mesenchymal stem cells

In the natural pathology of CAP, the tissue at the site of inflammation has the ability to recruit stem cells (Farias et al., 2022), but endogenous stem cells alone are not sufficient to support tissue repair. Mesenchymal stem cells (MSCs) are widely used in tissue engineering (Xing et al., 2019). Stem cells most commonly used to regenerate bone and tooth tissue are bone marrow mesenchymal stem cells (BMSCs) (Liu et al., 2020), adipose-derived stem cells (ADSCs) (Tobita and Mizuno, 2013), alveolar bone periosteum stem cells (PMSCs) (Wang YL et al., 2018),and dental mesenchymal stem cells (DSCs) (Gan et al., 2020), including periodontal ligament stem cells (PDLSCs) (Seo et al., 2004), dental pulp stem cells (DPSCs), dental follicle stem cells (DFSCs) (Han et al., 2010), stem cells from deciduous teeth (SHEDs) (Kunimatsu et al., 2018) and stem cells from the apical papilla (SCAPs) (Kang et al., 2019), and alveolar bone-derived mesenchymal stem cells (ABMSCs) (Matsubara et al., 2005) Figure 2. In addition, MSCs extracted from adipose tissue have strong differentiation and growth factor secretion potential, as well as strong bone formation ability (Alonso-Rodriguez et al., 2019). The strong proliferative and osteogenic differentiation abilities of PMSCs make them ideal materials for bone tissue regeneration (Wang YL et al., 2018). Xing et al. compared DPSCs, PDLSCs, and gingival MSCs (GMSCs), the three most readily available dental stem cells, for tissue regeneration (Xing et al., 2019). The authors found that there were significant differences in the number of passages and the ability of osteogenic differentiation among the three types of cells, suggesting that research should be directed to determine ways to promote the osteogenic differentiation of GMSCs and DPSCs, and to explore ways to increase the number of passages of PDLSCs. Xing et al. and Zhang et al. proposed that PDLSCs have good application prospects for bone regeneration (Zhang et al., 2018; Xing et al., 2019). Additionally, extracellular Vesicles (EVs) released by PDLSCs have osteogenic properties and promote bone regeneration (Gan et al., 2020). Moreover, bone marrow mesenchymal stem cell-derived small extracellular vesicles (BMSC-sEVs) may regulate osteoclast function and facilitate the migration, proliferation, and osteogenic differentiation of hPDLCs through the OPG-RANKL-RANK signaling pathway (Liu et al., 2021). Clinically, EVs are considered a potential medical strategy for cell-free regenerative therapy (Zheng et al., 2019). According to a previous study, exosomes secreted by GMSCs pretreated with TNF-α may also be a promising tool for the repair of inflammatory bone loss diseases (Nakao et al., 2021). SHEDs are likely to be a promising source of cell material for bone regeneration therapy, as demonstrated by the experimental results showing that SHEDs have higher proliferative activity and higher expression of BMP-2 compared to BMSCs and DPSCs (Kunimatsu et al., 2018). In addition, SHEDs promote blood vessel and bone formation through exosomes via the AMPK signaling pathway (Wu et al., 2019).




Figure 2 | Source of MSCs for bone regeneration in periapical periodontitis. MSCs with different properties can be extracted from different tissues of the human body, including SCAPs and DPSCs from teeth, PDLSCs and GMSCs from periodontal tissue, BMSCs from bone marrow, ABMSCs and MSCs from alveolar bone, and ADSCs from adipose tissue, human milk teeth, apical cysts, while wisdom teeth can also be used as biomaterials for obtaining MSCs.





4.4 Innovative sources of MSCs

The MSCs used for periapical bone remodeling are not necessarily derived from normal body tissues. For example, human periapical cysts contain numerous MSCs and immature progenitor cells, with good osteogenic differentiation and proliferative activity (Tatullo et al., 2019). Wisdom teeth and lost baby teeth can be used effectively in a similar manner (Figure 2).

MSC culture conditioned medium (MSC-CM) is a mixture of hundreds of different cytokines, growth factors, proteins, and enzymes based on this mechanism. Lin et al. found that MSC-CM is safer and more effective than MSC transplantation for periodontal tissue regeneration (Lin et al., 2021). This is reflected in the fact that MSC-CM is expected to achieve the goal of not using autologous or allogeneic stem cells, and the concentration of the active ingredients in MSC-CM can be customized as required.



4.5 Combination researches of CGF and MSCs of osteogenic differentiation

Some progress has also been made in the cross-study of CGF and MSCs. It has been confirmed that CGF can act on the osteogenic differentiation of HDPSCs, BMSCs, and GMSCs (Chen X et al., 2019; Xu F et al., 2019; Rochira et al., 2020; Li Z et al., 2021). Interestingly, the promotion of osteogenic differentiation of hPDLCs by CGF does not appear to be affected by the inflammatory microenvironment (Li et al., 2019). CGF can directly induce osteogenic differentiation of hBMSC (Rochira et al., 2020) and regulate osteogenic differentiation of GMSCs (Chen X et al., 2019) and SCAPs (Hong et al., 2018) by upregulating osteogenic differentiation-related genes, such as RUNX2 and COL-I. It was also found that 10% CGF had the most significant promoting effect on MSC proliferation (Chen X et al., 2019). In addition, experimental studies revealed that human umbilical cord MSCs could upregulate the expression of COL-1, ALP, OCN, and RUNX2 and inhibit the expression of MMP1, while CGF could promote umbilical cord MSC-mediated tissue regeneration (Li W et al., 2021).




5 Conclusion and outlook

The pathological process of CAP is induced by predominantly bacterial pathogens, and studies have reported the contribution of viruses such as: EBV (Jakovljevic et al., 2020), varicella zoster virus (Heithersay and Chew, 2021) and other novel pathogens to the development of periapical inflammation.

The combination of pathogenic invasion and the response produced by the body expands the extent of the lesion. The body releases a large number of inflammatory-associated factors in the periapical inflammatory zone, leading to a range of inflammatory injuries including osteolysis. Changes in the expression levels of these inflammatory factors may be related to the DNA methylation status of the corresponding promoter region and the regulatory role of mRNA. In addition, the hypoxic environment created by periapical inflamed tissue can induce the production of reactive oxygen species and apoptosis of osteoblasts. The increase in reactive oxygen species stimulates RANKL to promote osteoclast differentiation for bone resorption.

The fact that periapical inflammatory tissue can recruit stem cells important for tissue repair to the lesioned area suggests that the body also has some self-healing function. However, this self-healing capacity is not sufficient to compensate for the inflammatory damage. Thus, CGFs and MSCs have become new research and clinical focuses because of their ability to promote tissue repair in lesions. In addition, EV and MSC-CM seem to provide a more effective and safe means for bone reconstruction, which deserves further exploration.

Before administering pro-repair substances, the first task is to remove pathogenic microorganisms from the root canal and periapical area. Due to the complex anatomy of the root canal system, conventional root canal treatment is unable to completely remove the pathogenic microorganisms, and the introduction of probiotic products offers a new way of solving this challenge.
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Background

Septic arthritis is considered one of the most dangerous joints diseases and is mainly caused by the Gram-positive bacterium Staphylococcus aureus (S. aureus). Human skin commensals are known to augment S. aureus infections. The aim of this study was to investigate if human commensals could augment S. aureus-induced septic arthritis.



Method

NMRI mice were inoculated with S. aureus alone or with a mixture of S. aureus together with either of the human commensal Staphylococcus epidermidis (S. epidermidis) or Streptococcus mitis (S. mitis). The clinical, radiological and histopathological changes due to septic arthritis were observed. Furthermore, the serum levels of chemokines and cytokines were assessed.



Results

Mice inoculated with a mixture of S. aureus and S. epidermidis or S. mitis developed more severe and frequent clinical arthritis compared to mice inoculated with S. aureus alone. This finding was verified pathologically and radiologically. Furthermore, the ability of mice to clear invading bacteria in the joints but not in kidneys was hampered by the bacterial mixture compared to S. aureus alone. Serum levels of monocyte chemoattractant protein 1 were elevated at the early phase of disease in the mice infected with bacterial mixture compared with ones infected with S. aureus alone. Finally, the augmentation effect in septic arthritis development by S. epidermidis was bacterial dose-dependent.



Conclusion

The commensal bacteria dose-dependently augment S. aureus-induced septic arthritis in a mouse model of septic arthritis.
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Introduction

Although major strides have been made during the last decades in treatment of bacterial infections, septic arthritis still remains a major concern for the wider health-community. Its prevalence is relatively unchanged; prognosis still remains poor with majority of patients suffering from permanent joint-dysfunction even after adequate treatment (Goldenberg, 1998; Tarkowski, 2006).

Most at risk of septic arthritis are immuno-compromised patients, the elderly as well as patients with underlying joint damages, e.g. rheumatoid arthritis (Goldenberg, 1998; Tarkowski, 2006). In fact, the prevalence among patients with underlying joint disease is up to 10 times higher than in the general population (Tarkowski, 2006). The most common causative agent isolated from septic arthritis patients is Gram-positive Staphylococcus aureus (S. aureus), accounting for almost half of all cases (Goldenberg, 1998; Tarkowski, 2006). However, other Gram-positive- as well as Gram-negative bacteria have been shown to cause septic arthritis, although to a lesser extent (Goldenberg, 1998; Tarkowski, 2006). In line with the emergence and rapid spread of methicillin-resistant S. aureus (MRSA), the prevalence of MRSA caused septic arthritis was found to be high (25-50%) in both UK and USA (Al-Nammari et al., 2007; Frazee et al., 2009). Importantly, patients with MRSA septic arthritis tended to be older and have more polyarticular involvement as well as higher mortality compared to patients with non-MRSA septic arthritis (Ross and Davidson, 2005; Al-Nammari et al., 2007).

The development of new treatments for septic arthritis has stagnated. To limit the immune response and reduce the risk of permanent joint destruction, a combination treatment of antibiotics and immunomodulatory therapy was proposed (Fei et al., 2011). However, recent data suggest that there are potential dangers associated with such combination therapies as long as the problem of antibiotic resistance persists (Ali et al., 2015a; Ali et al., 2015b). Understanding the bacterial components/host factors interaction responsible for joint inflammation and destruction is the key for the development of new therapies. It is known that antibiotic-killed S. aureus induce destructive arthritis through TNF receptor 1 and that bacterial cell walls are the culprits (Ali et al., 2015c). We have recently shown that S. aureus lipoproteins are strongly arthritogenic and cause severe bone destruction by activating monocytes/macrophages in an experimental setting (Mohammad et al., 2019). Interestingly, a recent study demonstrated that the interaction between S. aureus coagulases, especially von-Willebrand binding protein and host von-Willebrand factor is crucial for initiation and development of septic arthritis (Na et al., 2020), suggesting the new therapeutic strategies by blocking such bacteria/host interaction.

Recently, we showed that human skin commensals augment the pathogenicity of S. aureus (Boldock et al., 2018). Streptococcus mitis (S. mitis), a Gram-positive coccus, is part of the oral flora. Although S. mitis is usually not associated with septic arthritis, there have been several reported cases of septic arthritis caused by S. mitis, most likely due to transmission from health practitioners preforming joint injections (Coatsworth et al., 2013; Feder and Gruson, 2016; Cain et al., 2018). Staphylococcus epidermidis (S. epidermidis), is another Gram-positive bacterium that is part of the normal human skin flora. S. epidermidis is typically considered to be non-pathogenic, but can take advantage of the host’s compromised immune system, causing various infections (Kim and Joo, 2012). Immunosuppressed patients are well-known to be susceptible to the different infections including septic arthritis. Anti-TNF therapy used in rheumatoid arthritis is associated with increased risk of septic arthritis. Interestingly, several opportunistic species that seldom cause septic arthritis were reported in the patients treated with anti-TNF therapy (Galloway et al., 2011). Similarly, opportunistic bacteria such as atypic mycobacterium were found in the joint infections in patients with human immunodeficiency virus (Zalavras et al., 2006), suggesting that immunosuppression may increase the probability of opportunistic bacterial septic arthritis.

Since human commensals have been shown to augment the pathogenicity of S. aureus infections such as sepsis, our hypothesis for the current study was to investigate if this would be also true for specific infections, such as septic arthritis. To this end, mice were inoculated with either S. aureus, S. epidermidis, S. mitis or a combination of S. aureus and S. epidermidis or S. aureus and S. mitis. Our data demonstrate that both S. epidermidis and S. mitis augment S. aureus-induced septic arthritis.



Material and Methods


Mice

Female NMRI mice, 6– 8 weeks old, were purchased from Envigo (Venra, Netherlands). All mice were housed in the animal facility located at the Department of Rheumatology and Inflammation Research, University of Gothenburg. The mice were kept under standard conditions of temperature and light, and were fed laboratory chow and water ad libitum. The ethical committee of animal research of Gothenburg approved the experiments.



Preparation of Bacterial Solutions

The following bacterial species were used in this study: S. aureus LS-1 strain,

S. epidermidis strain CCUG 61325, and S. mitis strain CCUG 63687. The bacterial suspensions were thawed, washed in phosphate-buffered saline (PBS), and adjusted to the concentration required before conducting the experiments, as previously described (Jin et al., 2019).



Experimental Protocols for Inducing Septic Arthritis

Several separate in vivo experiments were performed to investigate if human commensals aggravate S. aureus-induced septic arthritis. In all experiments, NMRI mice were inoculated intravenously into the tail vein with 200 μl of the respective bacterial strain suspensions in PBS. To prepare bacterial mixture, each of the bacterial strains was prepared in PBS in twice as high bacterial concentration and then mixed in a 1:1 ratio volume wise. To study whether S. epidermidis aggravated S. aureus-induced septic arthritis, mice were inoculated with the following doses: S. aureus LS-1 strain, 1.2x106 colony forming units (CFU)/mouse; S. epidermidis, CCUG 61325 strain, 1.2x108 CFU/mouse; or Mixture of S. aureus LS-1 strain, 1.2x106 CFU/mouse with either S. epidermidis 1.2x106, 1.2x107 or 1.2x108 CFU/mouse.

To study whether S. mitis aggravated S. aureus-induced septic arthritis, mice were inoculated with the following doses: S. aureus 2.8x106 CFU/mouse; S. mitis, CCUG 63687, 2.4x108 CFU/mouse; or Mixture of S. aureus 2.8x106 CFU/mouse with S. mitis 2.4x108 CFU/mouse.

The mice were monitored individually and the survival, weight development and clinical arthritis were assessed regularly, as previously described (Mohammad et al., 2020). At the end of experiments, the mice were anaesthetized with ketamine hydrochloride (Pfizer AB, Sweden) and medetomidine (Orion Pharma, Finland) before blood from the axillary artery was collected. Afterwards the mice were immediately sacrificed by cervical dislocation.



Clinical Evaluation of Arthritis

Observers blinded to the treatment groups visually inspected all 4 limbs of each mouse. Arthritis was defined as erythema and/or swelling of the joints. To evaluate the severity of arthritis, a clinical scoring system ranging from 0-3 was used, as previously described (Bremell et al., 1991; Ali et al., 2015a).



Bacteriologic Examination

To study whether the bacteria invaded and persisted in the kidneys or joints, mice were inoculated with either S. aureus alone, S. epidermidis alone or a mixture of both bacterial species in 1:100 ratio, respectively. After sacrificing the mice, the kidneys of the mice were aseptically removed, homogenized, plated on blood agar plates, and quantified as CFUs on day 7 and 10 post-infection, as described elsewhere (Mohammad et al., 2016), while different joint groups (forepaws and wrists, elbows, shoulders, back paws and ankles, knees, and hips) from each animal were collected separately and homogenized for CFU counts on day 7 when the clinical arthritis became evident, as previously described (Na et al., 2020). For mixed infections, the bacteria were identified by morphological characteristics.



Microcomputed Tomography (Micro-CT)

The mice were sacrificed and joints removed, fixed in 4% paraformaldehyde for 3 days and transferred to PBS for 24 hrs. Thereafter, all limb joints were scanned with Skyscan1176 micro-CT (Bruker, Antwerp, Belgium) with a voxel size of 35 μm. The scanning was done at 55kV/455 mA, with a 0.2 mm aluminium filter. Exposure time was 47 ms. The X-ray projections were obtained at 0.7° intervals with a scanning angular rotation of 180°. The projection images were reconstructed into three-dimensional images using NRECON software (version 1.6.9.8; Bruker) and analyzed with CT-Analyzer (version 2.7.0; Bruker). After reconstruction, experienced observers (Y.F, T.J) evaluated, in a blinded manner, the extent of bone and cartilage destruction on a grading scale from 0-3, as previously described (Ali et al., 2015b; Mohammad et al., 2019).



Histopathological Examination of Joints

After the scanning, joints were decalcified, embedded in paraffin and sectioned with microtome. Tissue sections were thereafter stained with hematoxylin and eosin. All slides were coded and assessed in a blinded manner by observers (Y.F, T.J). The extent of synovitis as well as cartilage and bone destruction were judged as previously described (Ali et al., 2015c; Mohammad et al., 2019).



Measurement of Cytokine and Chemokine Levels

The levels of monocyte chemoattractant protein (MCP-1), tumor necrosis factor alpha (TNF-α) and interleukin 6 (IL-6) in mouse blood serum were quantified, using DuoSet ELISA Kits (R&D Systems, Abingdon, UK).



Statistical analysis

Statistical significance was assessed using the Mann-Whitney U test and Fisher’s exact test as appropriate. Results are reported as the mean ± standard error of the mean (SEM) unless indicated otherwise. A p value <0.05 was considered statistically significant. Calculations were performed using GraphPad Prism version 9.3.0 software for Mac (GraphPad software, La Jolla, CA, USA).




Results


S. epidermidis and S. mitis augments S. aureus-Induced Septic Arthritis

In order to study whether the human commensal bacteria augmented S. aureus-induced septic arthritis, mice were inoculated with either S. aureus alone or with a mixture of S. aureus and S. epidermidis or S. mitis in a ratio of 1:100. Mice inoculated with a mixture of S. aureus together with S. epidermidis developed significantly more severe and more frequent clinical arthritis compared to mice inoculated with S. aureus alone. Mice infected with S. epidermidis did not develop any signs of septic arthritis during the course of infection (Figures 1A, B). Similar data were also observed when S. mitis was used. Significantly increased severity of clinical arthritis was observed in mice inoculated with combination of S. aureus together with S. mitis compared to mice inoculated with either S. aureus alone or S. mitis alone. Also, the frequency of arthritis tended to be higher in mice infected with S. aureus and S. mitis mixture than mice infected with S. aureus alone (Figures 1C, D). This strongly suggest that augmentation effect for S. aureus septic arthritis can be induced by both S. epidermidis and S. mitis.




Figure 1 | S. epidermidis and S. mitis augment S. aureus-induced septic arthritis. NMRI mice intravenously inoculated with either Staphylococcus aureus (S. aureus) LS-1 strain (1.2 x 106 CFU/mouse) alone, Staphylococcus epidermidis (S. epidermidis) CCUG 61325 (1.2 x 106 CFU/mouse) alone or with S. aureus LS-1 strain (1.2 x 106 CFU/mouse) mixed with S. epidermidis CCUG 61325 (1.2 x 108 CFU/mouse, denoted Mixed 1:100). The clinical severity of arthritis (A) and the frequency of arthritis (B) were followed for 10 days after infection. NMRI mice intravenously inoculated with either S. aureus LS-1 strain (2.8 x 106 CFU/mouse) alone, Streptococcus mitis (S. mitis) CCUG 63687 (2.4 x 106 CFU/mouse) alone or with S. aureus LS-1 strain (2.8 × 106 CFU/mouse) mixed with S. mitis CCUG 63687 (2.4 x 108 CFU/mouse, denoted Mixed 1:100). The clinical severity of arthritis (C) and the frequency of clinical arthritis (D) were followed for 10 days after infection. Statistical evaluations were performed using the Mann–Whitney U test, with data expressed as the mean ± standard error of the mean (A, C) or Fisher’s exact test (B, D). *P< 0.05; **P< 0.01.





The Weight Development During Infection Was Not Altered by Addition of Commensal Bacteria

Weight development is a crucial parameter in our animal model describing the general well-being of the animals. Mice inoculated with S. aureus alone or mixture of S. aureus together with S. epidermidis lost significantly more weight compared to mice inoculated with S. epidermidis alone throughout the experiment (Figure 2). However, no tangible difference was found between mice infected with S. aureus alone or mixture of S. aureus together with S. epidermidis.




Figure 2 | The weight development during infection was not altered by addition of commensal bacteria. NMRI mice intravenously inoculated with either Staphylococcus aureus (S. aureus) LS-1 strain (1.2 x 106 CFU/mouse) alone, Staphylococcus epidermidis (S. epidermidis) CCUG 61325 (1.2 x 106 CFU/mouse) alone or with S. aureus LS-1 strain (1.2 x 106 CFU/mouse) mixed with S. epidermidis CCUG 61325 (1.2 x 108 CFU/mouse, denoted Mixed 1:100). The changes in the body weight were followed for 10 days after infection. Statistical evaluations were performed using the Mann–Whitney U test, with data expressed as the mean ± standard error of the mean.





Co-Injection of S. epidermidis and S. aureus Impairs Ability of Mice to Clear Bacteria in Both Joints and Kidneys

The accumulation of bacteria in joints is diagnostic for septic arthritis. The increased bacterial counts in kidneys are associated with worse outcome in our S. aureus-induced septic arthritis animal model. Thus, we investigated the ability of mice to clear bacteria in both the joints and kidneys. Mice inoculated with the bacterial mixture had significantly higher bacteria recovered in joints compared to mice inoculated with either S. aureus or S. epidermidis alone (Figure 3A). Interestingly, no bacteria were recovered in the joints of mice inoculated with S. epidermidis alone whereas bacteria were recovered in 17% of the joints of mice inoculated with S. aureus alone (Figure 3A).




Figure 3 | Co-injection of S. epidermidis and S. aureus impairs ability of mice to clear bacteria in both joints and kidneys. NMRI mice intravenously inoculated with either Staphylococcus aureus (S. aureus) LS-1 strain (1.2 x 106 CFU/mouse) alone, Staphylococcus epidermidis (S. epidermidis) CCUG 61325 (1.2 x 106 CFU/mouse) alone or with S. aureus LS-1 strain (1.2 x 106 CFU/mouse) mixed with S. epidermidis CCUG 61325 (1.2 x 108 CFU/mouse, denoted Mixed). (A) Persistence of bacterial frequency in joints including wrists, ankles, and knees of the mice (n = 3-5 mice/group) on day 7 post-infection. (B) Persistence of bacteria in kidneys of the mice on day 7 post-infection (n = 3-5 mice/group) or on day 10 post-infection (n = 7-15 mice/group). Statistical evaluations were performed using Fisher’s exact test (A) or Mann–Whitney U test, with data expressed as the median (B). *P< 0.05; **P< 0.01; ***P< 0.001; ****P< 0.0001.



In contrast, no significant differences in kidney CFU counts were observed in the mice with S. aureus alone or a mixture of S. aureus and S. epidermidis on day 7 and 10 post-infection (Figure 3B). No bacteria were found in kidneys from mice infected with high dose of S. epidermidis alone (Figure 3B).



Co-Injection of S. epidermidis and S. aureus Increases Serum Levels of Chemokines in Mice

Next step was to investigate whether co-injection of S. aureus with S. epidermidis increased the serum levels of chemokines and cytokines. Inoculation with the bacterial mixture indeed significantly increased the release of the MCP-1 compared to inoculation with either S. aureus or S. epidermidis alone on day 7 but not day 10 post-infection (Figure 4A). No difference was recorded between the groups with regard to serum levels of the pro-inflammatory cytokines, TNF-α and IL-6 on both day 7 and day 10 post-infection (Figure 4B, C).




Figure 4 | Co-injection of S. epidermidis and S. aureus increases serum levels of chemokines in mice. The levels of (A) monocyte chemoattractant protein 1 (MCP-1), (B) tumor necrosis factor alpha (TNF-alpha), and (C) interleukin-6 (IL-6) in the blood serum of NMRI mice intravenously inoculated with either Staphylococcus aureus (S. aureus) LS-1 strain (1.2 x 106 CFU/mouse) alone, Staphylococcus epidermidis (S. epidermidis) CCUG 61325 (1.2 x 106 CFU/mouse) alone or with S. aureus LS-1 strain (1.2 x 106 CFU/mouse) mixed with S. epidermidis CCUG 61325 (1.2 x 108 CFU/mouse, denoted Mixed) on day 7 post-infection (n = 3-5 mice/group) and on day 10 post-infection (n = 7-15 mice/group). Statistical evaluations were performed using the Mann–Whitney U test, with data expressed as the median. *P< 0.05.





S. epidermidis Augments S. aureus-Induced Septic Arthritis in a Dose-Dependent Manner

In order to study whether the human commensal S. epidermidis dose-dependently augments S. aureus-induced septic arthritis, mice were inoculated with either S. aureus alone or with a mixture of S. aureus and S. epidermidis in a ratio of 1:1, 1:10 or 1:100. Mice inoculated with a mixture of S. aureus and S. epidermidis in a ratio of 1:1 did not develop clinical arthritis (Figures 5A, B). However, mice inoculated with a mixture of S. aureus together with higher doses of S. epidermidis (1:10 and 1:100) developed much severe and more frequent clinical arthritis compared to mice inoculated with S. aureus alone (Figures 5A, B), suggesting that augmentation effect of S. epidermidis was dose-dependent. The mice infected with S. epidermidis alone did not have any sign of septic arthritis during the whole course of infection.




Figure 5 | S. epidermidis augment S. aureus-induced septic arthritis in a dose dependent manner. NMRI mice were intravenously inoculated with either Staphylococcus aureus (S. aureus) LS-1 strain (1.2 x 106 CFU/mouse) alone, Staphylococcus epidermidis (S. epidermidis) CCUG 61325 strain (1.2 x 106 CFU/mouse) alone or with S. aureus LS-1 strain (1.2 x 106 CFU/mouse) mixed with different concentrations of S. epidermidis CCUG 61325 (1.2 x 106 CFU/mouse, denoted Mixed 1:1; 1.2 x 107 CFU/mouse, denoted Mixed 1:10; or 1.2 x 108 CFU/mouse, denoted Mixed 1:100). The frequency of clinical arthritis (A), the clinical severity of arthritis (B), and the radiological accumulative bone destruction scores (C) and the frequency of bone destructions (D) as evaluated by a microcomputed tomography (μCT)-scan on day 10 post-infection. (E) Histopathologic evaluation of synovitis and bone erosions in the joints from all 4 limbs of the 5 groups. Representative μCT-scan images of knee joints (F), hip joints (G) and shoulders (H) in NMRI mice infected with S. aureus illustrating a healthy joint (left panels) and a joint infected with a mixture of S. aureus and S. epidermidis with severe septic arthritis (right panels) on day 10 post-infection. The erosions are indicated by the arrows. (I) Illustrative photomicrographs from NMRI mice infected with S. aureus showing a healthy knee joint (upper panel) and NMRI mice infected with a mixture of S. aureus and S. epidermidis showing a heavily inflamed knee joint with severe bone and cartilage destruction (lower panel) on day 10 post-infection. Histologic staining was performed using hematoxylin and eosin. The asterisk indicates an inflamed synovium. B, bone; C, cartilage; E, erosion of bone and cartilage; JC, joint cavity; S, synovial tissue. Original magnification × 10. Statistical evaluations were performed using the Mann–Whitney U test, with data expressed as the mean ± standard error of the mean (B, C, E) or Fisher’s exact test (A, D). **P< 0.01; ***P< 0.001.



In line with the data from clinical arthritis, mice inoculated with a mixture of both S. aureus and S. epidermidis in a ratio of 1:10 and 1:100 significantly developed more severe bone destruction as well as higher frequencies of bone erosions compared to mice inoculated with S. aureus alone or a mixture of S. aureus and S. epidermidis in a ratio of 1:1 on the termination day (Figures 5C, D).

A similar trend was seen histologically whereby mice inoculated with S. aureus mixed together with S. epidermidis displayed more severe synovitis and bone erosion compared to mice inoculated with S. aureus alone (Figure 5E).

Figures 5F–H demonstrate the representative CT images of healthy joints and bone destruction in knees, hips, and shoulders. Figure I show the representative histological images of a healthy knee and a knee with severe septic arthritis.




Discussion

The presence of human commensal organism at the point of infection is known to dramatically increase the S. aureus pathogenicity in S. aureus sepsis. However, it is still largely unknown whether human commensals augment other types of S. aureus infections, such as S. aureus septic arthritis. In the current study, for the first time we show that human commensal strains such as S. epidermidis and S. mitis augment S. aureus pathogenicity in inducing septic arthritis in a dose-dependent manner.

Our data demonstrate that human commensals augment S. aureus invasion into the joints, causing more joint inflammation and bone destructions. Similarly, significantly more severe abscess formation and higher bacterial load in livers were found in previous reports in the sepsis settings (Boldock et al., 2018). In contrast, we found that bacterial load in the kidneys was not significantly increased by mixed infection. This suggest that augmentation effects by commensal bacteria are somehow tissue-specific, e.g. focal S. aureus infections in livers and joints, but not in kidneys were augmented by the commensal strains. It has been shown that augmentation effect of commensal strains on S. aureus pathogenicity is mediated through Kupffer cells (Boldock et al., 2018). Kupffer cells, resident liver macrophages, are abundant in liver tissues, serving as the first gatekeeper to eliminate the bacteria, toxins, and microbial debris transported to liver. Monocytes/macrophages are also known to be crucial for induction of septic arthritis. Depletion of monocytes in mice caused reduced severity of septic arthritis in a S. aureus septic arthritis mouse model (Verdrengh and Tarkowski, 2000). Lipoproteins, the most pro-inflammatory S. aureus component, lost their arthritogenic- as well as the bone resorptive capacities in the monocytes/macrophages depleted mice (Mohammad et al., 2019; Schultz et al., 2022). In addition, the monocytes/macrophages are the precursors of osteoclasts that is one of major bone cells in bone tissues. However, the importance and abundance of macrophages in liver and joints may not explain the organ-specificity of augmentation, as macrophages are also abundant in kidneys. The renal macrophages account for about 50% of total CD45+ leukocytes in mouse kidneys and also found in large numbers in human kidney (Liu et al., 2020). Therefore, the mechanism why augmentation effect by commensals is organ specific is warranted for the further investigations.

In our experimental settings, S. aureus were mixed with commensal strains and intravenously injected to mice. The augmentation effect was observed only when ratio of commensal strains and S. aureus mixture was higher than 1:1. Does the augmentation niche with right bacteria and right ratio of bacterial mixture exist in humans? S. aureus are commonly found on the human skin at different body sites and anterior nares are the reservoir for S. aureus skin carriage (Sollid et al., 2014). Up to 30% of the human population are colonized with nasal S. aureus (Sakr et al., 2018) and the colonized S. aureus in the nares are one of the main sources of S. aureus bacteremia (von Eiff et al., 2001). Rapid screening and decolonizing of nasal carriers of S. aureus was shown to prevent the surgical-site infections (Bode et al., 2010). The commensal bacteria found in the anterior naris are S. epidermidis, Cutibacterium acnes, Dolosigranulum pigrum, Finegoldia magna, Corynebacterium spp., Moraxella spp., Peptoniphilus spp., and Anaerococcus spp (Kumpitsch et al., 2019).. S. epidermidis that was used in the current study is one of the most predominant opportunistic bacterial species in the naris, suggesting the great possibility of coexistence of both bacteria species in the same location. Importantly, it has been shown that a broad range of microorganisms including Micrococcus luteus, Escherichia Coli, Roseomonas mucosa, and Saccharomyces cerevisiae are able to augment the S. aureus pathogenicity in sepsis (Boldock et al., 2018; Gibson et al., 2021). Indeed, a study of the overall microbial composition in anterior nare bacterial community in 40 healthy individuals revealed that in most of the cases the other commensal strains were much more prevalent in high abundance than S. aureus (Wos-Oxley et al., 2010).

How is the augmentation effect on S. aureus septic arthritis mediated by commensal strains? In our current study, both S. epidermidis and S. mitis were proven to be non-virulent, as neither kidney abscess formation nor weight loss were observed in the mice infected with those commensal strains. It is obvious that commensal strains used in our current study were much more vulnerable to the innate immune killing than S. aureus, as no commensal bacteria was recovered from kidneys and joints despite of high infection doses (100 times as S. aureus doses). In order to induce a hematogenous septic arthritis, S. aureus need to survive the bactericidal components and phagocyte attacks in the blood, disseminate to synovial tissue and finally reach the joint cavity (Jin et al., 2021). For instance, deficiency of neutrophils (Verdrengh and Tarkowski, 1997) or complement 3 (Na et al., 2016) greatly aggravated the S. aureus septic arthritis in mice. We hypothesize that as the innate immunity is non-specific, the big number of commensal strains disturbed the phagocytosis and oxygen radical burst by phagocytes against S. aureus and therefore significantly more S. aureus could survive in blood stream, reach the joint cavity and cause more severe septic arthritis. In addition, the hyperinflammatory responses including enormous leucocyte trafficking and burst of pro-inflammatory cytokines may also contribute to more severe septic arthritis due to increased multitude of infection agents, especially when much higher commensal bacteria were mixed with S. aureus during the infections.

Septic arthritis is counted as the most aggressive and devastating joint disease. For patients who have such an infection, even after they have received immediate treatment, the joint damage caused by septic arthritis is often irreversible, leading to permanent joint dysfunction for up to half of the patients (Kaandorp et al., 1995). Furthermore, the emergence of MRSA has severely complicated the available treatment options (DeLeo et al., 2010; Tong et al., 2015). The preventive strategies and novel treatments against septic arthritis are urgently needed. In this study, we have shown that commensal strains such as S. epidermidis and S. mitis dose-dependently augment S. aureus pathogenicity to induce the septic arthritis. This suggests that eradication of both S. aureus and other commensal bacteria in high-risk patients for septic arthritis might be a new preventive strategy. It is known that patient screening for S. aureus nasal carriers and decolonization of nasal/extranasal sites by topical antibiotics prevent the surgical-site infections (Bode et al., 2010). We need to keep in mind that commensal bacteria, especially microbiota in the guts modulate many vital physiological and metabolic functions as well as the development of immune system (Hooper and Gordon, 2001). The systemic eradication of commensal bacteria may break homeostasis of a balanced microbial ecosystem, which may lead to an unwanted abnormal health situation. Therefore, we propose a similar strategy for high-risk patients to prevent septic arthritis: 1) Systemic decolonization should be avoided and decolonization for nasal sites should be used; 2) Screening for the S. aureus nasal carriers should be performed for the patients with higher risk for septic arthritis, such as patients undergoing hemodialysis or peritoneal dialysis (Laupland et al., 2003); 3) Only high-risk patient with S. aureus nasal carriage will be treated with the topical antibiotics with broad spectrum covering both S. aureus and common commensal.
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To understand the pathophysiology of spondylodiscitis due to Staphylococcus aureus, an emerging infectious disease of the intervertebral disc (IVD) and vertebral body with a high complication rate, we combined clinical insights and experimental approaches. Clinical data and histological material of nine patients suffering from S. aureus spondylodiscitis were retrospectively collected at a single center. To mirror the clinical findings experimentally, we developed a novel porcine ex vivo model mimicking acute S. aureus spondylodiscitis and assessed the interaction between S. aureus and IVD cells within their native environment. In addition, the inflammatory features underlying this interaction were assessed in primary human IVD cells. Finally, mirroring the clinical findings, we assessed primary human neutrophils for their ability to respond to secreted inflammatory modulators of IVD cells upon the S. aureus challenge. Acute S. aureus spondylodiscitis in patients was characterized by tissue necrosis and neutrophil infiltration. Additionally, the presence of empty IVD cells’ lacunae was observed. This was mirrored in the ex vivo porcine model, where S. aureus induced extensive IVD cell death, leading to empty lacunae. Concomitant engagement of the apoptotic and pyroptotic cell death pathways was observed in primary human IVD cells, resulting in cytokine release. Among the released cytokines, functionally intact neutrophil-priming as well as broad pro- and anti-inflammatory cytokines which are known for their involvement in IVD degeneration were found. In patients as well as ex vivo in a novel porcine model, S. aureus IVD infection caused IVD cell death, resulting in empty lacunae, which was accompanied by the release of inflammatory markers and recruitment of neutrophils. These findings offer valuable insights into the important role of inflammatory IVD cell death during spondylodiscitis and potential future therapeutic approaches.
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Introduction

The incidence of Staphylococcus aureus spondylodiscitis, an infection of the intervertebral disc (IVD) and adjacent vertebral bodies, has been steadily rising during the last two decades, classifying it as an emerging infectious disease (1, 2). Spondylodiscitis is a severe disease, often resulting in IVD degeneration (3). This leads to drastic impairment of daily activities in the affected patients, resulting in an increase in the proportion of patients on permanent disability pension and permanent work absence (4). S. aureus reaches the spine via hematogenous seeding during bacteremia, per continuitatem by spread from local soft tissue infections or by direct injection, such as unintentional inoculation during medical procedures (5–7). Due to the absence of immune cells and limited vascularization in the IVD, which impairs the penetration of the antibiotics into the IVD, prolonged antibiotic treatment for a minimum of 6 weeks is required in order to treat the bacterial infection (8, 9). However, the pathophysiology of S. aureus spondylodiscitis resulting in IVD destruction as well as the potential inflammatory involvement of IVD cells and therefore crucial insights, which would allow to improve treatment, remains still vastly unknown, among others due to the lack of adequate models.

Since animal models of spondylodiscitis are work-intensive and only allow for low throughput and read-outs, we aimed at establishing a porcine ex vivo model to assess the initial interaction between S. aureus and IVD cells in their native environment. Porcine models are more frequently established as preclinical models in infectious diseases since their anatomical, physiological, and immunological response properties are close to those of humans (10–12). Furthermore, pigs, as well as humans, are frequently colonized with Staphylococcus spp. and are among the livestock animals with reported cases of spondylodiscitis, caused predominantly by Streptococcus and Staphylococcus spp (13).

The human adult IVD contains only three distinct types of IVD cells, which maintain IVD homeostasis, nucleus pulposus cells found in the center, annulus fibrosus cells found in the outer margins of the IVD, and cartilaginous endplate cells at the intersection between the IVD and the vertebral body (14). IVD cells possess phagocytic capacity, allowing them to degrade IVD tissue and remove dead IVD cells but also, as recently shown, to phagocytose live S. aureus via the Toll-like receptor 2 (TLR2) pathway (15–17). However, the fate of IVD cells after encountering S. aureus still remains unknown. In contrast to the fulminant infection caused by S. aureus, the Gram-positive commensal Cutibacterium acnes can cause low-grade chronic IVD infections, during which caspase-mediated IVD cell death following TLR2 recognition was reported (18), suggesting a key role for regulated cell death in spondylodiscitis progression.

Regulated IVD cell death has been extensively studied in connection to its potential role in IVD degeneration. Studies showed that in sterile IVD inflammation, IVD cells in both human and porcine spines frequently undergo regulated cell death morphologically similar to chondroptosis (19, 20). Chondroptosis was first described for articular chondrocytes in the growth plate of rabbit femurs (21, 22) and is considered to be an apoptotic-derived regulated cell death type, characterized by the activation of apoptotic caspases and formation of autophagic vacuoles to sequester and degrade cellular material (23). Furthermore, IVD cells have the ability to express and secrete a wide array of cytokines in response to various environmental stimuli (24–27). Cytokine secretion might be enhanced during chondroptosis of IVD cells and potentially cause a strong local immune stimulation (28, 29).

In the present study, we aimed at characterizing the pathophysiology of S. aureus spondylodiscitis. We used a multipronged approach, starting with dissection of the clinical and histological presentation of S. aureus spondylodiscitis, translating these observations into a newly established porcine ex vivo model of spondylodiscitis and finally characterizing molecular changes occurring in primary human IVD cells upon the S. aureus challenge as well as the neutrophil recruitment and activation potential of IVD cells. The findings of our study deliver important insights into the pathophysiology of S. aureus spondylodiscitis and potential alternative treatment approaches.



Material and methods


Ethical requirements

Use of patient-derived IVD material (Business Administration System for Ethics Committees [BASEC] No. 2018-01486) as well as clinical data of spondylodiscitis patients ([BASEC] No. 2016-00145, 2017-02225 and 2017-01140) and isolation of human neutrophils ([BASEC] No. 2019-01735) was done in accordance with the Declaration of Helsinki and approved by the Cantonal Ethical Research Committee Zurich. The medical documentation of nine patients suffering from spondylodiscitis and treated at the University Hospital of Zurich, Switzerland, between 2011 and 2020 was reviewed. The diagnosis of spondylodiscitis was based on microbiological, clinical, and radiological parameters as well as laboratory tests. Porcine spines were obtained from freshly euthanized animals either from a local butcher (Metzgerei Angst, Zurich) or from the Center for Surgical Research at the University Hospital Zurich.



Histology

Patient biopsies and porcine spine punches were fixed in 4% buffered formalin and paraffin embedded. Sections (2 μm) were stained with hematoxylin and eosin (H&E), Brown–Brenn (BB), Safranin-o, and Fast-green or Gram-staining. For immunohistochemistry (IHC), formalin-fixed paraffin-embedded tissue sections were pre-treated with the BOND Epitope Retrieval Solution 2 (Leica Biosystems) at 100°C for 30 min. They were stained with anti-cleaved caspase-3 antibody (polyclonal, ab2302, abcam) and caspase-1 antibody (polyclonal, ab62698, abcam) for 30 min. For detection, the slides were stained with the Bond Polymer Refine Detection HRP Kit (Leica Biosystems), according to the manufacturer’s instruction, and counterstained with hematoxylin. Whole-slide scanning and photomicrography were performed with a 108NanoZoomer 2.0-HT digital slide Scanner (Hamamatsu, Houston, TX, USA).



Bacterial strains and growth conditions

S. aureus JE2 USA300 (NARSA) and the clinical isolates were maintained on blood agar plates (Columbia agar + 5% sheep blood, BD) and grown in Tryptic Soy Broth (TSB, BD) at 37°C and 220 rpm for 16 h. Cultures were diluted in fresh TSB and grown to an exponential phase for the challenge of IVD cells. For the supernatant challenge, overnight cultures were diluted in fresh Dulbecco’s modified Eagle medium (DMEM)/F12 (Gibco) + 10% fetal calf serum (FCS) and grown to exponential phase (approx. 3 h). The cultures were filter sterilized with a 0.22-μm filter and used in a ¼ dilution.



Preparation and infection of porcine intervertebral disc punches

Porcine spines were cleaned with 70% EtOH wipes. The IVDs were removed along the endplates on both sides, and annulus fibrosus IVD punches were prepared with a 5-mm biopsy punch (Kai Medical). IVD punches were dissected longitudinally in the center and placed with the IVD side facing upwards in 96-well plates in DMEM/F12 + 10% FCS. IVD punches were infected with bacteria at an inoculum of 4 × 105 colony-forming units (CFUs) and incubated at 37°C + 5% CO2.



Assessment of bacterial growth within intervertebral disc punches

At indicated timepoints, the medium was removed, and the IVD punches were transferred to new wells. They were washed twice with Dulbecco’s phosphate-buffered saline (DPBS) and sonicated for 3 min to remove adhering bacteria. Next, they were placed into tubes with metallic beads and homogenized in a TissueLyser (Qiagen) at 30 Hz for 10 min. The tubes were centrifuged at 1,200 rpm for 3 min after which the supernatant was collected into fresh tubes and centrifuged at 14,000 rpm for 3 min. The resulting pellet was lysed with water, serially diluted, and spotted on TSB agar (TSA) plates.



Assessment of cell death of intervertebral disc cells within intervertebral disc punches

Washed IVD punches were fragmented into four pieces and enzymatically digested with enzymatic digestion buffer consisting of DMEM/F12 (Gibco), 1 mg/ml of Collagenase II (Thermo Fisher), and 1 mg/ml of Pronase K (Roche) with penicillin/streptomycin (P/S, Gibco) for 30 min at 37°C and 400 rpm. Next, isolated cells were filtered through strainer cap tubes (Falcon), and the remaining red blood cells were subsequently lysed with water. The cells were stained with Annexin V-FITC/7AAD as described previously (30). Cells were acquired on an Attune NxT (Thermo Fisher). To determine purity of isolated IVD cells, they were washed with fluorescence-activated cell sorting (FACS) buffer (DPBS + 5% FCS + 2 mM of EDTA) and stained with 1:50 pig anti-CD31 RPE (clone LCI-4) and pig anti-CD45 AF647 (K252.1E4), both BioRad.



Transmission electron microscopy

Washed IVD punches were fixed in 2.5% glutaraldehyde at 4°C for 72 h. Next, IVD punches were decalcified with EDTA for 10 days. After decalcification, the samples were stained and processed for image analysis as previously described (31). Images were taken with a 120-kV transmission electron microscope (FEI Tecnai G2 Spirit) equipped with two digital CCD cameras.



Isolation and infection of human intervertebral disc cells

Human IVD tissue was obtained from a total of 13 patients undergoing surgical intervention due to spinal stenosis or deformity. Multiple levels of surgery per single patient were possible and were as follows: four at L5–S1, one at L1–L2, four at L2–L3, two at L3–L4, and five at L4–L5. The tissue was fragmented mechanically and enzymatically digested overnight at 37°C and 400 rpm. Isolated cells were filtered through strainer cap tubes before seeding in tissue culture flasks (TPP) in DMEM/F12 + 10% FCS + P/S. For experiments, passage 1 cells were seeded in 96-well flat-bottom plates at a density of 1 × 105 cells per well without antibiotics. Infection at multiplicity of infection (MOI) 10 and intracellular survival were carried out as described previously (32).



Assessment of intervertebral disc cell death

Cells were detached and stained with Annexin V-FITC/7AAD as previously described (30). Cells were acquired on an Attune NxT. If required, pan-caspase (50 μM of Q-VD-OPH, Sigma), caspase-1 (50 μM of Z-YVAD-FMK, Sigma), caspase-8 (50 μM of Z-IETD-FMK, R&D Systems), or caspase-9 inhibitors (50 μM of Z-LEHD-FMK, R&D Systems) were added 30 min prior to bacterial challenge. Controls were treated with dimethyl sulfoxide (DMSO) only.



Confocal laser scanning microscopy

Challenged or unchallenged IVD cells in 8-well μ slides (ibidi®) were fixed with 4% paraformaldehyde (PFA). Next, they were permeabilized by Saponin and stained with 20 μM of Hoechst (Themo Fisher) and 1.5 U Rhodamine Phalloidin (Thermo Fisher). Samples were visualized and acquired by confocal laser scanning microscopy (CLSM) with a Leica TCS SP8 inverted microscope (Leica) under a 63×/1.4 NA oil immersion objective. The obtained images were processed using Imaris 9.2.0 (Bitplane).



Assessment of caspase activity and membrane permeability

The Caspase-Glo® 3/7, Caspase-Glo® 8, and Caspase-Glo® 9 (all Promega) kits were used as previously described (30). The caspase-1 activity assay kit (Novus Biologicals) and the mitochondrial ToxGlo™ (Promega) assay were used according to the manufacturer’s instructions. Fluorescence (488/525 nm) and luminescence were measured with the SpectraMax i3 (Molecular Devices).



Cytokine analysis

Cell culture supernatants were filtered through a 0.22-μm filter, and cytokine levels were analyzed on a Luminex™ MAGPIX™ (Thermo Fisher) as previously described (30, 32). Analysis was performed using the xPONENT® software. Data were validated additionally with the ProcartaPlex Analyst software (Thermo Fisher).



Neutrophil isolation and stimulation

Neutrophils from healthy donors were isolated with the EasySep™ Direct Human Neutrophil Isolation Kit (StemCell Technologies) as previously described (30, 32). Neutrophils were resuspended in DMEM/F12 and counted on an Attune NxT. They were seeded in 96-well V-well canonical plates and stimulated with either fresh medium or supernatant from un- or challenged IVD cells in a 1:3 ratio for 3 h. Neutrophils were seeded at a density of 2.5 × 105 if not indicated differently.



Cell surface receptor expression

Neutrophils were stained as described previously (32). Cells were stained 1:750 with the Near-IR™ Live/Dead reagent (Thermo Fisher), 1:50 anti-CD15 eFluor450 (clone: HI98), anti-CD181 FITC (8F1-1-4), anti-CD182 PerCP-eFluor710 (5E8-C7-F10), anti-CD183 PE-eFluor610 (CEW33D), and anti-CD66b APC (G10F5) from Thermo Fisher and anti-CD184 BV605 (12G5) from Biolegend. Cells were acquired on an Attune NxT.



Migration assay

For migration assays, the HTS Transwell®-96 well permeable support has a 5-μm pore size polycarbonate membrane (Corning). In the bottom wells, either fresh medium or supernatant from un- or challenged IVD cells was placed in a 1:3 ratio. In the inserts, neutrophils were added at a density of 1 × 105 cells. After 15 and 45 min, the medium in the bottom well was collected and washed with FACS buffer, followed by staining with anti-CD66b for 30 min at 4°C. The absolute number of migrated neutrophils was acquired in 150-μl volume on an Attune NxT.



Reactive oxygen species production

Reactive oxygen species (ROS) production was assessed after 2.5 h of stimulation as previously described (32) with 5 μM of the CellROX™ green reagent (Thermo Fisher). Cells were acquired on an Attune NxT.



Statistical analysis

Statistical analysis was done with GraphPad Prism 8. Samples were first assessed for normal distribution and then tested for statistical significance. The applied tests are indicated within each figure legend.




Results


Demographic and clinical characteristics of Staphylococcus aureus spondylodiscitis

The medical documentation of a case series of nine hospitalized patients suffering from spondylodiscitis at the University Hospital Zurich, Switzerland, with a positive S. aureus blood culture was reviewed (Table 1). The median age was 58 years. Seven patients had at least one predisposing factor for developing spondylodiscitis, such as diabetes, hemodialysis, old age, history of spinal surgery, cardiac devices, or immunosuppression, while two patients had no identifiable comorbidities. The female to male ratio was 5:4. All patients showed elevated C-reactive protein (CRP) and white blood cell count (WBC) at admission (Table 2). The length of hospital stay (LOS) ranged from 10 to 68 days, with a median LOS of 21 days and a 30-day survival rate of 77.8%. The death of the two patients was associated with hypoxemia due to aspiration and sepsis due to endocarditis. Out of the nine patients, six showed radiological signs of intervertebral disc degeneration with edema (Figures 1A, B). Histological IVD material was only available for patients 3 and 6.


Table 1 | Demographic overview of spondylodiscitis patients.




Table 2 | Clinical characteristics and laboratory parameters of spondylodiscitis patients at admission.






Figure 1 | Inflammatory infiltrates with presence of empty IVD cells’ lacunae and neutrophils in IVD during acute Staphylococcus aureus spondylodiscitis. (A, B) T1-weighted MRI scans showing inflammatory infiltrates into and degenerative changes of the IVD in patients 1 and 4. White arrows indicate localization of spondylodiscitis; red arrow indicates paravertebral abscess. (C, D) BB staining of the IVD of patient 3. Red arrow, Gram-positive cocci. (D–H) H&E staining of the IVD of patient 3. Cross, inflammation and necrosis; asterisk, IVD cells; green arrow, empty lacunae; black arrow, immune cells (neutrophils). Scale bars indicate 50 μm. BB, Brown–Brenn; H&E, hematoxylin and eosin, IVD, intervertebral disc.





Histopathological findings in Staphylococcus aureus spondylodiscitis

In patient 3, Brown–Brenn staining identified the scattered presence of aggregated Gram-positive cocci (Figures 1C, D). H&E staining showed strongly inflamed and necrotic tissue, characterized by the presence of empty lacunae, an indication of IVD cell death (Figures 1E, F). Additionally, neutrophil infiltration in the IVD tissue was observed, indicating an acute infection based on the histological findings (Figures 1G, H). In contrast, in the histology sample from patient 6, the inflammatory infiltrate was mostly composed of lymphocytes, with only a few neutrophils present, and no bacteria were observed (Supplementary Figure 1), indicating a chronic situation based on the histological findings.



Staphylococcus aureus challenge induces chondroptosis of intervertebral disc cells in the ex vivo porcine spondylodiscitis model

To assess a potential direct interaction between S. aureus and IVD cells in their native environment, we established a novel porcine ex vivo model (Figures 2A, B). Since IVD cells found in the porcine nucleus pulposus might still resemble a stem cell-like population, i.e., notochordal cells (33), which are only found in human infants but not in adults, we only selected areas from the annulus fibrosus. The IVD punches were challenged with a patient-derived S. aureus strain, to assess whether S. aureus could grow and persist in the IVD tissue environment. Transmission electron microscopy (TEM) and histology confirmed the presence of S. aureus deeply embedded within the IVD punch (Figure 2C;, Supplementary Figure 2). S. aureus grew within the IVD environment for up to 48 h (Figure 2D). When comparing laboratory and different clinical strains (Supplementary Table 1), differences in the potential of initial attachment to the IVD and growth within were observed (Figure 2E). Of note, staphylococci were also identified within (Figure 2F) and close to lysed IVD cells, surrounded by cellular matrix (Figure 2G), an indication of S. aureus cytotoxicity towards IVD cells.




Figure 2 | Staphylococcus aureus rapidly grows and maintains within a novel porcine ex vivo spondylodiscitis model. (A) Schematic depiction of porcine spondylodiscitis model set up. IVDs were removed from porcine spines, and disc punches from the AF region were prepared to be inoculated with medium only or S. aureus challenge. (B, C) H&E staining showing sagittal section of prepared IVD punches. (C) TEM of infected IVD punch. (D) Growth curve of the S. aureus laboratory strain (LS) within the IVD punches over 48 h. (E) Comparison of the ability of different S. aureus spondylodiscitis (SD) isolates to colonize and grow within the IVD punches. (F, G) TEM overview (F) and zoomed-in view (G) of infected IVD punch. Red arrow, multiple staphylococci; white arrow, lysed IVD cell. Data are presented as mean ± standard deviation from three biological replicates. Statistical analysis was done by one-way ANOVA and Turkey’s multiple comparisons test. Scale bars indicate 5 and 2 μm (C, top and bottom panels, respectively), 10 μm (F), and 2 μm (G). IVD, intervertebral disc; AF, annulus fibrosus; NP, nucleus pulposus; H&E, hematoxylin and eosin; TEM, transmission electron microscopy.



Histological analysis showed an increase in the presence of empty lacunae in IVD punches challenged with S. aureus, an indication of IVD cell death (22) (Figures 3A, B). In order to understand whether IVD cells underwent regulated cell death, IVD cells isolated from IVD punches challenged with S. aureus or left unchallenged were assessed by flow cytometry using the Annexin V/7AAD staining method (Supplementary Figure 3A). The isolated IVD cells were very pure and showed no signs of contamination by either immune or endothelial cells (Supplementary Figure 3B). IVD cells isolated from the S. aureus challenged IVD punches showed a significantly lower proportion of viable cells and a higher proportion of cells undergoing regulated cell death as compared to IVD cells isolated from uninfected IVD punches (Figures 3C, D). Morphological ultrastructural analysis by TEM revealed the loss of the usually elongated fibroblastic phenotype of annulus fibrosus IVD cells when challenged with S. aureus (Figure 3E; Supplementary Figure 3C). Nuclei showed signs of local degradation but no dispersion in the cellular lumen. Furthermore, membrane integrity seemed to be lost, and many vacuoles were observed (Figures 3E, F). Additionally, cellular debris was located at the border of the lacunae (Figure 3G).




Figure 3 | IVD cells in the porcine ex vivo model undergo extensive chondroptosis upon Staphylococcus aureus challenge. (A, B) Safranin-o/fast-green staining of histological slides (A) and quantification of empty lacunae in IVD punches either unchallenged or challenged with the clinical S. aureus isolate from patient 7 for 24 h. Dark arrows, empty lacunae. In total, 17 randomly selected FOVs from six different IVD punches per group were chosen to evaluate the presence of empty lacunae. (C, D) Representative flow cytometry plot of isolated IVD cells from either unchallenged or S. aureus challenged IVD punches and stained with Annexin V/7AAD (C) and quantification of live (Annexin V−, 7AAD−), dying (Annexin V+, 7AAD−), and dead (Annexin V+, 7AAD+) IVD cells (D). (E–G) TEM of IVD cells within S. aureus challenged IVD punches. White arrows, deposition of cellular material to the edge of the lacuna. In panel (D), data are presented as mean ± standard deviation from three biological replicates, where each dot represents one biological replicate. Statistical analysis was done by paired t-test. Scale bars indicate 100 μm (A), 10 μm (E), 5 μm (F), and 2 μm (G). IVD, intervertebral disc; FOV, field of view; TEM, transmission electron microscopy.





Staphylococcus aureus-induced chondroptosis in human intervertebral disc cells is linked to apoptotic and pyroptotic caspases

To better understand the molecular mechanisms underlying the interaction between S. aureus and IVD cells, we assessed the response of primary human annulus fibrosus IVD cells to the S. aureus challenge. Isolated primary human IVD cells (Supplementary Figures 4A, B) efficiently phagocytosed but failed to completely eradicate intracellular S. aureus, over an infection period of 3 days (Supplementary Figures 4C, D). Challenge with either S. aureus or S. aureus conditioned-medium caused IVD cells to undergo regulated cell death (Figure 4A; Supplementary Figure 4E). Visual assessment by confocal laser scanning microscopy revealed altered IVD cell morphology (Figures 4B, C) resembling the hallmarks of chondroptosis, such as membrane blebbing and the presence of vacuoles with intact nuclei, when challenged with S. aureus, which was not observed in unchallenged IVD cells (Figures 4D,E). Next, we assessed whether caspases were involved in S. aureus-induced chondroptosis. Indeed, we found the elevated activity of the effector caspase-3/7 as well as the initiator caspase-8 (Figure 4F), whereas no changes in caspase-9 activity were observed. Caspase-8 inhibition led to significantly enhanced survival, while caspase-9 inhibition did not block cell death induction, further confirming our findings (Figure 4G). Since we previously observed that porcine IVD cells presented with a loss of membrane integrity, we also investigated whether chondroptosis upon the S. aureus challenge involved changes to the membrane permeability of primary human IVD cells. Even though no significant differences in cellular ATP levels were found, the S. aureus challenge led to an increased loss of membrane integrity (Figure 4H). The observed vacuoles might represent lysosomal exocytosis, i.e., for transport of cytokines to the extracellular space. Therefore, we assessed CD107a expression on IVD cells as a marker for lysosomal exocytosis. We found significantly higher expression of CD107a on IVD cells challenged with S. aureus as compared to uninfected cells (Figure 4I). Furthermore, we observed increased caspase-1 activity in infected IVD cells (Figure 4I), which was further accompanied by IL-1β and IL-18 secretion (Figure 4J). Moreover, pan-caspase inhibition showed a significantly higher effect on IVD cell survival than either caspase-1 or caspase-8 inhibition alone (Supplementary Figure 4F). Finally, IHC of patient histology showed positive staining for cleaved caspase-3 and caspase-1 in IVD cells during S. aureus spondylodiscitis (Figure 4K).




Figure 4 | Human primary IVD cells undergo chondroptosis linked to concomitant activation of the apoptotic and pyroptotic pathway upon Staphylococcus aureus challenge. (A) Isolated human primary IVD cells were infected with the clinical S. aureus isolate from patient 7 at MOI 10 or S. aureus supernatant for 24 h, and viability was assessed by flow cytometry with Annexin V/7AAD, quantifying live (Annexin V−, 7AAD−), dying (Annexin V+, 7AAD−), and dead (Annexin V+, 7AAD+) IVD cells. (B–E) Representative CLSM images showing an overview of unchallenged IVD cells (B) and IVD cells challenged with live S. aureus (C–E). Cells were stained with Hoechst (blue, nucleus) and Rhodamine-phalloidin (red, actin cytoskeleton). (F) Analysis of caspase-3/7, caspase-8, and caspase-9 activity in unchallenged or challenged IVD cells. (G) Flow cytometry analysis of challenged IVD cells in the presence or absence of caspase-8 or caspase-9 inhibitors (50 μM), quantifying live, dying, and dead cells. (H, I) Analysis of ATP levels, cell membrane integrity, and marker for lysosomal exocytosis (CD107a) (H) and caspase-1 activity (I) in unchallenged or challenged IVD cells. (J) Luminex-based analysis of IL-1β and IL-18 secretion into supernatant by unchallenged or challenged IVD cells. (K) IHC of cleaved caspase-3 and caspase-1 in the IVD of patient 3. Green arrow, positive IVD cells; red arrow, negative IVD cells. Data are presented as mean ± standard deviation from three biological replicates, where each dot represents one biological replicate. Statistical analysis was done by one-way ANOVA and Turkey’s multiple comparisons test or paired t-test. Scale bars indicate 15 μm (B, C), 3 μm (D) 2 μm (E), and 50 μm (K). IVD, intervertebral disc; MOI, multiplicity of infection; CLSM, confocal laser scanning microscopy; IHC, immunohistochemistry.





Intervertebral disc cells secrete functional neutrophil-priming cytokines upon Staphylococcus aureus-induced chondroptosis

Since challenged IVD cells secreted the pro-inflammatory cytokines IL-1β and IL-18, we investigated whether they also secreted neutrophil-targeting cytokines. S. aureus challenged IVD cells secreted significantly elevated levels of IL-8, G-CSF, CXCL1, CXCL2, and CXCL12 (Figures 5A, B). Apart from IL-8 and CXCL12, the levels of secreted cytokines were higher at later timepoints of infection. To assess whether the secreted cytokines were functional, isolated primary human neutrophils were stimulated with the filtered supernatant of infected or uninfected IVD cells. Neutrophils stimulated with supernatant from infected IVD cells showed significantly higher expression of CD66b and CD15 as compared to neutrophils stimulated with supernatant from uninfected IVD cells or medium only (Figure 5C; Supplementary Figures 5A–C). Furthermore, the corresponding neutrophil receptors, CXCR1 for IL-8, G-CSF, and CXCL1, and CXCR2 for IL-8 and CXCL2 as well as CXCR4 for CXCL12, showed decreased expression upon stimulation with supernatant from challenged IVD cells, pointing towards active engagement of these receptors (Figure 5D) (34). This was only observed upon stimulation with supernatant from IVD cells at late infection stages, while an early infection stage supernatant did not yield the same effect, making bacterial toxins as a possible bias unlikely (Supplementary Figure 5D). We found that significantly more neutrophils migrated towards supernatants from infected IVD cells as compared to supernatants from uninfected IVD cells or medium alone (Figure 5E). They also produced higher intracellular reactive oxygen species (ROS) levels (Figure 5F). Finally, we also explored the potential of IVD cells to secrete additional cytokines, involved in a more comprehensive immune response. IVD cells secreted a broad range of cytokines upon the S. aureus challenge, such as the general inflammation and damage markers IL-1α, IL-6, TNF-α, and TNF-β; the monocyte-stimulating cytokines GM-CSF, M-CSF, MIP-1α, and MIP-1β; the T cell-stimulating cytokines IL-2, IL-12p70, and IL-17A; as well as the anti-inflammatory cytokines IL-4 and IL-10 (Figure 5G).




Figure 5 | Human IVD cells secrete a broad range of cytokines upon Staphylococcus aureus challenge, including functional neutrophil-priming cytokines. (A, B) Luminex-based analysis of IL-8, G-CSF (A), as well as CXCL1, CXCL2, and CXCL12 (B) secretion into supernatant by unchallenged or S. aureus-challenged IVD cells with the clinical S. aureus isolate from patient 7. (C, D) Activation and maturation marker expression (C) and chemokine receptor expression (D) on primary human neutrophils stimulated with medium only or cell culture supernatant from either unchallenged or challenged IVD cells. (E) Migration assays of primary human neutrophils towards medium only or cell culture supernatant from either unchallenged or challenged IVD cells. (F) Assessment of ROS production in primary human neutrophils stimulated with medium only or cell culture supernatant from either unchallenged or challenged IVD cells. (G) Luminex-based analysis of broad pro- and anti-inflammatory cytokine secretion into supernatant by unchallenged or challenged IVD cells. Data are presented as mean ± standard deviation from at least three biological replicates; each dot represents one biological replicate. Statistical analysis was done by two-way ANOVA and Sidak’s multiple comparisons test or one-way ANOVA and Turkey’s multiple comparisons test. IVD, intervertebral disc; ROS, reactive oxygen species.






Discussion

In patients suffering from S. aureus spondylodiscitis, we identified the presence of empty lacunae, an indication of IVD cell death, and the influx of neutrophils into the IVD. These findings were mirrored experimentally, by establishing a novel porcine spondylodiscitis model and by using primary human IVD cells. We confirmed that IVD cells underwent chondroptosis, which was linked to a strong immune-stimulating cytokine secretion profile, especially directed towards the activation and recruitment of neutrophils.

In our case series analysis of patients suffering from S. aureus spondylodiscitis, we observed increased inflammation as well as IVD degeneration as reported previously for spondylodiscitis (35–37). In the reported cases, the CRP concentration was approximately two- to fourfold elevated in about 95% of spondylodiscitis patients, and roughly one-third of patients displayed mild leukocytosis, similar to our observations (38–40). Usually, patients with spondylodiscitis have at least one predisposing risk factor such as diabetes, hemodialysis, older age, history of spinal surgery, presence of cardiac devices, or immunosuppression (38, 39, 41). Seven out of nine of our patients presented with identifiable risk factors: three patients were older, two patients underwent hemodialysis, one patient had an implanted cardiac device as well as diabetes, and one patient had previously suffered from S. aureus bacteremia due to intravenous drug injection. For the first time, we show Gram-positive cocci together with the presence of empty IVD cells’ lacunae, which was not described in the literature so far. This clinical observation shows the interaction between IVD cells and Gram-positive cocci in human IVD.

In order to investigate these clinical findings in detail, we developed a novel porcine ex vivo spondylodiscitis model. Of note, IVD cells found in the porcine nucleus pulposus might still resemble a stem cell-like population, which is only found in humans during their infancy (42). Therefore, we used IVD punches prepared exclusively from the annulus fibrosus of porcine IVDs.

S. aureus was able to grow to high densities and persist within the IVD environment, as previously reported for other bacteria (18, 25, 42). The observed differences in initial adherence to the IVD tissue between the various clinical bacterial isolates might be explained by the presence or expression of specific virulence factors. S. aureus contains many different virulence factors favoring adherence to specific tissues (43, 44). In the case of the collagen-rich IVD matrix, potentially involved adherence factors might be the collagen-binding adhesin, bone sialoprotein, or the fibronectin-binding protein (45–49). However, conflicting results regarding the importance of especially collagen-binding adhesins in the initiation of bone and joint infections exist (50). Furthermore, these adherence factors are redundant and show affinity to various matrix substrates (51). Therefore, an assessment and comparison of the presence of certain adherence factors between the clinical bacterial isolates do not allow to draw a conclusion on their virulence capacity (52). The combination of genetic and phenotypic approaches using a large collection of bacterial isolates or the use of isogenic mutants would be required in order to determine the potentially crucial role of specific bacterial adherence factors.

Challenge with S. aureus led to the accumulation of empty lacunae within the IVD in the porcine ex vivo model, an indication for regulated IVD cell death (23, 53), which was confirmed by Annexin V staining. However, since Annexin V staining is just an indicator for any type of regulated cell death, it is crucial to further determine the involved regulated cell death pathways (54). Since chondroptosis is regarded as the de facto regulated IVD cell death phenotype (20, 23), it is not surprising that IVD cells underwent chondroptosis upon the S. aureus challenge, as corroborated by TEM, especially since it was previously observed that IVD cells underwent caspase-mediated regulated cell death upon C. acnes challenge (18). One can assume that chondroptosis might be a conserved response of IVD cells towards bacterial encounters.

Chondroptosis was also observed in primary human IVD cells upon the S. aureus challenge. Importantly, supernatants of staphylococcal cultures were sufficient to induce chondroptosis, potentially attributable to the presence of secreted toxins. Among them, the staphylococcal α-toxin, a potent inducer of cell death in many different cell types, including articular chondrocytes, might play a key role in inducing chondroptosis in IVD cells (55–57). Furthermore, also the engagement of TLR2 by bacteria-associated molecular patterns might be sufficient to induce chondroptosis in IVD cells (18).

We observed that chondroptosis of human IVD cells upon the S. aureus challenge was linked to increased caspase-3/7 and caspase-8 activity, but not caspase-9 activity. Caspase-3/7 activation was previously observed in IVD cells during IVD degeneration (58–61). Both caspase-8 and caspase-9 activation were shown to occur in IVD cells during sterile IVD inflammation (62, 63). However, in our study, IVD cells only showed increased caspase-8 but not caspase-9 activity, suggesting that chondroptosis of IVD cells during the S. aureus challenge involves auto- and paracrine signaling of ligands to death receptors, such as the signaling of TNF-α to the TNF I receptor, which might be involved in IVD cell chondroptosis (64, 65). Furthermore, we found that chondroptosis upon the S. aureus challenge involved cell membrane integrity loss and lysosome formation. Lysosomal exocytosis is a known mechanism of pro-inflammatory cytokine secretion, best known for IL-1β and IL-18 secretion (28, 29). Both IL-1β and IL-18 are stored within the cell in an inactive pro-form, which needs to be cleaved and activated by proteolytic enzymes, such as caspase-1 (66). This suggests that also caspase-1, which indeed showed increased activity, plays an important role in chondroptosis upon the S. aureus challenge. Our findings of IL-1β and IL-18 secretion together with elevated caspase-1 activity in chondroptotic IVD cells were in line with findings of the engagement of the NLRP3/caspase-1 axis in IVD cells accompanied by IL-1β secretion in IVD degeneration (24, 67–70). The IHC findings of the patient spondylodiscitis, although depicting a situation during the course of the disease rather than at the onset, further corroborated the experimental findings of the concomitant involvement of apoptotic and pyroptotic caspases. It was recently shown that the regulated cell death pathways apoptosis, necroptosis, and pyroptosis are intermittently linked and regulated together, which was termed PANoptosis (71). Given our findings of concomitant activation of apoptotic and pyroptotic caspases, chondroptosis seems to follow a conserved pattern of regulated cell death activation, relying on multiple initiation and execution platforms.

Previous research showed that IVD cells express and secrete neutrophil-priming cytokines upon IL-1β stimulation (72, 73). We further corroborated these findings in the context of the S. aureus challenge of IVD cells and showed that the secreted neutrophil-targeting cytokines were functionally intact, leading to neutrophil priming. However, whether neutrophil recruitment and activation in S. aureus spondylodiscitis are beneficial to clear the infection or detrimental, resulting in tissue damage and further inflammation, still needs to be elucidated, since extensive ROS release causes tissue injury (74). Nevertheless, these findings add to the growing body of evidence that IVD cells are potent immune cells’ recruiter, as previously shown for T cells via the secretion of CCL20 from the IVD (26). Apart from neutrophil or T cell-specific cytokines, various studies showed that the pro-inflammatory cytokines TNF-α, TNF-β, IL-1α, IL-1β, IL-6, and IL-17A, also secreted after the S. aureus challenge in our study, cause IVD degeneration by inducing regulated cell death and stimulating matrix degradation, chemokine secretion, and changes in IVD cells’ phenotype (75).

The strength of our study lies in the combination of clinical findings and experimental approaches, including the establishment of novel spondylodiscitis-specific ex vivo models. We used primary porcine IVD tissue, primary human IVD cells, and neutrophils as well as clinically relevant bacterial isolates for these models, increasing the translational value of our study. However, we also recognize the low patient numbers as the major restricting factor of our study, limiting especially the strength of the histological findings. Additionally, the ex vivo models only allow to assess the initial interaction between S. aureus and IVD cells but fail to recapitulate a potential detrimental inflammatory role of infiltrating neutrophils into the IVD, which would require a live animal model.

Nevertheless, our findings suggest that S. aureus directly interacts with IVD cells and induces a similar inflammatory phenotype in acute spondylodiscitis as found in low-grade chronic IVD degeneration. These findings have important implications and suggest that future therapeutic approaches should explore the potential impact of employing cytokine signaling interference, such as antibody-based treatment, or cell death inhibitors as a complementary therapy to antibiotics in S. aureus spondylodiscitis.
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Staphylococcus epidermidis is a major causative agent of prosthetic joint infections (PJI). The ability to form biofilms supports this highly selective pathogenic potential. In vitro studies essentially relying on phenotypic assays and genetic approaches have provided a detailed picture of the molecular events contributing to biofilm assembly. A major limitation in these studies is the use of synthetic growth media, which significantly differs from the environmental conditions S. epidermidis encounters during host invasion. Building on evidence showing that growth in serum substantially affects S. epidermidis gene expression profiles and phenotypes, the major aim of this study was to develop and characterize a growth medium mimicking synovial fluid, thereby facilitating research addressing specific aspects related to PJI. Using fresh human plasma, a protocol was established allowing for the large-scale production of a medium that by biochemical analysis matches key characteristics of synovial fluid and therefore is referred to as artificial synovial fluid (ASF). By analysis of biofilm-positive, polysaccharide intercellular adhesion (PIA)-producing S. epidermidis 1457 and its isogenic, PIA- and biofilm-negative mutant 1457-M10, evidence is provided that the presence of ASF induces cluster formation in S. epidermidis 1457 and mutant 1457-M10. Consistent with the aggregative properties, both strains formed multilayered biofilms when analyzed by confocal laser scanning microscopy. In parallel to the phenotypic findings, expression analysis after growth in ASF found upregulation of genes encoding for intercellular adhesins (icaA, aap, and embp) as well as atlE, encoding for the major cell wall autolysin being responsible for eDNA release. In contrast, growth in ASF was associated with reduced expression of the master regulator agr. Collectively, these results indicate that ASF induces expression profiles that are able to support intercellular adhesion in both PIA-positive and PIA-negative S. epidermidis. Given the observation that ASF overall induced biofilm formation in a collection of S. epidermidis isolates from PJI, the results strongly support the idea of using growth media mimicking host environments. ASF may play an important role in future studies related to the pathogenesis of S. epidermidis PJI.
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Introduction

Staphylococcus epidermidis is a leading pathogen isolated from prosthetic joint infections (PJI) (Becker et al., 2020), a serious challenge for the modern healthcare system (Schwarz et al., 2019). The marked increase in joint replacement procedures (Patel et al., 2015), in combination with a constant infection rate of 1%–3% (Lourtet-Hascoet et al., 2016), has led to a steep increase in the number of PJI cases. Considering the significant morbidity and mortality associated with PJI (Izakovicova et al., 2019; Natsuhara et al., 2019), there is an urgent need for novel preventive and therapeutic approaches. Detailed insights into the molecular pathogenesis of S. epidermidis PJI are regarded as an essential brick in this strategy. In fact, tremendous progress on the road to a detailed molecular picture of S. epidermidis implant infections has been made, unraveling a plethora of mechanisms contributing to successful device colonization.

The ability to assemble multilayered biofilms is key to the opportunistic S. epidermidis virulence in PJI (Both et al., 2021). Biofilm formation is essentially promoted by the production of an extracellular matrix, which by embedding bacterial cells functions as a glue that fosters cell aggregation. The matrix consists of polysaccharides [i.e., polysaccharide intercellular adhesin (PIA)], proteins [e.g., accumulation-associated protein (Aap), extracellular matrix-binding protein (Embp), or small basic protein (Sbp)], and extracellular DNA (eDNA, released through the activity of autolysin AtlE). Intriguingly, epidemiological studies have produced partially conflicting results by identifying clinically significant S. epidermidis that were unable to form a biofilm in vitro (Rohde et al., 2007). The discrepancy can at least in part be explained by the use of convenient growth media (e.g., TSB), which support the formation of PIA- but not protein-dependent biofilms (Christner et al., 2012). The functional relevance of PIA-independent biofilm formation through the production of Embp only became apparent by supplementing TSB with serum or tigecycline, leading to embp expression (Christner et al., 2010; Weiser et al., 2016). Clearly, growth in TSB only is a very poor approximation to the in vivo environment, and thus, relevant mechanisms related to S. epidermidis pathogenesis may have gone unidentified by their use. Particularly for PJI, studies provided evidence that in vitro experiments in convenient laboratory media do not reflect bacterial growth in vivo under conditions of a human joint cavity (Skovdal et al., 2021; Steixner et al., 2021). Bacteria entering a human joint cavity have to adapt to the unique environment provided by the synovial joint fluid (SF), which lubricates the joint cavity. SF is able to induce the formation of bacterial aggregates (Bidossi et al., 2020) or biofilms adhering to the implant device or tissue within the joint cavity (Barrett and Atkins, 2014; Gbejuade et al., 2015), and thus, SF obviously promotes the expression of pathogenesis-relevant phenotypes. Despite this fact, however, only a few studies have so far been conducted using unmodified human SF (Dastgheyb et al., 2015; Gilbertie et al., 2019). Typically, human SF is diluted before use (Knott et al., 2021; Staats et al., 2021; Steixner et al., 2021), or substituted by animal SF (Gupta et al., 2021; Perez and Patel, 2015; Ibberson et al., 2016; Pestrak et al., 2020; Staats et al., 2021). The obvious limitations of these approaches currently have to be accepted due to the limited availability of human SF (Gilbertie et al., 2019; Steixner et al., 2021). While substitute joint fluid to treat joint disease has already been introduced into modern medicine (Adams et al., 1995; Neustadt et al., 2005; Faust et al., 2018), only a few attempts to use a bona fide artificial SF in pathogenesis research have been made (Knott et al., 2021).

Taking into account the importance of using media closely mimicking the in vivo environment for studying S. epidermidis infection biology, the major aim of this study was to develop and characterize an artificial synovial fluid (ASF). By resembling human joint fluid and being available in larger quantities, ASF may substantially contribute to a more precise identification and characterization of S. epidermidis traits relevant to the pathogenesis of PJI.



Methods


Bacterial strains

S. epidermidis 1457 (Galac et al., 2017) is a PIA-producing, biofilm-positive isolate from a central venous catheter infection. 1457-M10 is a corresponding isogenic, biofilm-negative transposon mutant carrying Tn917 in icaA, interfering with the biosynthesis of PIA (Mack et al., 2000). In addition, 23 previously characterized S. epidermidis isolated from PJI were used (Both et al., 2021).



Growth analysis

Bacteria were grown overnight in TSB at 37°C and shaking (200 rpm). Cultures were diluted in fresh TSB or ASF at a ratio of 1:100, and 200 µl were transferred into wells of a 96-well microtiter plate (Sarstedt, Nümbrecht, Germany). Plates were incubated for 24 h at 37°C in a microplate reader (Agilent, Santa Clara, CA, USA). Absorption at 600 nm was measured every hour as a surrogate for bacterial growth.



Quantification of biofilm formation

Biofilm formation was quantified using a 96-well microtiter plate assay essentially as described previously (Both et al., 2021).



Analysis of sessile bacterial cultures by confocal laser scanning microscopy

Bacteria grown on coverslips were mildly washed with PBS and then fixed with 4% paraformaldehyde (PFA) in PBS for 10 min. Unspecific binding sites were blocked using 3% bovine serum albumin (BSA, w/v) in PBS for 1 h. Next, samples were incubated with a 1:500 dilution of α-dsDNA primary antibody (Abcam, Cambridge, UK) for 1 h, washed three times with PBS, and incubated with a 1:250 dilution of an α-mouse IgG coupled to A488 (ThermoFisher, Waltham, MD, USA). For visualization of bacteria, 300nM DAPI (Invitrogen, Carlsbad, CA, USA) was added to the secondary staining solution and both antibodies were applied in PBS supplemented with 1.5% BSA. Coverslips were mounted with MOWIOL anti-fade reagent (Calbiochem, Darmstadt, Germany), and microscopic analysis was carried out using a Leica TCS SP8 confocal laser-scanning instrument.



Analysis of bacterial cell cluster analysis

For analysis of bacterial cluster size and size distribution, bacteria were grown statically for 18 h at 37°C in TSB and ASF, respectively. Thirty minutes prior to staining, the bacterial sediment was carefully dispersed by vortexing, and 10 µl were transferred to staining buffer (3% BSA in PBS + DAPI 300 nM, Invitrogen) in a µ-Slide 8-Well (ibidi, Gräfelfing, Germany). Samples were analyzed with the confocal laser scanning microscope Leica TCS SP8 equipped with a ×63, NA1.4 oil immersion objective and LAS X SP8 software (Leica Microsystems, Wetzlar, Germany). At least 10 positions per condition were recorded as stacks with a distance of 500 nm and 2,048 × 2,048 pixels. Bacterial detection and segmentation were done using the Imaris software package (Oxford Instruments, Abingdon, UK). Subsequently, cluster analysis was done in MatLab (Version 9.2, The MathWorks Inc., Natick, MA, USA). In brief, the position of each bacterium was calculated by its volume, and the center of mass of the segmented volume was defined. Distances between centers of masses were measured and categorized into clusters with a threshold of ≥5 bacteria/cluster. The MatLab script used is available in MatLab Supplement S1.



Gene expression analysis

For gene expression analysis, bacteria were grown in triplicates in TSB overnight at 37°C under vigorous shaking. Cultures were then diluted in TSB or ASF and grown for 6 and 24 h at 37°C with shaking (180 rpm). Cells were then harvested by centrifugation, washed in PBS, and resuspended in RNAprotect (Qiagen, Hilden, Germany). After incubation at RT, bacterial cells were pelleted. The resulting pellet was mechanically lysed with zirconia beads 3 × 20 s on a tissue homogenizer (Precellys 12, Bertin, Montigny-le-Bretonneux, France), and RNA was extracted with the RNeasy Mini Kit (Qiagen, Hilden, Germany). Bacterial RNA was quantified with a Qubit fluorometer (ThermoFisher Scientific, Waltham, MD, USA) followed by digestion of residual DNA with a DNA-Free Kit (Invitrogen, Carlsbad, CA, USA). A total of 5-µl digested RNA was transcribed using iScript cDNA Synthesis Kit (BioRad, Hercules, CA, USA) according to the manufacturer’s instructions. Quantification of gene expression was carried out using the Light Cycler 480 instrument and applying the TaqMan Fast Advanced Master Mix 2 × (ThermoFisher Scientific, Bremen, Germany). Primers and probes to quantify the expression of gyrB, aap, ica, atlE, agr, and embp are given in Table 1.


Table 1 | Primers and probes used in this study.





Human plasma and clinical chemistry analysis of blood products

Human plasma was obtained from healthy volunteers after giving informed consent. Pools from at least five individuals were used for ASF production. Clinical chemistry analysis of pooled plasma samples was performed according to standard protocols for routine analytics in patient care at the University Medical Center Hamburg-Eppendorf.




Results


Development of an artificial synovial fluid

Studies of human joint fluid have indicated for decades that synovial fluid appears to be a dialysate of human plasma. The qualitative composition of protein components, therefore, does not differ between plasma and SF (Decker et al., 1959; Hui et al., 2012; Waldrop et al., 2014), and thus it appeared reasonable to use human plasma as a basis for the intended artificial synovial fluid. Considering reference concentrations from the literature (Table 2), a dilution of plasma by half was expected to meet immunoglobulin concentrations, while the remaining protein components would marginally exceed or fall below the target joint fluid values. As synovial fluid electrolytes meet actual plasma concentrations, Jonosteril (Fresenius Kabi, Bad Homburg, Germany), an electrolyte medium developed to match actual human plasma electrolyte concentrations, was employed as the diluent. Intriguingly, using plasma 1:1 (vol/vol) diluted in Jonosteril as a medium, no bacterial growth was detectable. In fact, measuring glucose levels found concentrations of 36 mg/dl, which is clearly below the expected joint fluid glucose concentrations of 60–90 mg/dl. Given that glucose is an important metabolite for staphylococcal growth (Dobinsky et al., 2003; Jager et al., 2005; Agarwal and Jain, 2013; Waldrop et al., 2014; Luo et al., 2020), Jonosteril-diluted plasma was therefore supplemented with glucose to a final concentration of 79 mg/dl.


Table 2 | Comparison of ASF with human synovial fluid composition.



Subsequent biochemical analysis of the glucose-supplemented, Jonosteril-diluted plasma found key component concentrations largely similar to reported concentrations from human synovial fluid (Table 2), which is therefore referred to as ASF. Figure 1 and Supplementary Table S1 provide a step-by-step protocol describing the production of ASF. Likewise, a protocol for convenient storage of larger ASF volumes is provided, being an important prerequisite to avoiding batch-to-batch variability in larger series of experiments (Supplementary Table S2).




Figure 1 | Schematic workflow for ASF production. A more detailed description and necessary consumables can be found in Supplementary Tables S1–S3. The figure was created using Biorender.com.





The impact of ASF on growth characteristics, biofilm formation, cell aggregation, and gene expression profiles

Previously published work has demonstrated that serum or serum components have a significant impact on phenotypes and expression profiles in S. epidermidis from prosthetic joint infections (Both et al., 2021). Building on the hypothesis that growth in ASF will impact S. epidermidis physiology, key aspects of S. epidermidis pathogenicity were comparatively studied in ASF and the reference medium TSB. To this end, we made use of the well-characterized, prototypic polysaccharide intercellular-adhesin (PIA)-producing, biofilm-forming S. epidermidis 1457 and isogenic, PIA- and biofilm-negative mutant 1457-M10. Growth analysis over 24 h found that in TSB and ASF, growth followed a sigmoidal function (Figure 2A). However, growth in TSB and ASF in both strains differed with respect to the slope of the curve and the maximum cell density. The resulting lower areas under the curves (AUCs) (AUC_1457_TSB: 15.58 [CI, 15.43–15.73]; AUC_1457_ASF: 2.87 [CI, 2.788–2.953]; AUC_M10_TSB: 14.14 [CI, 13.97–14.30]; AUC_M10_ASF: 3.097 [CI, 3.080–3.113]) indicate the overall reduced bacterial growth in ASF. Importantly, no growth differences were identified between S. epidermidis 1457 and mutant 1457-M10.




Figure 2 | Phenotypic analysis of S. epidermidis 1457 and 1457-M10 in TSB and ASF. (A) Growth analysis of S. epidermidis 1457 and 1457-M10 in TSB and ASF. Absorbance at 600 nm was measured as a surrogate for bacterial growth. Data points represent the mean of two duplicates from two biological replicates. Error bars: standard deviation. (B) Analysis of biofilm formation by S. epidermidis 1457 and 1457-M10 in TSB and ASF using a microtiter plate assay. After 24 h of growth, the medium was removed, and wells were washed with PBS. After drying, adherent cells were stained using Gentiana violet, and absorbance was read at 570 nm. S. epidermidis 1457 formed statistically less biofilm in ASF compared to TSB (unpaired t-test; p<= 0.001). Bars represent the mean of two quadruplicates from two biological replicates. Error bars: standard deviation. (C) CLSM analysis of S. epidermidis 1457 and 1457-M10 after overnight sessile culture in TSB and ASF. Bacteria were grown for 24 h on glass coverslips, and adherent cells were fixed after mild washing. Bacteria were stained using DAPI (300 nM), and eDNA was detected using mouse anti-dsDNA IgG (1:500) and anti-mouse IgG coupled to Alexa488 (1:250). The upper panel shows the maximum sum projection of dsDNA; the middle panel shows the maximum sum projection of merged DAPI and Alex488 channels (scale bar, 9 µm); and the lower panel shows an XZ-view of merged channels (scale bar, 5 µm). (D) Quantitative image analysis of S. epidermidis 1457 and 1457-M10. Biofilm height (left panel) and surface roughness (right panel) were determined using BiofimQ (Hartmann et al., 2021) and Comstat (Heydorn et al., 2000) software packages, respectively. Bars represent the mean of three biological replicates with at least 10 analyzed pictures. ns, not significant, p > 0.05; **p ≤ 0.01; ***p ≤ 0.001.



Biofilm formation was analyzed using a 96-well microtiter plate assay, providing integrated information on adherence and biofilm accumulation. In addition, confocal laser scanning microscopy (CLSM) was employed as a tool to obtain detailed insights into the architecture of sessile S. epidermidis populations. Using TSB as a growth medium, S. epidermidis 1457 forms robust, PIA-dependent biofilms, while PIA-negative mutant 1457-M10 is unable to assemble a multilayered cell architecture (Figure 2B). In line with these findings, CLSM analysis of adherent cell populations found biofilm structures being formed by S. epidermidis 1457 after 20 h, whereas 1457-M10 did not exhibit structured multicellular growth (Figure 2C). Growth in ASF dramatically changed biofilm phenotypes in both assay systems. Strikingly, using the microtitre plate assay, S. epidermidis 1457 produced significantly less biofilm in ASF compared to growth in TSB, while there was no detectable difference in 1457-M10 (Figure 2B). CLSM analysis of sessile growth showed that 1457 still forms a huge adherent cell architecture (Figure 2C). Compared to TSB, these were significantly higher after growth in ASF (mean height of 38.4 vs. 52.3 µm; p = 0.002 (unpaired t-test); Figure 2D). Markedly, in strong contrast to growth in TSB, 1457-M10 also assembled surface adherent aggregates after 20 h of growth (Figure 2C). In fact, bioinformatics image analysis showed that the mean biofilm height in ASF (38.09 µm) was significantly (p = 0.0032; unpaired t-test) higher compared to growth in TSB (mean height of 22.68 µm; Figure 2D). In line with this, the surface roughness of 1457-M10 cultures was significantly (p = 0.008, unpaired t-test) greater compared to growth in TSB, indicating induction of structured and aggregative growth (Figure 2D). No difference was identified in surface roughness that became evident in S. epidermidis 1457 (p = 0.13; unpaired t-test). Collectively, these data indicate that growth in ASF, while reducing biofilm growth in PIA-producing S. epidermidis 1457, induces cell surface adherent growth in PIA-negative mutant 1457-M10.

Biofilm formation essentially depends on intercellular adhesion, which phenotypically becomes apparent by the formation of cell aggregates. To test the idea that ASF induces PIA-independent cell aggregative properties and subsequent biofilm formation, experiments were set out to quantify cell cluster size in S. epidermidis 1457 and 1457-M10 after growth in TSB and ASF (Figure 3A). As expected, after 24 h of growth in TSB, PIA-producing S. epidermidis 1457 forms cell aggregates (mean bacteria/cluster (n) = 4.9), being slightly but significantly (p = 0.0032) larger compared to PIA-negative 1457-M10 (mean bacteria/cluster (n) = 3.2). Growth in ASF, however, resulted in the formation of huge, macroscopically visible cell aggregates in 1457 and 1457-M10, and the mean number of cells per cluster was not statistically different between both strains (1457: mean bacteria/cluster: 16.9; 1457-M10 (mean bacteria/cluster: 16.6; p = 0.891; Figure 3A). Induction of cell aggregation became also evident when the percentage of cell clusters (aggregates ≥5 cells) organized by bacteria was analyzed. In TSB cultures of S. epidermidis 1457, significantly (p = 0.0106) more bacteria (mean cluster-organized cells, 33.99%) were organized in clusters compared to 1457-M10 (mean cluster-organized cells, 14.61%) (Figure 3B). In ASF cultures, however, bacteria of both strains were predominantly organized in clusters (mean cluster-organized cells 1457: 79.9%; 1457-M10: 73.9%; Figure 3B), and there was no apparent statistically significant difference (p = 0.788). Collectively, these data provide evidence that growth in ASF leads to PIA-independent cell cluster formation, which links growth in ASF with the acquired ability of 1457-M10 to establish a multilayered biofilm architecture as detected by CLSM.




Figure 3 | Aggregative cell growth in TSB and ASF. (A) Violin plot showing the distribution of cell cluster sizes formed by S. epidermidis 1457 and mutant 1457-M10 in TSB and ASF after overnight growth. The size of bacterial cell clusters was determined by bioinformatics analysis of CLSM images. Per strain and growth conditions, at least 30 images from three independent experiments were analyzed. Statistical analysis was done by one-way ANOVA and Sidak’s multiple comparison test (1457 vs. 1457-M10 in TSB: CI of difference: 0.4799–2.926,  p = 0.002 1457 vs. 1457-M10 in ASF: CI of difference: −0.8991–1.590, p<= 0.001 1457-M10 TSB vs. 1457-M10 ASF: CI of difference: −14.77 to −12.14, p<=0.001 1457 TSB vs. 1457 ASF: CI of difference: −13.39 to −10.80, p<= 0.001). (B) Quantification of S. epidermidis cells organized in clusters containing five or more cells. Bioinformatics analysis identified the proportion of bacteria relative to the absolute number of bacterial cells associated with cells to form clusters of ≥5 cells. Each data point indicates the relative proportion (%) of cells meeting this criterion in one image. At least 30 images from three independent experiments were analyzed; the total number of cells ranged from n = 10,151 to n = 31,094. Results were analyzed using one-way ANOVA with Kruskal–Wallis test for multiple comparisons (adjusted p-values: 1457 TSB vs. 1457 ASF, p<= 0.001 1457 TSB vs. 1457-M10 TSB, p= 0.008 1457 ASF vs. 1457-M10 ASF, p= 0.008 1457-M10 TSB vs. 1457-M10 ASF, p<= 0.001 ns, not significant. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.



Building on data demonstrating a significant impact of growth in the presence of serum on S. epidermidis transcriptomes (Both et al., 2021) and expression of embp (Christner et al., 2010), qPCR experiments were set out to characterize the expression of genes related to biofilm formation and regulation (Figure 4). Expression analysis of biofilm-related icaA, embp, aap, and atlE found significantly increased expression in ASF after 24 h of growth. While for embp and atlE, upregulation in ASF became evident also after 6 h of growth, no significant difference in expression levels was detected for icaA. As an exception, aap exhibited significantly lower expression levels in ASF after 6 h. Intriguingly, compared to TSB, a master regulator of staphylococcal virulence, agr was significantly downregulated after growth in ASF after 6 and 24 h of growth (Figure 4).




Figure 4 | Expression analysis of biofilm-related genes. Relative expression of biofilm-associated genes in S. epidermidis 1457 in TSB and ASF. Columns indicate mean ΔCt values obtained from three experiments using independent RNA preparations. The error bars indicate the standard deviation. Differences were analyzed using one-way ANOVA with Holm–Sidak’s multiple comparisons test. gyrB served as a reference housekeeping gene. ns, not significant, p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.





Impact of ASF on biofilm formation and cell cluster formation in S. epidermidis PJI isolates

The ability to form biofilms is subject to significant, isolate-dependent variation (Rohde et al., 2007). In order to obtain more robust insights into the effects of ASF on biofilm formation, a contemporary collection of n = 23 S. epidermidis isolated from PJI (Both et al., 2021) were tested for biofilm-forming ability in ASF in comparison to TSB. Overall, quantitative biofilm formation was significantly different between both media tested and between isolates (p < 0.0001; two-way ANOVA) (Figure 5). In fact, significant differences (Mann–Whitney U test with Holms–Sidak’s method for multiple comparisons) were identified in 17/23 isolates tested. In 12 of those 17 isolates (70.6%), growth in ASF increased, and in 5/17 (29.4%) exposure to ASF resulted in weaker biofilm formation Biofilm reduction predominantly occurred in S. epidermidis isolates forming strong biofilms in TSB (mean A570/TSB = 1.69; [range, 0.9–2.34]), while increased biofilm formation was identified in isolates exhibiting weak or moderate biofilm formation (mean A570/TSB = 0.4 [range, 0.08–0.83]).




Figure 5 | Phenotypic analysis of S. epidermidis from PJI. Biofilm phenotypes of 23 S. epidermidis isolates from proven PJI were determined using TSB or ASF as a growth medium. Bars represent the mean of eight data points obtained from two experiments. Error bars: standard deviation. The presence and absence of biofilm-related genes ica and aap are indicated by black and grey boxes, respectively. Pairwise comparison of biofilm quantities produced in ASF and TSB, respectively, was done using the Mann–Whitney U test with Holm–Sidak’s multiple comparisons test. ns, not significant, p > 0.05; *p ≤ 0.05; **p ≤ 0.01.






Discussion

Studies on S. epidermidis phenotypes related to infections associated with indwelling medical devices have almost exclusively been carried out using synthetic media, e.g., TSB (Mack et al., 2001). The use of commercially available media significantly supports the reproducibility of experimental results and, thus, is of major importance in an effort to provide an experimental reference supporting the comparability of data from independent research groups. In fact, work based on those artificial media has provided phenotypic and genetic traits associated with invasive S. epidermidis lifestyles (Otto, 2018). Intriguingly, by testing genetically defined mutants in comparison with isogenic wild-type strains in animal models of device infections, evidence was provided that mechanisms identified under artificial growth conditions are indeed functionally relevant in vivo (Nguyen et al., 2020). However, owing to the obvious limitations of using synthetic media, studies on S. epidermidis pathogenicity were carried out using media that resemble the within-host situation, including the presence of host immune effector cells in whole blood assays (Fredheim et al., 2011; Al-Ishaq et al., 2015) or nutrient-poor microenvironments in the nose (Krismer et al., 2014). Support for the need to expand experimental systems and include more life-like growth models comes from recent observations that the presence of host serum has a major impact on S. epidermidis expression profiles, including genes related to biofilm formation (Christner et al., 2010; Both et al., 2021). Moreover, it became evident that synovial joint fluid (SF) induces aggregative staphylococcal growth in vivo and in vitro (Perez and Patel, 2015; Bidossi et al., 2020; Staats et al., 2021), underscoring the need for alternative, more life-like culture systems. To reflect the in vivo situation for studying S. epidermidis PJI pathogenesis, we, therefore, established a simple protocol for the preparation of an ASF.

Biochemical analysis of ASF found good overall agreement with published data of SF composition from healthy individuals. There are, however, evident discrepancies. While sodium and chloride concentrations agree with reported values, higher magnesium and lower potassium and calcium concentration in ASF was noted. This can partially be explained considering that SF references derive from studies relying on postmortem sampled SF (Madea et al., 2001; Srettabunjong et al., 2019), and forensic studies showed that postmortem degradation processes also influence potassium levels with increasing concentrations relatively linear over time after death (Tumram et al., 2011). Thus, it appears reasonable to assume that the physiological SF potassium concentration is below the literature values and maybe even ranges within the serum concentration range of 3.5 up to 5.0 mmol/L (Tumram et al., 2011; Srettabunjong et al., 2019).

Apart from electrolyte concentrations, SF protein content might be of essential importance for the growth behavior of S. epidermidis. A study determining total protein concentrations in SF sampled postmortem and from healthy volunteers showed a range of mean total protein concentrations from 1.3 to 2.8 g/dl with a number adjusted mean of 1.49 g/dl. Higher total protein concentrations were, however, predominantly found in postmortem samples, prompting the conclusion that a total protein concentration of 1.3 g/dl should be considered the healthy reference (Weinberger and Simkin, 1989). Thus, ASF’s total protein concentration of 2.8 g/dl is probably too high. It needs to be stressed, though, that evidence on reference SF values for healthy joints is scarce, probably due to the lack of respective SF samples, and in fact, more recent publications selectively focus on the analysis of SF in joint disease (Iadarola et al., 2016; Peffers et al., 2019). This might also explain why, for complement factors, only data on pathological SF are available (Ochi et al., 1980).

In addition to the total protein concentration, the composition of the SF proteome might differ from plasma proteins due to the presence of specific factors selectively produced within the joint. ASF will therefore show too low concentrations for proteins subject to tissue-specific expression patterns (Bennike et al., 2014), e.g., hyaluronic acid or lubricin (Anderson and Anderson, 2002; Hui et al., 2012; McNary et al., 2012), which are apparently absent in ASF. Thus, ASF must be considered an approximation for a joint fluid model, especially as long as more valid information on physiological SF composition is lacking. Given the evidence from S. aureus showing that hyaluronic acid contributes to the aggregate formation (Knott et al., 2021; Staats et al., 2021), the obvious insufficient conformity of ASF with native SF composition might have important experimental implications that must be considered when relating experimental results to the in vivo situation. Another obvious limitation of ASF is that it rather reflects healthy than pathological SF, e.g., found in noninfective joint diseases like osteoarthritis (OA) or rheumatoid arthritis (RA). In addition, invasive S. epidermidis disease itself will also induce changes in SF composition, potentially affecting bacterial physiology. Despite those limitations, though, it appears unrealistic at present to accommodate for such disease-associated SF changes given actual knowledge gaps in relation to the specific composition of SF in defined joint conditions [e.g., during surgery, after joint implantation, in defined joint diseases (Yazar et al., 2005; Hu et al., 2006; Balakrishnan et al., 2014; Lee et al., 2020; Timur et al., 2021)].

In order to evaluate the usefulness of ASF to study S. epidermidis pathogenicity, the impact of ASF on phenotypic traits and gene expression patterns was analyzed using the well-characterized PIA-producing S. epidermidis reference strain 1457 and a corresponding, biofilm- and PIA-negative mutant 1457-M10. Here, evidence was obtained that ASF induced cell cluster formation and biofilm formation, resembling microscopic findings from independent studies investigating multicellular architectures in S. epidermidis from SF (Perez and Patel, 2015). Intriguingly, aggregative behavior was also identified in PIA-negative mutant 1457-M10, underscoring the importance of PIA-independent mechanisms becoming functionally active during invasive lifestyles (Rohde et al., 2005; Rohde et al., 2007; Skovdal et al., 2021). The induction of embp and aap expression, as well as increased eDNA release, pinpoint some of the potentially involved mechanisms (Rohde et al., 2007; Christner et al., 2010; Christner et al., 2012). A recent study showed that in the presence of serum factors, S. epidermidis cell aggregation may occur independently from Embp and PIA (Skovdal et al., 2021). Evidence of enhanced biofilm formation in genetically independent, clinical S. epidermidis isolates in the presence of ASF supports the hypothesis that host factors are relevant to inducing pathogenicity-associated S. epidermidis phenotypes in vitro. Intriguingly, similar to the observation of reduced biofilm formation in PIA producing S. epidermidis 1457, wild-type PJI S. epidermidis strains forming strong biofilms in TSB were impaired in accumulative growth in ASF. In contrast, ASF-induced biofilm formation was predominantly observed in S. epidermidis wild-type isolates, exhibiting weak biofilm formation in TSB. The regulator sarA has previously been shown to negatively control biofilm formation in PIA-negative S. epidermidis while supporting protein-dependent biofilm formation in PIA-negative S. epidermidis backgrounds (Christner et al., 2012). The involvement of sarA in PJI isolates under investigation here is unclear, nevertheless, it appears plausible to assume that S. epidermidis possess specific regulatory networks to predominantly promote biofilm formation in the presence of host factors. Thus, more life-like growth models in combination with recent insights into genetic backgrounds of invasive S. epidermidis populations as revealed by high-resolution S. epidermidis population genomics (Lee et al., 2018; Both et al., 2021; Du et al., 2021; Mansson et al., 2021), have a great potential to link genetic findings with functional phenotypic outputs (e.g., biofilm formation, aggregation).

Master regulator of staphylococcal virulence Agr (Le and Otto, 2015) was significantly downregulated during growth in ASF. Given the evidence that in S. epidermidis differential expression of agr is a common trait in isolates from invasive disease (Vuong et al., 2004; Olson et al., 2014; Harris et al., 2017), this finding supports the idea that at least, ASF partially resembles the in vivo situation. Thus, ASF could serve as an important complementary tool to allow for genetic identification of novel factors contributing to multicellular behavior during the invasion and PJI pathogenesis, e.g., using transposon mutagenesis approaches, transcriptomics, or metabolomics (Mack et al., 2001; Both et al., 2021; Du et al., 2021). In the future, ASF might also be a basis for more advanced models of PJI, e.g., by adding specific macromolecular components (e.g., hyaluronic acid), host immune cells (e.g., macrophages), or by applying shear stress.

Taken together, ASF produced according to the presented protocol expands the toolbox to study S. epidermidis PJI pathogenesis, and it might also be used in studies analyzing independent microorganisms relevant to PJI. Thus, ASF has the potential to significantly improve our understanding of the pathogenesis of opportunistic, biofilm-forming S. epidermidis. It is reasonable to assume that this knowledge will eventually also translate into better preventive, diagnostic and therapeutic strategies to combat disabling PJI in the future.
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Osteomyelitis, or bone infection, is a major complication of accidental trauma or surgical procedures involving the musculoskeletal system. Staphylococcus aureus is the most frequently isolated pathogen in osteomyelitis and triggers significant bone loss. Hypoxia-inducible factor (HIF) signaling has been implicated in antibacterial immune responses as well as bone development and repair. In this study, the impact of bone cell HIF signaling on antibacterial responses and pathologic changes in bone architecture was explored using genetic models with knockout of either Hif1a or a negative regulator of HIF-1α, Vhl. Deletion of Hif1a in osteoblast-lineage cells via Osx-Cre (Hif1aΔOB) had no impact on bacterial clearance or pathologic changes in bone architecture in a model of post-traumatic osteomyelitis. Knockout of Vhl in osteoblast-lineage cells via Osx-Cre (VhlΔOB) caused expected increases in trabecular bone volume per total volume (BV/TV) at baseline and, intriguingly, did not exhibit an infection-mediated decline in trabecular BV/TV, unlike control mice. Despite this phenotype, bacterial burdens were not affected by loss of Vhl. In vitro studies demonstrated that transcriptional regulation of the osteoclastogenic cytokine receptor activator of NF-κB ligand (RANKL) and its inhibitor osteoprotegerin (OPG) is altered in osteoblast-lineage cells with knockout of Vhl. After observing no impact on bacterial clearance with osteoblast-lineage conditional knockouts, a LysM-Cre model was used to generate Hif1aΔMyeloid and VhlΔMyeloid mouse models to explore the impact of myeloid cell HIF signaling. In both Hif1aΔMyeloid and VhlΔMyeloid models, bacterial clearance was not impacted. Moreover, minimal impacts on bone architecture were observed. Thus, skeletal HIF signaling was not found to impact bacterial clearance in our mouse model of post-traumatic osteomyelitis, but Vhl deletion in the osteoblast lineage was found to limit infection-mediated trabecular bone loss, possibly via altered regulation of RANKL-OPG gene transcription.
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Introduction

Osteomyelitis is a highly morbid bone disease that is most commonly caused by infection with Staphylococcus aureus, a Gram-positive opportunistic pathogen that colonizes about one in three individuals (Lew and Waldvogel, 2004; Wertheim et al., 2005; Kremers et al., 2015). Osteomyelitis is difficult to treat because bacterial pathogens can often evade antibacterial immune responses and tolerate antimicrobial therapy (Ford and Cassat, 2017; Muthukrishnan et al., 2019). Bone infection frequently results in chronic disease and concomitant bone destruction (Lew and Waldvogel, 2004). Therefore, curative treatment of osteomyelitis requires both bacterial clearance and repair of pathologic bone loss.

Hypoxia-inducible factor (HIF) signaling is a critical cell signaling pathway in response to S. aureus skin infection and in fracture healing (Wan et al., 2008; Wickersham et al., 2017). HIF signaling is activated in response to hypoxia, a hallmark of many infectious niches, including infected bone (Schaffer and Taylor, 2015; Wilde et al., 2015; Devraj et al., 2017). S. aureus modulates its virulence in response to tissue hypoxia during osteomyelitis, and bacterial responses to hypoxia are critical for staphylococcal survival in bone (Wilde et al., 2015). However, the impact of host hypoxic responses during S. aureus osteomyelitis is unknown. In normoxia, HIF-1α activity is inhibited by the hydroxylation of proline residues within the oxygen-dependent domain of the HIF-1α subunit, which is accomplished by prolyl hydroxylase domain (PHD) proteins (Huang et al., 1998; Ivan et al., 2001; Jaakkola et al., 2001). Following hydroxylation, von Hippel Lindau protein (VHL) polyubiquitinates HIF-1α, targeting it for rapid proteasomal degradation (Wang et al., 1995; Salceda and Caro, 1997; Maxwell et al., 1999). Canonically, the HIF-1α subunit is stabilized in hypoxic environments through inhibition of PHD hydroxylation (Semenza and Wang, 1992; Kaelin and Ratcliffe, 2008). Stabilized HIF-1α heterodimerizes with HIF-1β (aryl hydrocarbon receptor nuclear translocator [ARNT]) and binds with a coactivator CREB-binding protein (CBP) or p300 (Wang et al., 1995; Arany et al., 1996; Ema et al., 1999). The active HIF transcriptional complex regulates a wide range of genes containing hypoxia response elements (HREs), which are principally genes of metabolic and angiogenic pathways (Kaelin and Ratcliffe, 2008).

HIF signaling has the potential to ameliorate bone damage and bacterial burdens during osteomyelitis based on prior investigations in bone biology and, separately, in host-pathogen interactions. Genetic or pharmacologic augmentation of HIF signaling enhances bone formation in response to sterile injury (Wan et al., 2008; Shen et al., 2009; Woo et al., 2015; Deng et al., 2019). Activation of HIF signaling in osteoblasts improves bone formation in part by shifting the metabolism of osteoblasts toward glycolysis and increasing the production of vascular endothelial growth factor (VEGF) (Liu et al., 2012; Regan et al., 2014; Hu and Olsen, 2016). Moreover, activation of HIF signaling in osteoblast-lineage cells has been shown to negatively regulate the formation of bone-resorbing osteoclasts (Wu et al., 2015). HIF-1α is also essential for myeloid inflammatory responses (Cramer et al., 2003). HIF-1α prolongs myeloid cell longevity in the infectious niche and increases production of antimicrobial peptides, cytokines, and reactive oxygen species. Moreover, shifting of the cell metabolism toward a glycolytic state by HIF-1α supports the energetic demands of activated myeloid cells in other models of inflammation (Cramer et al., 2003; Walmsley et al., 2005; Nizet and Johnson, 2009). Furthermore, HIF signaling enhances antibacterial responses in non-professional immune cells such as keratinocytes during S. aureus skin infection (Wickersham et al., 2017). It is therefore possible that HIF signaling has a similar function in bone cells.

As a critical signaling pathway during bone repair and antibacterial immune responses, HIF signaling may represent a tractable pharmacologic target for adjunctive osteomyelitis therapy. In this study, we investigated the impact of HIF signaling in cells of the osteoblast and myeloid lineages. To accomplish this, we used two different Cre recombinase models to conditionally delete Vhl or Hif1a to model states of high and low HIF signaling. Using these genetic models, we studied the role of HIF signaling on bacterial clearance and pathologic changes to bone architecture in a mouse model of S. aureus osteomyelitis.



Materials and methods


Bacterial strains and reagents

An erythromycin-sensitive derivative of USA300 LAC S. aureus (AH1263) was used for in vivo infections and is the parent strain of the toxin-deficient strain used in vitro (Boles et al., 2010). The toxin-deficient strain used in vitro was generated by inactivating spa in LAC Δpsmα1-4::erm (Δpsm), a mutant which has been characterized and used previously (Cassat et al., 2013; Putnam et al., 2019). To generate a double knockout of psmα1–4 and spa, Δspa::Tcr was transduced into Δpsm from Newman Δspa::Tcr (DU5873) with the bacteriophage phi-85 as previously described (Hartleib et al., 2000; Wilde et al., 2015). The double knockout strain (herein referred to as Δpsm/Δspa) limits cell death in in vitro assays and limits potential interference of staphylococcal protein A in downstream, antibody-based assays. The toxin-deficient strain used in all in vitro experiments refers to the Δpsm/Δspa strain. Bacterial growth media and other reagents used are products of MilliporeSigma (Burlington, MA, USA) unless otherwise stated. Bacteria were grown on tryptic soy agar (TSA) or in a shaking incubator at 37°C in tryptic soy broth (TSB). Tetracycline (2 μg/mL) was added for growth of DU5873. Erythromycin (10 μg/mL) was added for growth of the Δpsm and Δpsm/Δspa. Bacteria (Δpsm/Δspa) were grown in RPMI (Corning, Corning, NY, USA) with 10 g/L casamino acids for growth prior to harvesting and concentration of bacterial supernatants as done previously (Wilde et al., 2015). To prepare the bacterial inoculum for in vivo infection, bacteria were grown in TSB overnight at 37°C on an orbital shaker. Then, the overnight bacterial culture was sub-cultured in TSB at a 1:100 dilution for 3 h before centrifuging to pellet the cells and resuspending in phosphate-buffered saline (PBS, Corning) as described previously (Klopfenstein et al., 2021).



Mouse strains

OsxCre (Jackson Labs #006361), Vhlfl/fl (Jackson Labs #012933), and Hif1afl/fl (Jackson Labs #007561) mice were purchased from Jackson Labs (Bar Harbor, ME, USA) (Ryan et al., 2000; Haase et al., 2001; Rodda and McMahon, 2006). LysMCre+/+ (Jackson Labs #004781) mice were obtained from Dr. Carlos H. Serezani (Clausen et al., 1999). Cre mice and mice containing floxed alleles were crossed in combination to generate conditional knockout mice: Vhlfl/fl, OsxCre+ (VhlΔOB); Hif1afl/f, OsxCre+ (Hif1aΔOB); Vhlfl/fl, LysMCre+/- (VhlΔMyeloid); and Hif1afl/f, LysMCre+/- (Hif1aΔMyeloid). Thus, the LysMCre conditional knockout mice contained one wildtype Lyz2 allele and one nonfunctional Lyz2 allele due to the insertion of cre into the transgenic copy of Lyz2. The OsxCre mice were maintained with only one copy of the bacterial artificial chromosome with the cre-containing allele. Cre-negative littermate controls consisted of mice with corresponding homozygous or heterozygous floxed alleles, as shown in the figure legends, and no copy of cre. Some experiments, specified in figure legends, use a control set from a combination of homozygous and heterozygous floxed mice (fl/fl and fl/+). In these experiments, the homozygous and heterozygous control combination uniformly lacked cre and showed no phenotypic differences (data not shown). In some studies, age-matched, Cre-positive controls were used, as noted in figure legends, that were either OsxCre+ (hemizygous) or LysMCre+/- (heterozygous). Mice bred in the OsxCre-containing colonies were maintained on 2 mg/mL doxycycline water to suppress Cre activity. For experiments, mice in the OsxCre-containing colonies had doxycycline withdrawn at postnatal age 4 weeks except when noted otherwise. The progeny used in experiments were ear-punched and genotyped by Transnetyx, Inc. (Cordova, TN, USA), using RT-PCR.



Murine model of osteomyelitis

All experiments involving animals were reviewed and approved by the Institutional Animal Care and Use Committee at Vanderbilt University Medical Center on protocols M12059 and M1800055. All experiments were performed according to NIH guidelines, the Animal Welfare Act, and US federal law. Osteomyelitis was induced in 7- to 8-week-old mice as described previously (Cassat et al., 2013). Anesthesia was maintained with isoflurane (1-5%). Briefly, the anterolateral surface of the femur was exposed, and an approximately 1-mm unicortical bone defect was created by trephination of bone near the mid-diaphysis to access the medullary space. After accessing the medullary space, 106 colony forming units (CFU) of S. aureus in 2 μL PBS were directly inoculated into the intramedullary space. In a subset of experiments, 105 CFU were inoculated, as noted. Peri-operative analgesia was provided pre-operatively and every 8–12 h for 48 h post-infection [buprenorphine 0.05–0.1 mg/kg (Reckitt Benckiser, Slough, England, UK)] or pre-operatively as a slow-release formula [buprenorphine-SR 1 mg/kg (ZooPharm, Laramie, WY, USA)] as described previously (Putnam et al., 2019; Ford et al., 2021). For the first 72 h post-infection, mice were monitored and weighed daily. Following 72 h post-infection, mice were weighed and monitored at twice weekly intervals, at a minimum. The infection was continued for up to 14 days. In consultation with the veterinary staff, mice that experienced greater than 20% weight loss were euthanized as a humane endpoint. These mice were excluded from studies. Mice were euthanized by CO2 asphyxiation with cervical dislocation as secondary confirmation.



Quantification of bacterial burdens

At post-infection days 3, 5, or 14, mice were euthanized, and bacterial burdens were analyzed as reported previously (Putnam et al., 2019). The femurs were dissected using sterile technique and homogenized in 500 μL CelLytic Buffer MT Cell Lysis Reagent (MilliporeSigma) using a BulletBlender and NAVY lysis tubes (Next Advance, Inc., Troy, NY, USA). The homogenates were serially diluted in PBS and plated for CFU enumeration on TSA plates.



Quantification of cytokine abundances in femurs

Following homogenization as performed for quantification of bacterial burdens, homogenates of infected and contralateral femurs were analyzed using a Millipore Luminex multiplexed cytokine kit (MCYTOMAG-70K, MilliporeSigma) according to manufacturer’s instructions. Cytokines below the limit of detection for all experimental conditions or with insufficient bead counts were excluded from analysis. Bulk protein was used to normalize cytokine concentration measurements using Pierce BCA Protein Assay Kit (ThermoFisher Scientific, Waltham, MA) following manufacturer instructions.



Analysis of bone architecture by microcomputed tomography

Microcomputed tomography (microCT) was used to measure changes in cortical and trabecular bone as previously reported (Cassat et al., 2013; Putnam et al., 2019). Following euthanasia at post-infection day 14, dissected femurs were scanned using a microCT 50 (Scanco Medical, Switzerland) at 10-μm voxel size at 70 kV, 200 μA, and an integration time of 350 ms in a 10.24-mm view, resulting in 1088 slices of the femur that included the diaphysis and the distal metaphysis. Scans were analyzed using microCT V6.3–4 software (Scanco USA, Inc., Wayne, PA, USA).

Cortical bone destruction was measured by drawing contours around the endosteal and periosteal surfaces for 818 slices surrounding the cortical defect as done previously (Putnam et al., 2019). In VhlΔOB (Vhlfl/fl, OsxCre+) mice and their Cre-negative littermate controls, cortical bone loss was measured by drawing contours along the periosteal surface for 409 slices surrounding the cortical defect in the infected femur and 409 slides surrounding the corresponding mid-diaphysis in the contralateral femurs. For VhlΔOB mice and their Cre-negative littermate controls, cortical bone loss is presented as normalized cortical bone loss. Normalized cortical bone loss was calculated by dividing the quantified cortical bone loss per total contoured volume in the infected femur by the same calculated value in the contralateral femur of the given animal. This alternative approach was used to limit the confounding influence of trabecularization of cortical bone in the VhlΔOB mice, as has been noted previously (Dirckx et al., 2018). This normalization also accounts for artifacts from increased vascularity in the cortical bone of VhlΔOB mice that may be falsely measured as infection-mediated bone loss. Trabecular bone volume per total volume (BV/TV) was measured as done previously (Putnam et al., 2019). Briefly, trabecular bone (excluding cortical bone) in the distal metaphysis of the femur was analyzed across 101 slices 300 μm (30 slices) from the growth plate to measure BV/TV.



Bone histomorphometry

Following microCT scanning, femurs were analyzed for osteoclast abundance in the distal metaphyseal trabecular bone using histomorphometry, as done previously (Putnam et al., 2019). Femurs were decalcified in 20% EDTA for 3 days, paraffin embedded, and sectioned on a Leica RM2255 microtome (Leica Biosystems, Buffalo Grove, IL, USA) at a thickness of 4 μm. Sections were stained for tartrate-resistant acid phosphatase (TRAP) with hematoxylin counterstain. TRAP-stained slides were imaged with a Leica SCN400 Slide Scanner (Leica Biosystems) in brightfield at 20X or on a Cytation 5 Imaging System [BioTek Instruments, Winooski, VT, USA] in brightfield at 10X and analyzed with Bioquant software (Bioquant Image Analysis Corporation, Nashville, TN, USA). Bioquant software was used to measure osteoclast number, osteoclast surface, and bone surface in the trabeculae of the distal metaphysis of the femur proximal to the growth plate on the TRAP-stained slides. According to ASBMR standards (Dempster et al., 2013), osteoclast number, osteoclast surface, and bone surface were measured to calculate osteoclast number per bone surface (N.Oc/BS) and osteoclast surface per bone surface (Oc.S/BS).



Concentration of bacterial supernatants

Bacterial supernatants for Δpsm/Δspa were prepared as done previously (Wilde et al., 2015). In brief, supernatants from overnight cultures of bacteria grown in RPMI supplemented with 10 g/L casamino acids were centrifuged in Amicon® Ultra 3 kDa molecular weight cutoff filter tubes (MilliporeSigma) to concentrate 45 mL to approximately 1.5 mL. Filter-sterilized, concentrated supernatants were aliquoted and stored at -80°C until thawed for use in in vitro experiments.



Primary osteoblast isolation

Primary calvarial osteoblasts were obtained from neonatal Vhlfl/fl mice as described previously (Johnson et al., 2014). Briefly, calvariae were dissected from 24- to 48-h-old mice and digested five times in dispase (MilliporeSigma) and type II collagenase (MilliporeSigma). Digest fractions 2-5 were pooled and plated on tissue-culture treated 10-cm dishes (Corning) in α-minimal essential media (α-MEM; Gibco #A1049001; ThermoFisher Scientific) containing 10% fetal bovine serum (FBS; Bio‐Techne) and 1x penicillin/streptomycin (ThermoFisher Scientific). At near confluency, the cells were passaged in 0.25% trypsin with 2.21 mM EDTA (Corning) to 24-well plates for experiments and maintained in α-MEM with 10% FBS and 1x penicillin/streptomycin.



Adenovirus infection and bacterial stimulation

Primary calvarial osteoblasts were treated with adenovirus (Vector Biolabs, Malvern, PA, USA) containing green fluorescent protein (GFP) or adenovirus containing Cre recombinase and GFP (AdGFP or AdCre, respectively) at a multiplicity of infection of 100. Three days following infection with adenovirus, the media was removed and replaced with fresh media containing 5% (v/v) bacterial supernatants from Δpsm/Δspa S. aureus. The vehicle control for bacterial supernatants was RPMI media (Corning) containing 10 g/L casamino acids (MilliporeSigma). 6 h following bacterial supernatant exposure, cells were washed in PBS and lysed in RLT buffer (Qiagen Sciences, Germantown, MD, USA) containing 1% (v/v) β-mercaptoethanol (MilliporeSigma).



RT-PCR

RNA was isolated from primary osteoblasts using the RNeasy Mini Kit (Qiagen Sciences) according to manufacturer’s instructions with on-column treatment with RNase-Free DNase (Qiagen Sciences). Following isolation, cDNA was synthesized using qScript™ cDNA SuperMix (QuantaBio, Beverly, MA, USA) according to manufacturer’s instructions. RT-PCR was conducted in a thermocycler using diluted cDNA, with primers as shown (Table 1), and iQ SYBR Green Supermix (Bio-Rad, Hercules, CA, USA) for up to 40 cycles with a melting temperature of 55°C. Fold change in gene expression was determined by normalizing the threshold values (CT) by the vehicle (RPMI)-AdGFP condition according to the 2-ΔΔCT method as described previously (Schmittgen and Livak, 2008).


Table 1 | Primer sequences used for RT-PCR.



In a separate experiment, whole bone marrow was isolated from VhlΔMyeloid mice and their controls (age-matched LysMCre+/- mice and littermate Vhlfl/fl mice) and differentiated into bone marrow-derived macrophages using methods previously published (Putnam et al., 2019). Using identical methods for RNA isolation from the primary osteoblasts, RNA from the differentiated bone marrow-derived macrophages was isolated, and RT-PCR was performed using the primers for Vhl and Actb (Table 1) and quantified using the 2-ΔΔCT method.



Statistical analysis

Differences in post-infection weights, trabecular bone microCT analysis, histomorphometry measurement of osteoclasts in vivo, and RT-PCR following AdCre treatment were assessed by two‐way analysis of variance (ANOVA) with correction for multiple comparisons as noted in the figure legends. The analyzed variables for each two-way ANOVA are defined in figure legends. Differences in trabecular bone microCT analysis in Figure 3C were assessed by two-tailed, paired t-test. Differences in bacterial burdens were generally assessed by two-tailed, unpaired Student’s t‐test. Bacterial burdens in Figure 5C were compared by one-way ANOVA, with the analyzed variable being bacterial burdens as Log10(CFU/mL). Bacterial burdens in Figure 1C were compared by two-way ANOVA with multiple comparisons. Differences in cortical bone loss and Vhl transcription in bone marrow-derived macrophages were assessed by two-tailed, unpaired Student’s t‐test. A p value of 0.05 was considered significant for all analyses. All statistical analyses were performed with GraphPad Prism Version 9.3.1 (GraphPad Software, LLC, San Diego, CA, USA).




Figure 1 | Conditional knockout of Hif1a or Vhl in the osteoblast lineage does not impact bacterial burdens. Bacterial burdens in infected femurs of female Hif1aΔOB (A) and VhlΔOB (B) mice were measured at post-infection day 14 (n=7-10, as shown). The bacterial burdens were compared to those of Cre-negative littermate controls that were homozygous for the respective floxed alleles. ns denotes not significant (p > 0.05) as determined by unpaired, two-tailed Student’s t-tests. (C) Bacterial burdens of VhlΔOB mice were measured at post-infection day 3 and day 5. The bacterial burdens of conditional knockout mice were compared to those of Vhlfl/fl littermate controls (n=5-7 female mice as shown). The relative weights of the corresponding infected animals analyzed in (A, B) are shown in (D, E), respectively. The weights were measured daily and normalized to the pre-operative, uninfected animal weights before comparison by two-way ANOVA with multiple comparisons. The weights of Hif1aΔOB mice (D) were not found to significantly differ (not shown) from those of controls. Error bars represent mean ± SEM. *p < 0.05 as determined by two‐way analysis of variance (ANOVA) with multiple comparisons (C-E). CFU, colony forming units.






Results


Conditional knockout of Vhl or Hif1a in osteoblast-lineage cells does not alter bacterial burdens at post-infection day 14

Osteoblast-lineage conditional deletion of Vhl or Hif1a was achieved through Cre-lox breeding employing OsxCre mice and Vhlfl/fl or Hif1afl/fl mice, respectively. The OsxCre model employs a transgene that enables suppression of Cre-mediated conditional deletion of floxed alleles through a Tet-off system (Rodda and McMahon, 2006). With this transgene, doxycycline in the water suppresses Cre recombinase expression and activity to delay conditional gene deletion. Prior studies have demonstrated that constitutively active deletion of Vhl in osteoblasts causes profound changes in bone architecture (Wang et al., 2007; Dirckx et al., 2018). To limit baseline differences in bone architecture that may impact bacterial clearance, doxycycline was administered to delay onset of Cre-mediated gene deletion. Based on previously published studies using the OsxCre mouse line (Hu and Olsen, 2016), Cre activity was suppressed with continuous doxycycline exposure during in utero and early postnatal development until postnatal age 4 weeks, when doxycycline was withdrawn. Following 3 to 4 weeks of doxycycline washout and Cre activation, the infection took place at postnatal age 7 to 8 weeks of age.

Bacterial burdens recovered from infected femurs of female Hif1aΔOB or VhlΔOB mice did not differ from their respective littermate controls that lack the OsxCre transgene (Figures 1A–C). Over the course of infection, the relative weight loss did not significantly differ between Hif1aΔOB mice and controls (Figure 1D). The relative weight loss in VhlΔOB mice significantly differed from that of controls at early time points (Figure 1E), though the differences were modest. To account for potential sex-dependent differences, parallel data were obtained for male mice, and no significant differences were observed for day 14 post-infection bacterial burdens or post-infection weights (Figure S1). Importantly, in the data obtained in male VhlΔOB mice and controls, the weights did not differ from Cre-negative littermate controls at early time points.

Because the weights statistically differed at early time points in female VhlΔOB mice, bacterial burdens were investigated at additional time points post-infection to determine if transient differences in antibacterial responses were present. Post-infection days 3 and 5 were selected because these days represent critical times for control of bacterial burdens in prior studies in our laboratory (Putnam et al., 2019). At both days 3 and 5 post-infection, the bacterial burdens in VhlΔOB mice did not differ from controls (Figure 1C), suggesting that no substantial differences exist for bacterial burden control in these mice. Combined, the data from CFU enumeration and post-infection weights suggest that conditional knockout of Hif1a or Vhl in osteoblast-lineage cells does not substantially alter bacterial burdens in this model of S. aureus osteomyelitis.

Given the absence of differences in bacterial burdens when delivering doxycycline until postnatal age 4 weeks, we investigated bacterial burdens in mice with an extended washout of doxycycline. Consistent with prior publications (Wang et al., 2007; Dirckx et al., 2018), VhlΔOB mice with doxycycline withdrawal at postnatal age 1 week demonstrated greater baseline differences in trabecular bone compared to VhlΔOB mice with doxycycline withdrawal at postnatal age 4 weeks (Figure S2). These data support the prior studies and confirm the expected phenotype of the conditional mutants. To test the impact of bacterial burdens on mice with an extended washout of doxycycline, doxycycline was withdrawn at postnatal age 1 week, and infections took place at postnatal age 7-8 weeks. Similar to findings with withdrawal of doxycycline at postnatal age 4 weeks, no differences in bacterial burdens were observed in infected femurs of mice with withdrawal of doxycycline at postnatal age 1 week (Figure S3A, C, E). Similarly, no differences were observed in post-infection weights over the course of the infection (Figure S3B, D, F). Thus, further studies focused on doxycycline administration until postnatal age of 4 weeks to limit impacts on baseline bone volume.



Osteoblast-lineage knockout of Vhl limits trabecular bone loss during S. aureus osteomyelitis

After finding that the bacterial burdens of osteoblast-lineage conditional knockout mice did not differ from those of controls, we tested the impact of osteoblast-lineage deletion of Hif1a on changes to bone architecture incurred during infection. To do this, we performed microCT on infected femurs and the corresponding uninfected, contralateral femurs. In previous studies, we have observed osteoclast-mediated changes in trabecular bone volume between the infected and contralateral femurs in response to S. aureus osteomyelitis (Putnam et al., 2019). The distal metaphyseal trabecular bone was therefore analyzed to determine the bone volume per total volume (BV/TV). In Hif1aΔOB mice, the trabecular BV/TV did not differ from those of genotypic controls. Consistent with prior studies, the infection-induced decline in BV/TV was present in both the Hif1aΔOB mice as well as the Cre-negative littermate controls (Figure 2A). While BV/TV was not different between Hif1aΔOB mice and Cre-negative littermate controls, trabecular BV/TV was markedly increased in VhlΔOB mice compared to Cre-negative littermate controls (Figure 2B). The dramatic increase in trabecular BV/TV has been reported previously and supports the appropriate activity of the Cre-recombinase (Wang et al., 2007; Dirckx et al., 2018). Furthermore, when measuring changes in BV/TV in response to infection, no difference in trabecular bone loss was observed relative to the contralateral limb in VhlΔOB mice (Figure 2B). The Cre-negative littermate control group demonstrated significant loss of BV/TV during infection between the infected and contralateral femurs (Figure 2C). Representative cross-sections through the distal metaphysis are shown in Figure S4A and include both the cortical shell and the internal trabecular bone that is analyzed for trabecular BV/TV. These data suggest that loss of osteoblast-lineage Hif1a does not impact S. aureus-mediated changes in trabecular BV/TV during infection, but loss of osteoblast-lineage Vhl limits infection-mediated decreases in trabecular BV/TV during S. aureus osteomyelitis.




Figure 2 | VhlΔOB mice do not lose trabecular bone volume during osteomyelitis. (A) Trabecular bone volume per total volume (BV/TV) in Hif1aΔOB mice and Hif1afl/fl littermate control mice (n=8-9) was measured in the distal metaphysis of infected and contralateral femurs using microCT. (B) BV/TV was measured in the infected and contralateral distal metaphyses of femurs in VhlΔOB mice and Vhlfl/fl littermate control mice (n=7-10). Squares represent males, and circles represent females; *p < 0 .05, **p < 0.01, and ns denotes not significant (p > 0.05) as determined by two‐way analysis of variance (ANOVA) (A, B). Comparison of bracketed genotypes refers to two-way ANOVA comparison of genotypes as a whole without multiple comparisons by laterality of femur, denoted with ****p < 0.0001. (C) The data from Vhlfl/fl littermate control mice (n=10) analyzed in (B) are shown in an enlarged graph with lines denoting paired contralateral and infected femurs. ***p < 0.001, as determined by paired, two-tailed Student’s t-test. (D) Volume of cortical bone loss in the infected femur in Hif1aΔOB or Hif1afl/fl littermate control mice (n=8) was determined using microCT at post-infection day 14. Squares represent males, and circles represent females. (E) Cortical bone loss at post-infection day 14 in the infected femurs of n=5-7 male VhlΔOB or Vhlfl/fl littermate control mice was determined using microCT and is expressed as a normalized ratio relative to equivalent analysis performed on the contralateral femur. ns denotes not significant (p > 0.05) as determined by unpaired, two-tailed Student’s t-test (D, E). Error bars represent mean ± SEM.



In addition to analyzing changes in trabecular bone, cortical bone loss was also measured by microCT. As shown in Figure S4A, cortical bone thinning was present in both VhlΔOB mice and Vhlfl/fl mice. However, measurement of cortical bone loss in VhlΔOB mice was more difficult compared to analyses of control mice. Prior studies have identified that cortical bone is trabecularized (with gaps in the cortical shell) along the diaphysis in VhlΔOB mice, most prominently near the metaphyses (Dirckx et al., 2018). Therefore, methods for cortical bone analysis were altered for this genotype to limit the potential falsely elevated measurement of cortical bone lysis caused by trabecularized cortical bone. Namely, the area of analysis for cortical bone lysis was confined to a central region of the diaphysis that excluded the metaphyseal area where trabecularized cortical bone is most prevalent. The cortical bone analysis was performed on the equivalent region of the contralateral femur. The value of the measured bone trabecularization on the contralateral limb was then used to normalize the measured lysis in the infected limb. This modification was used for both the VhlΔOB mice and the Vhlfl/fl littermate control mice. MicroCT reconstructions of representative femurs from VhlΔOB mice and controls are shown (Figure S4B). For the standard analysis in the Hif1aΔOB mice and for modified analysis in the VhlΔOB mice, cortical lysis was not found to significantly differ between the conditional knockout mice and their Cre-negative littermate controls, respectively (Figures 2D, E).

Recognizing that injury itself may contribute to trabecular bone loss, we investigated changes in trabecular BV/TV following sterile injury (mock infection). Animals were subjected to the same procedure used to induce osteomyelitis except that sterile PBS was injected into the medullary space instead of S. aureus. Following mock infection, no changes were observed in the trabecular BV/TV between the injured and contralateral femurs of VhlΔOB mice (Figure S5). Similarly, no changes were observed between the injured and contralateral femurs of Cre-negative littermate control mice (Figure S5). These data suggest that trabecular bone loss occurs to a greater extent in infected femurs compared to mock-infected femurs.



Conditional knockout of Vhl in osteoblast-lineage cells limits infection-induced increases in osteoclasts in vivo and alters RANKL-OPG signaling in vitro

Previous studies revealed that trabecular bone loss during S. aureus osteomyelitis is associated with an increase in osteoclasts in trabecular bone (Putnam et al., 2019). To better understand why trabecular BV/TV loss is decreased in infected VhlΔOB mice, we performed histomorphometry on bone sections from infected mice to measure the abundance of osteoclasts. VhlΔOB mice demonstrated a decreased number of osteoclasts and osteoclast surface per bone surface compared to controls (age-matched OsxCre+ mice lacking the Vhl floxed alleles and Vhlfl/fl littermate control mice) (Figures 3A–D). Representative images of TRAP-stained trabecular bone in infected and contralateral femurs of VhlΔOB mice and Vhlfl/fl littermate control mice are shown in Figure S6. Loss of Vhl in the osteoblast lineage therefore limits osteoclast abundance in trabecular bone during S. aureus osteomyelitis in vivo.




Figure 3 | Fewer osteoclasts are present in trabecular bone of VhlΔOB mice during osteomyelitis. (A) Bone histomorphometry was performed on trabecular bone in the distal metaphysis of infected and contralateral femurs for male VhlΔOB mice (n=4) and Vhl+/+, OsxCre+ mice (age-matched, n=4) in order to quantify osteoclast surface per bone surface (Oc.S/BS), expressed as a fraction. ***p < 0.001, ****p < 0.0001, and ns denotes not significant (p > 0.05) as determined by two‐way analysis of variance (ANOVA) with correction for multiple comparisons. (B) Equivalent analysis of sections analyzed in (A) were performed to measure the number of osteoclasts per bone surface (N.Oc/BS). (C, D) In an independent experiment evaluating male VhlΔOB mice (n=5), littermate Vhlfl/fl (Cre-negative) control mice (n=7) were used instead of the age-matched control mice to evaluate Oc.S/BS (C) and N.Oc/BS (D). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns denotes not significant (p > 0.05) as determined by two‐way ANOVA with correction for multiple comparisons (A-D). Straight lines refer to comparison between contralateral and infected femurs in each genotype; comparison between bracketed groups refers to two-way ANOVA comparison of genotypes as a whole without multiple comparisons by laterality of femur. (E-G) Vhlfl/fl primary osteoblasts were treated with AdCre or AdGFP (vehicle control) to induce knockout of Vhl. Following manipulation with AdCre or AdGFP, cells were treated with toxin-deficient (Δpsm/Δspa USA300 S. aureus) bacterial supernatant or RPMI (vehicle control). (E) Fold change in Tnfsf11 (RANKL) is shown relative to Tnfrsf11 (OPG) using the 2-ΔΔCT method and normalized to the RPMI-AdGFP condition. Fold changes in transcription of Vhl (F) and Sp7 (Osx) (G) relative to the control gene Actb are shown as determined by the 2-ΔΔCT method and normalized to the RPMI-AdGFP condition. *p < 0.05, ****p <0 .0001, and ns denotes not significant (p >0.05) as determined by two‐way ANOVA of the log-transformed fold changes in gene expression (E-G). Straight lines refer to comparison between RPMI and bacterial supernatant in each adenovirus-treated group; bracketed groups refer to two-way ANOVA comparison between AdGFP- and AdCre-treated cells as a whole without multiple comparisons by specific bacterial treatment groups. n=4 independent replicates, each with 3 technical replicates of cells. AdGFP, adenovirus containing GFP; and AdCre, adenovirus containing Cre recombinase and GFP. Error bars represent mean ± SEM.



Conditional deletion of negative regulators of HIF signaling upstream of VHL has previously been shown to alter the receptor activator of NF-κB ligand (RANKL)-osteoprotegerin (OPG) signaling axis (Wu et al., 2015). One of the primary ways that osteoblast-lineage cells impact osteoclast abundance is through this RANKL-OPG signaling axis (Teitelbaum, 2000). During S. aureus osteomyelitis, osteoblast RANKL is increased, which facilitates bone loss (Mbalaviele et al., 2017). We previously found that S. aureus supernatants are potently cytotoxic to osteoblasts, and this cytotoxicity is dependent on α-type phenol-soluble modulins (PSMα) (Cassat et al., 2013). To understand if the RANKL-OPG signaling axis impacts differences in observed osteoclast numbers during S. aureus osteomyelitis, in vitro studies were performed in which osteoblasts were treated with toxin-deficient S. aureus supernatants that lack the α-type PSMs. To investigate how loss of Vhl in osteoblast-lineage cells modifies RANKL activity relative to that of OPG, we used an adenovirus vector to deliver Cre recombinase to Vhlfl/fl osteoblasts. Adenoviruses containing green fluorescent protein (AdGFP, vehicle control) or Cre recombinase and GFP (AdCre) were used to transfect Vhlfl/fl osteoblasts in vitro (Dirckx et al., 2018). Transfection with AdCre causes deletion of the floxed Vhl exon resulting in knockout. Following transfection with AdGFP or AdCre, osteoblasts were stimulated with toxin-deficient bacterial supernatants. Reverse transcription-polymerase chain reaction (RT-PCR) was used to assess changes in Tnfsf11 (RANKL) transcription relative to Tnfrsf11b (OPG) transcription. When analyzed by multiple comparisons with correction, toxin-deficient supernatants from S. aureus significantly increased the transcription of the gene for RANKL relative to that of OPG in the AdGFP group but not in the AdCre group in which Vhl is knocked out (Figure 3E). By two-way ANOVA, the comparison between AdGFP and AdCre groups was analyzed without discrimination between the bacterial treatment subsets and had a p-value of 0.0549 (Figure 3E). In these experiments, transcription of Vhl was also analyzed to confirm that Cre-mediated deletion significantly reduced Vhl transcription (Figure 3F). Moreover, Sp7 (Osx) transcription was transcribed in all conditions and did not differ between groups (Figure 3G). Taken together, these data suggest that Vhl deletion in osteoblasts diminishes S. aureus-mediated increases in the transcription of Tnfsf11 (RANKL) relative to Tnfsf11b (OPG).



Conditional knockout of Vhl or Hif1a in myeloid cells does not alter bacterial burdens during osteomyelitis

To better understand the impact of HIF signaling in response to S. aureus osteomyelitis, we next focused on the myeloid lineage, which gives rise to bone-resorbing osteoclasts and innate immune cells such as neutrophils and macrophages. To test the impact of myeloid cell HIF signaling on antibacterial responses and maintenance of bone architecture during S. aureus osteomyelitis, a second set of conditional knockout mice was generated. Using LysMCre and the corresponding floxed Hif1afl/fl and Vhlfl/fl alleles, myeloid-lineage conditional knockouts of Hif1a (Hif1afl/fl, LysMCre+/-; Hif1aΔMyeloid) and Vhl (Vhlfl/fl, LysMCre+/-; VhlΔMyeloid) were generated and subjected to S. aureus osteomyelitis. Unlike the OsxCre mouse, this LysMCre model does not incorporate a repressor or inducer. Therefore, the Cre recombinase is active throughout in utero and postnatal development. Because the LysMCre-mediated conditional knockout mice do not exhibit a substantial bone phenotype that confirms Cre activity (data not shown), bone marrow-derived macrophages were isolated from VhlΔMyeloid mice and control mice. Vhl transcript levels were measured to compare the efficiency of the Cre-mediated knockout. VhlΔMyeloid mice exhibited significantly decreased (77.4% mean reduction, 95% confidence interval of 61.0-87.9%) Vhl mRNA transcript levels compared to those from cells of control mice, confirming the efficient activity of the Cre recombinase with the LysMCre model (Figure S7).

Bacterial burdens in Hif1aΔMyeloid and VhlΔMyeloid mice and their respective controls were assessed to understand the impact of myeloid HIF-1α and VHL on antibacterial responses. As observed with conditional knockout in the osteoblast lineage, bacterial burdens at post-infection day 14 did not differ between Hif1aΔMyeloid and VhlΔMyeloid mice and their respective control mice (Figures 4A–C). These data further support that myeloid-lineage conditional knockout of Hif1a or Vhl does not substantially alter bacterial clearance at day 14 post-infection.




Figure 4 | Myeloid-lineage conditional knockout of Hif1a or Vhl does not alter bacterial burdens during S. aureus osteomyelitis. (A) Day 14 post-infection bacterial burdens from infected femurs of female VhlΔMyeloid mice or Cre-negative controls composed of both Vhlfl/fl and Vhlfl/+ littermates (n=7-9). (B) Day 14 post-infection bacterial burdens from infected femurs of Hif1aΔMyeloid mice and Cre-negative controls, which are composed of both Hif1afl/fl and Hif1afl/+ littermates. Mice (n=7-8) are female except for those marked with blue squares, which represent data from male mice. (C) Day 14 post-infection bacterial burdens from infected femurs of male and female (as labeled) age-matched LysMCre+/- mice (n=4) that do not contain floxed alleles are shown along with the data displayed in (A, B) for comparison between all groups. (D) Bacterial burdens were determined in the infected femurs of VhlΔMyeloid mice and Cre-negative littermate controls (Vhlfl/fl or Vhlfl/+) at day 5 post-infection (n=9). (E) The relative post-infection weights corresponding to the experiment shown in (D) are shown relative to the pre-infection starting weight; (n=4-5 from first half of mice in the experiment—when weights were measured daily). Relative post-infection weights do not differ between genotypes as compared by two-way analysis of variance (ANOVA). (F) Bacterial burdens were determined in the infected femurs of VhlΔMyeloid and Cre-negative littermate controls (Vhlfl/fl) at day 14 post-infection following infection with a lower inoculum of 105 CFU. Error bars represent mean ± SEM, and ns denotes difference did meet the p < 0.05 standard for significance as determined by unpaired, two-tailed Student’s t-tests (A, B, D, F) or one-way ANOVA (C). CFU=colony forming units.



Prior studies have shown that Vhl inactivation improves myeloid cell longevity and bacterial phagocytosis (Walmsley et al., 2006). Therefore, we further explored bacterial burdens at earlier time points when phagocytes are interacting with S. aureus at the time of abscess formation. In prior studies, we have shown that post-infection day 5 coincides with bacterial control in our model (Putnam et al., 2019). Therefore, bacterial burdens at day 5 post-infection were measured to determine if transient changes occurred early during infection. Bacterial burdens were not found to differ between VhlΔMyeloid mice and Cre-negative littermate controls at day 5 post-infection (Figure 4D). Moreover, the weights at the early timepoints during this study did not significantly differ, further supporting the notion that no meaningful differences in systemic infection responses occurred (Figure 4E). In a subsequent experiment, a reduced bacterial inoculum (105 CFU) was delivered with the hypothesis that an inoculum of 106 CFU may overwhelm antibacterial responses. Bacterial burdens between VhlΔMyeloid mice and Cre-negative littermate control mice did not differ with the lower inoculum, indicating that Vhl conditional knockout in the myeloid lineage does not significantly alter bacterial clearance during S. aureus osteomyelitis (Figure 4F). Overall, these data suggest that conditional deletion of Hif1a or Vhl in myeloid cells does not affect bacterial burdens during osteomyelitis.



Conditional knockout of Vhl in myeloid cells enhances bone loss during S. aureus osteomyelitis

After confirming that bacterial burdens do not significantly differ during S. aureus osteomyelitis following genetic ablation of Hif1a or Vhl in the myeloid lineage, we next tested the impact of these conditional knockouts on pathologic changes to bone architecture. Active HIF signaling in myeloid-lineage cells has been shown to increase proinflammatory (and pro-osteoclastogenic) cytokines in other models of inflammation (Nizet and Johnson, 2009; Mbalaviele et al., 2017). Thus, we investigated the impact of myeloid-lineage conditional knockouts of Hif1a or Vhl on pathologic changes to bone architecture using microCT at day 14 post-infection. In VhlΔMyeloid mice, average BV/TV in the trabecular bone of both femurs was decreased compared to trabecular BV/TV in both femurs of Cre-negative littermate control mice (Figure 5A). In addition to assessing genotype as a variable by two-way ANOVA, BV/TV of the infected limbs was compared to that of the contralateral limbs as the second variable of the ANOVA. We observed a significant decrease in BV/TV in infected femurs relative to that of contralateral femurs in both VhlΔMyeloid and Cre-negative littermate control mice (Figure 5A). In Hif1aΔMyeloid mice, BV/TV in trabecular bone did not differ between the Hif1aΔMyeloid mice and the Cre-negative littermate controls by genotype, and again, the data showed a significant decrease in BV/TV in the infected femurs of both genotypes relative to the contralateral femur (Figure 5B). For Hif1aΔMyeloid mice, female mice were also assessed and showed similar results to those of the males (Figure S8). Therefore, conditional knockout of Hif1a does not impact trabecular bone changes. On the contrary, VhlΔMyeloid mice have a modest, yet significant, reduction in trabecular BV/TV compared to that of Cre-negative littermate controls following S. aureus osteomyelitis.




Figure 5 | Conditional knockout of Vhl in myeloid cells slightly decreases trabecular bone volume during S. aureus osteomyeltis. (A) Trabecular bone volume per total volume (BV/TV) in VhlΔMyeloid mice and Cre-negative littermate Vhlfl/fl or Vhlfl/+ control mice (n=7-8, male) at post-infection day 14 was measured in the distal metaphysis of infected and contralateral femurs. The differences between the groups were compared by two-way analysis of variance (ANOVA), which revealed that the genotypes (two bracketed groups) significantly differ. (B) Trabecular BV/TV in Hif1aΔMyeloid mice and littermate Hif1afl/fl control mice (n=5-8, male) at post-infection day 14 was measured in the distal metaphysis of infected and contralateral femurs. The genotypes (two bracketed groups) did not significantly differ (ns) as compared by two-way ANOVA. (C) The BV/TV in VhlΔMyeloid mice and littermate Vhlfl/fl control mice (n=4, male) at post-injury day 14 was measured in the trabecular bone of the distal metaphysis of mock-infected and contralateral femurs. Injury significantly reduced BV/TV compared to contralateral femurs (p < 0.05, not depicted; ns by multiple comparisons within genotypes by two-way ANOVA with correction for multiple comparisons). The genotypes (bracketed groups) did not significantly differ as compared by two-way ANOVA. (D) Osteoclast surface per bone surface (Oc.S/BS) is expressed as a fraction from bone histomorphometry performed on trabecular bone in the distal metaphysis of infected and contralateral femurs for male VhlΔMyeloid mice (n=5) and Cre-negative littermate Vhlfl/fl mice (n=5). The measurements for the infected and contralateral femurs are statistically different (p < 0.01), and the genotypes do not significantly differ by two‐way ANOVA. With correction for multiple comparisons, the measurements of the infected and contralateral limbs do not reach significance for the Cre-negative littermate but do for the VhlΔMyeloid mice. (E) Parallel analysis of sections analyzed in (D) were performed to measure the number of osteoclasts per bone surface (N.Oc/BS). The measurements for the infected and contralateral limbs are statistically different (p < 0.05), and the genotypes do not significantly differ by two‐way ANOVA. With correction for multiple comparisons, the measurements of the infected and contralateral limbs do not reach significance. (F, G) The volume of cortical bone loss in male VhlΔMyeloid (F) or Hif1aΔMyeloid (G) mice and respective littermate controls at post-infection day 14 was assessed by microcomputed tomography (n=5-8). *p < 0.05, **p < 0.01, ***p < 0.001, and ns denotes difference did not meet the p < 0.05 standard for significance as determined by two‐way ANOVA with correction for multiple comparisons of the infected (or mock infected) and contralateral limbs for each genotype individually (A-D, G), or as determined by unpaired, two-tailed Student’s t-test (E, F). P-values between bracketed groups of data refer to two-way ANOVA assessment of genotype as a variable without multiple comparisons by laterality (infected vs. contralateral) of femur (A-D, G). Error bars represent mean ± SEM.



To better understand why differences in trabecular BV/TV exist between VhlΔMyeloid mice and Cre-negative littermate control mice following infection, animals were mock infected and analyzed for changes in BV/TV after 14 days. In the mock-infected mice, the differences in BV/TV between genotypes were not present, unlike observations in the setting of infection (Figure 5C). The injury itself in mock-infected animals caused a significant difference in trabecular BV/TV compared to the contralateral limbs by two-way ANOVA; although, this difference was not present within genotypes by multiple comparisons (Figure 5C). Another possible reason for decreases in trabecular BV/TV in infected VhlΔMyeloid mice relative to BV/TV measurements in control mice could be increased inflammation at the site of infection. To test this hypothesis, cytokine abundance was determined in infected and contralateral femurs of VhlΔMyeloid mice and control animals at post-infection day 5. Day 5 was chosen because it coincides with achievement of bacterial burden control in wild-type mice as published previously, and these time points correspond with high cytokine levels (Putnam et al., 2019). No differences in major cytokines were detected (Figure S9). In particular, levels of TNF-α and IL-1β, two cytokines known to enhance osteoclast formation, were not significantly different from those of control animals. Despite no differences between the genotypes, the cytokines generally demonstrated significant increases in the infected femurs compared to the contralateral femurs (Figure S9). Thus, the differences in trabecular BV/TV between VhlΔMyeloid mice and Cre-negative littermate control mice do not correspond to alterations in cytokines abundances at post-infection day 5. Finally, no genotype-specific differences were observed when histomorphometry was performed to analyze osteoclast surface per bone surface (Figure 5D) or the number of osteoclasts per bone surface (Figure 5E).

In addition to analyzing infection-mediated bone loss in trabecular bone, cortical bone loss was also analyzed in Hif1aΔMyeloid and VhlΔMyeloid mice. The volume of cortical bone loss in VhlΔMyeloid mice and Cre-negative littermate controls was not significantly different (Figure 5F). Conditional knockout of Hif1a in the myeloid lineage also does not alter cortical bone loss during S. aureus osteomyelitis (Figure 5G). Thus, Hif1a conditional knockout in the myeloid lineage does not impact bacterial burdens or pathologic changes in bone architecture; however, trabecular BV/TV in VhlΔMyeloid mice is significantly lower at post-infection day 14 compared to the trabecular bone of Cre-negative littermate control mice.




Discussion

Osteomyelitis is a complex disease that involves many different cell types and signaling pathways that regulate bone architecture and immune responses. HIF signaling is critical during bone development, and augmentation of HIF signaling is known to improve bone regeneration following injury (Wang et al., 2007; Wan et al., 2008). Furthermore, HIF signaling is intricately linked to innate immune responses and has been proposed as a therapeutic target during infection (Nizet and Johnson, 2009). While studied in the context of other infection models (Wickersham et al., 2017), the role of HIF signaling during osteomyelitis is unknown despite interest in the modulation of HIF signaling for both bone repair and infection treatment, independently (Wan et al., 2008; Bhandari and Nizet, 2014). In this study, two different Cre recombinase mouse strains (OsxCre and LysMCre) were used to target osteoblast- and myeloid-lineage cells, respectively, to determine the cell-specific contributions of HIF signaling during osteomyelitis (Clausen et al., 1999; Rodda and McMahon, 2006; Chen et al., 2014). Hif1afl/fl and Vhlfl/fl mice were crossed with these Cre strains to generate mice with conditional knockout of Hif1a or Vhl in either the osteoblast or myeloid lineages. These two Cre models target the lineages that give rise to the canonical cell types present in bone: osteoblasts/osteocytes (osteoblast lineage) and osteoclasts (myeloid lineage). In addition to targeting osteoclasts, LysMCre targets innate immune cells such as granulocytes and macrophages, cells in which HIF signaling has been shown to be essential for inflammatory responses (Cramer et al., 2003).

Conditional knockout of Hif1a in both the osteoblast and myeloid lineages does not impact bacterial burdens or infection-associated changes in bone architecture, suggesting that Hif1a does not contribute to pathogenesis during S. aureus post-traumatic osteomyelitis. It is possible that HIF-1α plays an important role in bacterial clearance in other models of osteomyelitis or that differences may exist at time points not investigated in this study. However, it has also been suggested that, despite distinct gene targets between HIF-1α and HIF-2α, the overlap of large sets of target genes may allow HIF-2α to compensate for many, though not all, HIF-1α activities (Wang et al., 2007; Kaelin and Ratcliffe, 2008). To explore this hypothesis, it will be important to test a double knockout of Hif1a and Epas1 (the gene encoding HIF-2α) or a knockout of the gene for the joint heterodimer Arnt to better understand the impact of loss of global HIF signaling during osteomyelitis and not just HIF-1α. Direct measurement of HIF-2α by immunohistochemistry in mice lacking Hif1a may also provide insight into such compensation.

MicroCT analysis of trabecular and cortical bone revealed no differences in bone changes during S. aureus infection following conditional knockout of Hif1a in both cell lineages tested. Prior bone phenotypes following osteoblast-lineage knockout of Hif1a have revealed relatively subtle phenotypes, which may not have been readily detected in these studies given the potentially overwhelming influence of infection in our model. The role of HIF-target VEGF is dependent upon the skeletal model, and impacts on VEGF signaling downstream of Hif1a deletion may have been masked by use of only one animal model (Buettmann et al., 2019). However, given the data regarding bacterial burdens and microCT findings from these studies, osteoblast- and myeloid-lineage HIF-1α are not essential for control of S. aureus osteomyelitis.

Conditional knockout of Vhl in osteoblast versus myeloid lineages causes different phenotypes in the trabecular bone following infection. Conditional knockout of Vhl in the osteoblast lineage causes a profound increase in trabecular BV/TV, as observed previously (Wang et al., 2007; Dirckx et al., 2018). Unlike Cre-negative control mice, VhlΔOB mice do not demonstrate a decline in BV/TV in infected bone, suggesting that deletion of Vhl in osteoblast-lineage cells alters bone homeostasis and limits pathologic bone loss during infection. Histomorphometry showed that, unlike in trabecular bone of control mice, osteoclast abundance measurements do not increase in the infected femur of VhlΔOB mice following infection. In vitro, deletion of Vhl in osteoblasts decreases transcription of the gene for RANKL relative to that for OPG, indicating that Vhl deletion in osteoblasts may regulate osteoclast formation through impacts on the RANKL/OPG ratio. Functional in vitro studies that test osteoclast formation in co-culture with osteoblasts lacking Vhl will help to establish if Vhl deletion in osteoblasts impacts osteoclastogenesis during infection. While alternative mechanisms may also impact osteoclast formation in vivo, these data suggest Vhl deletion in osteoblasts limits infection-induced RANKL production relative to OPG and limits loss of trabecular bone. It will be important to directly test this hypothesis in future studies. The mechanism by which Vhl deletion alters the RANKL/OPG ratio is unknown. Prior studies investigating HIF-1α have not directly linked HIF signaling to RANKL production (Wu et al., 2015). Investigation of HIF-2α in osteoblast-lineage cells has suggested that HIF-2α activation increases RANKL production and osteoclast formation (Lee et al., 2019). However, this phenotype was not replicated in another study, which instead found that HIF-2α increases OPG production and limits osteoclast formation (Wu et al., 2015). The findings of our study are consistent with a prior investigation that found Vhl knockout in osteoblasts inhibited osteoclast formation in co-culture and decreased RANKL gene expression (Wang et al., 2012). Conditional deletion of Vhl in osteoblasts has also been shown to inhibit osteoclasts through increased OPG and through a microRNA-IL-33-Notch1 signaling axis, which may represent an alternative mechanism (Kang et al., 2017). Independent of HIF signaling, VHL interacts with several other proteins that may impact the responses of osteoblasts to S. aureus stimulation (Li and Kim, 2011). To better understand if HIF signaling mediates the phenotypic changes in trabecular bone in VhlΔOB mice, double knockout mice lacking Vhl along with Hif1a, Epas1, or Arnt could be tested. Notably, prior studies have investigated the direct activities of Hif1a and Vhl deletion in osteoblast-lineage cells on osteogenesis itself (Wang et al., 2007; Regan et al., 2014; Amir et al., 2022). During osteomyelitis and inflammatory osteolysis, osteoclast-mediated resorption is proposed to be the primary mechanism of bone loss (Mbalaviele et al., 2017), which was the rationale for the primary outcome explored in these studies.

While VhlΔOB mice do not display infection-mediated reduction in trabecular BV/TV, VhlΔMyeloid mice exhibit BV/TV values slightly lower than those of Cre-negative control mice, indicative of increased bone loss. The contralateral femurs show a similar decline in trabecular BV/TV relative to that of littermate control mice, indicating that trabecular bone homeostasis might be disturbed systemically during infection. By direct measurement of osteoclast surface and number per bone surface, no significant differences between VhlΔMyeloid mice and controls were observed. However, resorptive capacity may still differ, or transient differences may have been missed. Furthermore, these data do not directly support the hypothesis that VhlΔMyeloid mice exhibit increased osteoclastogenesis in association with increased trabecular bone loss.

There are multiple limitations to the studies performed. While most experiments were performed in male and female mice, not all studies were powered to draw sex-specific conclusions, though generally the data do not support a dramatic difference between the sexes. These studies explored a single model of osteomyelitis, and alternative models may reveal different findings. Additionally, only discrete time points were selected up to 14 days and transient phenotypes may have been missed as well as phenotypes dependent upon chronic infection exceeding the 14-day experiment. The mechanisms by which Vhl deletion in osteoblast and myeloid cells alter trabecular bone loss have not been fully established, especially in the context of infection, and future studies should explore the role of HIF signaling on osteoblast anabolic activities during infection. Moreover, VHL-dependent, HIF-independent mechanisms remain possible and have not been explored.

While these data lay the framework for understanding the impact of HIF signaling on antibacterial responses and bone remodeling during S. aureus osteomyelitis, multiple questions should be investigated through future studies. While not the intended experimental comparison for which the experiments were designed to investigate, average trabecular BV/TV in the contralateral femurs of mock-infected animals was higher than BV/TV in contralateral femurs of S. aureus-infected femurs. The consistency of these data suggests that a systemic response to infection alters bone homeostasis through a circulating mediator. Supporting the hypothesis that systemic inflammatory responses during S. aureus osteomyelitis cause trabecular bone loss, multiple diseases that trigger systemic inflammation have been associated with bone loss (Shim et al., 2018; Adami et al., 2019; Ke et al., 2019). Future studies should directly test if trabecular bone loss occurs in non-infected bones of mice infected with S. aureus (or other pathogens) in the bone or non-osseous sites.

Genetic studies were conducted with an interest in understanding the basic biology and potential for therapeutic intervention. Thus, future studies should investigate pharmacologic targeting of the HIF signaling pathway. Pharmacologic studies (or an inducible Ubiquitin-Cre model) would allow for investigation of cell agnostic manipulation of HIF signaling to understand overall cell signaling influences. Furthermore, baseline differences in VhlΔOB mice may substantially impact trabecular bone biology outside of cell signaling itself. Pharmacologic intervention would permit investigation of augmented HIF signaling without extreme differences in bone architecture prior to infection. The potential to target VHL (Frost et al., 2016) or HIF PHDs (Haase, 2017) will also improve understanding of HIF-dependent versus HIF-independent functions of VHL. Pharmacologic targeting of HIF during osteomyelitis could also offer therapeutic solutions such as dual-purpose copper (II) treatment that inhibits HIF PHDs and is inherently antibacterial (Wu et al., 2013; Yan et al., 2021).

Overall, these studies demonstrate that bone cell Hif1a does not contribute to control of bacterial burdens and pathologic changes in bone architecture during osteomyelitis. Furthermore, Vhl was found to impact trabecular BV/TV in response to infection in a cell-type specific manner. These findings support further investigation of the impact of HIF signaling on bone architecture during states of pathologic bone loss such as osteomyelitis.
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Background: Staphylococcus aureus (S. aureus) is the leading cause of various infective diseases, including topical soft tissue infections. The goals of this study were to investigate the roles of YycF and CodY in the regulation of biofilm formation and pathogenicity.

Methods: Electrophoretic mobility shift assay (EMSA) was conducted to validate the bound promoter regions of YycF protein. We constructed the codY up-regulated or down-regulated S. aureus mutants. The biofilm biomass was determined by crystal violet microtiter assay and scanning electron microscopy (SEM). Quantitative RT-PCR analysis was used to detect the transcripts of biofilm-related genes. The live and dead cells of S. aureus biofilm were also investigated by confocal laser scanning microscopy (CLSM). We constructed an abscess infection in Sprague Dawley (SD) rat models to determine the effect of CodY on bacterial pathogenicity. We further used the RAW264.7, which were cocultured with S. aureus, to evaluate the effect of CodY on macrophages apoptosis.

Result: Quantitative RT-PCR analyses reveled that YycF negatively regulates codY expression. EMSA assays indicated that YycF protein directly binds to the promoter regions of codY gene. Quantitative RT-PCR confirmed the construction of dual- mutant stains codY + ASyycF and codY-ASyycF. The SEM results showed that the biofilm formation in the codY + ASyycF group was sparser than those in the other groups. The crystal violet assays indicated that the codY + ASyycF group formed less biofilms, which was consistent with the immunofluorescence results of the lowest live cell ration in the codY + ASyycF group. The expression levels of biofilm-associated icaA gene were significantly reduced in the codY + strain, indicating codY negatively regulates the biofilm formation. Furthermore, CodY impedes the pathogenicity in a rat-infection model. After cocultured with bacteria or 4-h in vitro, the apoptosis rates of macrophage cells were lowest in the codY + group.

Conclusions: YycF negatively regulate the expression of codY. By interaction with codY, YycF could modulate S. aureus biofilm formation via both eDNA- dependent and PIA- dependent pathways, which can be a significant target for antibiofilm. CodY not only impedes the pathogenicity but also has a role on immunoregulation. Thus, the current evidence may provide a supplementary strategy for managing biofilm infections.

KEYWORDS
antisense, biofilm formation, Staphylococcus aureus, YycFG, CodY


Introduction

Staphylococcus aureus (S. aureus), a Gram-positive opportunistic pathogen, is the leading cause of various infectious diseases, including topical soft tissue infections, osteomyelitis, and endocarditis (Wertheim et al., 2004). Due to biofilm formation, S. aureus infection has become more challenging to treat in recent years (Schilcher and Horswill, 2020). Biofilm formation is responsible for persistent infections, difficult to eradicate, and much more resistant to environmental stimuli. Thus, biofilms are an essential target for infection treatment, and many strategies targeting biofilms have been developed to attenuate the pathogenicity of bacteria. In S. aureus, approximately 16 TCSs (Two-component systems) play a role in adaptation to environmental changes. YycFG is the only TCS essential for the viability of bacteria and significantly modulates gene expression, which is associated with biofilm formation and pathogenicity (Villanueva et al., 2018; Jenul and Horswill, 2019; Rapun-Araiz et al., 2020). YycFG TCS, also known as the VicRK/WalRK TCS, consists of the sensor histidine protein kinase YycG and its cognate response regulator YycF. By phosphorylation, YycG activates YycF and controls downstream gene expression (Wang et al., 2021).

YycFG has a major role in controlling biofilm formation in low-G + C Gram-positive bacteria, including S. aureus (Dubrac et al., 2007). By directly binding to the promoter region of the ica operon, activated YycF can positively trigger extracellular polysaccharide (EPS) synthesis, which is associated with biofilm construction (Xu et al., 2017). The ica operon is a chromosomal gene locus that comprises the intercellular adhesion gene icaA and regulates the production of polysaccharide intercellular adhesin (PIA). Additionally, YycF can indirectly stimulate the expression of ica operon by controlling the expression of the global transcriptional regulator SarA, resulting in biofilm aggregation (Wu et al., 2021b). Hence, the YycFG TCS represents a promising target to modulate S. aureus biofilms.

Research has shown that CodY [control of dciA (decoyinine induced operon) Y] is a global repressor regulator in Gram-positive bacteria (Chapeton-Montes et al., 2020). In response to environmental signals such as the amount of branched-chain amino acids (BCAAs) [isoleucine, leucine, and valine (ILV)] and GTP, CodY adjusts metabolism and virulence gene regulation (Pohl et al., 2009). Via recognition of a conserved sequence motif (AATTTTCWGAAAATT) (Brinsmade, 2017), CodY competes with RNA polymerase for binding to a promoter and primarily represses the target genes. In S. aureus, biofilm development is thought to occur mainly via PIA-dependent and PIA-independent biofilm formation pathways. CodY can act as a repressor of ica and modulates PIA-dependent biofilm formation (Majerczyk et al., 2008). PIA-independent biofilms are mainly based on the aggregation of extracellular DNA (eDNA) and/or protein. CodY also contributes to PIA-independent formation by repressing the expression of secreted proteases and nucleases (Nuc) (Mlynek et al., 2020). Both eDNA and PIA can work synergistically in biofilm organization.

CodY-targeted biofilm genes have been extensively studied in S. aureus, but the regulatory relationship between CodY and YycFG TCS is largely unknown (Augagneur et al., 2020). In this study, we used electrophoretic mobility shift assays (EMSAs) to verify the binding of YycF to codY promoters and identify negative regulation of YycF on CodY by RT–PCR to gain insight into the relationship between CodY and YycFG and their coordinating adjustments to S. aureus biofilm formation and pathogenicity. We showed that S. aureus YycF acts as a repressor to control the activity of CodY, thus contributing to biofilm formation and pathogenesis in infectious diseases.



Methods and materials


Bacterial strains and biofilm growth conditions

As previously described, S. aureus strain ATCC29213 was cultured in tryptic soy broth (TSB) at 37°C and 5% CO2. Briefly, 500 μL of S. aureus suspension was inoculated into 10 mL fresh TSB medium to mid-logarithmic phase (optical density at 600 nm [OD600] = 0.5), and a log-phase suspension was prepared for further investigation. For biofilm formation, sterilized glass disks (10-mm diameter) were dropped into 24-well microtiter plates and cocultured with log-phased suspension for 24 h.



Electrophoretic mobility shift assay to detect bound codY promoter regions of YycF protein

We performed electrophoretic mobility shift assays to determine whether the YycF protein could directly bind to the promoter regions of codY. To generate YycF His-Tag fusion proteins, pET-22b (Novagen) was applied to yield pET-yycF at Huabio Biotech (Hangzhou, China). Then, the above plasmids were transformed into E. coli BL21 for recombinant proteins. We isolated recombinant proteins from bacterial suspension culture after a 3-h induction with 1 mM IPTG. The acquired recombinant proteins were purified through affinity chromatography on Ni2+ NTA agarose (Qiagen). The purified YycF protein was visualized via Coomassie staining after SDS–PAGE.

The PCR amplicon of the codY promoter region was generated from the S. aureus ATCC29213 genomic DNA sample using primers labeled with the 5′ FAM (Roche) (see Table 1). The amplified DNA fragments were purified according to the manufacturer’s instructions (Tiangen Biotech, Beijing, China). After purification, labeled DNA fragments (0.02 pmol) were incubated with recombinant YycF protein at various concentrations from 0 to 60 pmol. After 30 min of incubation on ice, the samples were loaded on native PAGE gels in 0.5 × TBE buffer (44.5 mM Tris-HCl, 44.5 mM boric acid, 1 mM EDTA, pH 8.0). Native PAGE was prepared with 5 × TBE (445 mM Tris-HCl, 445 mM boric acid, 10 mM EDTA, pH 8.0), 30% Acr-Bis (29:1), 50% glycerinum, 10% ammonium persulfate (APS), and N,N,N′,N′-tetramethylethylenediamine (TEMED). Gel electrophoresis was performed at 110 V for 90 min on ice, according to our previous study (Lei et al., 2018).


TABLE 1    Sequences of primers in this study.
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Construction of codY-upregulated or -downregulated Staphylococcus aureus mutants

We constructed the S. aureus yycF downregulating strain (ASyycF) as previously described (Wu et al., 2021a). To investigate the subsequent effects of codY, we constructed codY-upregulated or -downregulated expression mutants. To downregulate codY expression, antisense sequences were applied to construct a codY-downregulated expression mutant by transformation of a plasmid expressing antisense codY (AScodY) into S. aureus ATCC29213. AScodY was engineered by Sangon Biotech (Shanghai, China) by inserting the antisense sequences of codY into restriction sites between BamHI and EcoRI. In addition, a codY-upregulated expression mutant (codY +) was constructed by transformation of the codY-encoding sequences inserted into the pDL278 plasmid in ATCC29213.

The methods of construction for dual mutants were modified according to our previous study (Zhang et al., 2022). To generate overexpression strain codY + ASyycF (yycF low-expression and codY overexpression mutant), codY–ASyycF (codY low-expression and yycF low-expression mutant), anti-sense sequences of yycF were obtained by oligonucleotides synthesis and connected with cody coding region or antisense codY cloned into the pDL278 shuttle vector (Sangon Biotech, Shanghai, China), generating recombinant plasmid pDL278 codY + ASyycF or pDL278 codY–ASyycF.



Analysis of gene expression using quantitative real-time PCR

To investigate the interactions between yycF and codY and the effect on biofilm-associated gene expression, quantitative real-time PCR (qRT–PCR) was performed. The codY–yycF–, codY–, codY+yycF–, codY+, and ATCC29213 (as a control) strains were cultured to the mid-logarithmic phase. Total RNA was extracted and purified from each strain with the MasterPure™ RNA Purification Kit (Epicenter Technologies, Madison, WI, USA). The purified RNA was reverse transcribed to cDNA with the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific). Quantitative real-time PCR assays were performed with a LightCycler 480 system (Roche, Basel, Switzerland) with the primers listed in Table 1 and the 16S rRNA gene as an internal control. Threshold cycle values (CT) were determined, and the abundance of each gene was expressed relative to that of the 16S rRNA gene. Each sample was analyzed in triplicate, and the data were analyzed according to the 2–ΔΔCT method.



Crystal violet assay and epifluorescence staining for biofilm biomass

A crystal violet assay was performed to evaluate the biomass of biofilms, including codY–ASyycF, codY–, codY+ASyycF, codY+, and ATCC29213 (as a control). After 24 h of culture in TSB medium, the biofilm samples were stained with 0.1% (w/v) crystal violet for 15 min. The dye bound to the biofilms was transferred into a new plate, and the absorbance was measured with a microplate reader (ELX800, Gene) at 595 nm (Wu et al., 2021b). In addition, the biofilms were labeled with SYTO9 and PI for epifluorescence observation. Live strains were stained green, while dead strains appeared red. Three random fields in each specimen were visualized using epifluorescence microscopy (Nikon Eclipse TE-2000S, Melville, NY).



Characterizing biofilm morphologies

To observe the biofilm structure of each group, scanning electron microscopy (SEM) (Inspect, Hillsboro, OR, USA; SEM) was conducted. The 24 h biofilm samples were washed with PBS twice and fixed with 2.5% glutaraldehyde for 4 h. Then, the biofilm samples were dehydrated and dried in a critical point dryer. After being coated with gold powder, micrographs of the biofilm samples were evaluated.



Abscess model for evaluation of pathogenicity

The ability of S. aureus to form biofilms contributes to major microbial infections. To determine the effect of codY on biofilm infection, which can be modulated by YycF, we constructed an abscess infection in Sprague Dawley (SD) rat models. The animal experiments were approved by West China Hospital Animal Welfare Committee (NO. 20220606004). The rats were randomized into four experimental groups: S. aureus as a positive control, SSN group, AScodY, codY + and normal control group (n = 5 rats per group). After anesthetization with ketamine (60 μg/g) and xylazine (6 μg/g), we injected 0.1 mL of a bacterial suspension (1.2 × 109CFU/mL) into deep calf muscle and observed after 36 h. A palpable fluctuant mass in the calf muscle was identified for model establishment (Wyss et al., 2004). For histopathological analysis, the muscle tissue was excised and fixed in 10% neutral-buffered formalin for 48 h. Tissue sections were processed and stained with hematoxylin-eosin (HE) according to standard protocols (Cardiff et al., 2014).



The effect of CodY on macrophages

We also used RAW264.7 cells to evaluate the effect of CodY on macrophage apoptosis. RAW264.7 cells were cultured in DMEM supplemented with 10% heat-inactivated fetal bovine serum (FBS). Bacterial suspensions of S. aureus ATCC29213, codY- and codY + strains at the log phase were diluted to achieve a multiplicity of infection (MOI) of 100:1. The number of S. aureus was determined by serial dilution with the plate counting method. Cells were inoculated into a 6-well plate at 3.0 × 105 cells/well. After the cells grew for 12 h and formed a monolayer, 200 μL of S. aureus (MOI = 100:1) was added to each well for 4 h and treated with lysostaphin (10 μg/mL) for 12 min to kill extracellular S. aureus. To detect RAW264.7 cell apoptosis, we used the Annexin V-FITC/propidium iodide (AV/PI) dual staining AP-101-100-kit (Multisciences, China) to test the apoptosis rate of RAW264.7 cells following the manufacturer’s instructions. Briefly, after coculture with S. aureus, the cells were digested with trypsin, collected by centrifugation, washed with PBS, stained with Annexin V-FITC and PI, and analyzed by FCM (Becton CytoFLEX) (Xu et al., 2020). The cell concentration for FCM was modulated to 1.0 × 107/mL. Each sample was added with 5μL Annexin V-FITC and PI for 30 min at 4°C. After centrifugation at 300 g for 5min, the supernatant was removed, resuspended in 500 mL PBS and analyzed for cell apoptosis.



Data analysis

All statistical data were analyzed in SPSS 16.0 (SPSS Inc., Chicago, IL, USA). The Shapiro–Wilk test was used to analyze the distribution of data, and the Bartlett test was used to determine the homogeneity of variances. For parametric testing, we adopted one-way ANOVA to assess the statistical significance of variables followed by the Tukey test. Differences in the data were considered significant at P < 0.05.




Results


YycF negatively regulates CodY expression

The methods of construction for dual mutants were modified according to our previous study (Zhang et al., 2022). To generate overexpression strain codY + ASyycF (yycF low-expression and codY overexpression mutant), codY-ASyycF (codY low-expression and yycF low-expression mutant), anti-sense sequences of yycF were obtained by oligonucleotides synthesis and connected with codY coding region or antisense codY cloned into the pDL278 shuttle vector (Sangon Biotech, Shanghai, China), generating recombinant plasmid pDL278 codY + ASyycF or pDL278 codY-ASyycF. Quantitative RT–PCR analyses revealed that the transcription of codY was elevated in ASyycF strains (Figure 1A). To reveal the possible interactions between YycF and candidate targeted genes, EMSA was performed on the promoter regions of the codY gene. As demonstrated in Figure 1B, the promoter region of codY contained a putative YycF-binding consensus motif. The YycF protein directly binds to the promoter regions of the codY gene.
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FIGURE 1
YycF negatively regulates codY expression. (A) Consensus YycF binding motif and candidate sequences in promoters of codY. TGTWAH-NNNNN-TGTWAH, where W is A/T and H is A/T/C; EMSA in which promoter regions were obtained by PCR and FAM-labeled. As the negative control, a DNA fragment the same size as the promoter region and similar AT: GC mole ratio, but missing the YycF consensus binding sequence, was used to rule out non-specific binding. (B) Quantitative RT-PCR analysis showed the gene transcripts in S. aureus, and ASyycF strains. S. aureus gene expression was relatively quantified by RT-PCR using 16S as an internal control (n = 5, *P < 0.05).




CodY interaction with YycF affects biofilm morphology

Quantitative RT–PCR demonstrated that in the dual-mutant stains codY + ASyycF and codY-ASyycF, the expression levels of yycF genes were significantly reduced. Furthermore, the expression levels of the biofilm-associated icaA gene were significantly reduced in the codY + ASyycF strain compared with the S. aureus and codY-ASyycF strains (P < 0.05; Figure 2A), which can be attributed to the reduced biomass of the codY + ASyycF strain. The SEM results showed that the biofilm formation in the codY + ASyycF group was sparser than those in the other groups (Figure 2B), and that codY interacted with yycF in regulating biofilm formation. Quantitatively, we evaluated the ability of the S. aureus strains to form biofilms in the TSB culture. The biomass was quantified via the crystal violet assay, and the codY + ASyycF group formed fewer biofilms than the S. aureus group, as demonstrated by the reduction in OD595 values from 1.9 to 1.0 (Figure 3A). Similarly, the immunofluorescence density of the live cells in the codY + ASyycF group was the lowest compared with the S. aureus and codY-ASyycF groups (Figure 3B).
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FIGURE 2
CodY interaction with yycF affects biofilm morphology. (A) Quantitative RT-PCR analysis showed the gene expressions in S. aureus, codY + ASyycF, and codY-ASyycF dual- mutant stains. S. aureus gene expression was relatively quantified by RT-PCR using 16S as an internal control (n = 5, *P < 0.05). (B) SEM images of S. aureus, codY + ASyycF, and codY-ASyycF dual- mutant stains.
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FIGURE 3
CodY interaction with yycF regulates the biofilm biomass. (A) Biomass of S. aureus, codY + ASyycF, and codY-ASyycF dual- mutant stains were quantified by crystal violet staining. Optical densities at 595 nm were measured (n = 5, *P < 0.05). (B) The CLSM observations of S. aureus, codY + ASyycF and codY-ASyycF dual- mutant stains. Green, viable bacteria (SYTO 9); red, dead bacteria (PI); scale bars, 250 μm.




CodY suppressed biofilm morphology and biofilm-associated genes

To further explore the potential roles of the codY gene in biofilm formation, we constructed the codY + strain (codY overexpression strain) and AScodY strain (codY low-expression strain). Quantitative RT–PCR analyses demonstrated the construction of the codY + strain and AScodY strain (Figure 4A, blue column). Furthermore, the expression levels of the biofilm-associated icaA gene were significantly reduced in the codY + strain but increased in the AScodY strain (P < 0.05; Figure 4A, red column), indicating that codY negatively regulates biofilm-associated genes. The SEM results showed that the biofilm formation in the codY + group was sparser than that in the other groups (Figure 4B). In particular, the AScodY strains presented dense biofilms. The biomass was quantitively measured by crystal violet staining (Figure 5A). The codY + group formed the lowest biomass, while the AScodY strain presented the highest biomass, as demonstrated by the reduction in OD595 values from 2.5 to 1.0 (Figure 5A). Accordingly, the immunofluorescence density of the live cells in the codY + group was the lowest compared with the S. aureus and AScodY groups (Figure 5B).
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FIGURE 4
CodY suppressed biofilm morphology and biofilm-associated genes. (A) Quantitative RT-PCR analysis showed the gene expressions in S. aureus, codY + and codY- mutant stains. S. aureus gene expression was relatively quantified by RT-PCR using 16S as an internal control (n = 5, *P < 0.05). (B) SEM images of S. aureus, codY + and codY- mutant stains.
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FIGURE 5
CodY decreases the biomass of S. aureus biofilm. (A) Biomass of S. aureus, codY + and codY- mutant stains were quantified by crystal violet staining. Optical densities at 595 nm were measured (n = 5, *P < 0.05). (B) The CLSM observations of S. aureus, codY + and codY- mutant stains. Green, viable bacteria (SYTO 9); red, dead bacteria (PI); scale bars, 250 μm.




CodY impeded pathogenicity in a rat infection model

Thirty-six hours after muscle injection of S. aureus, codY+, and AScodY strains, the rats were sacrificed by euthanasia under deep anesthesia (ketamine/xylazine) by cervical dislocation. The infection sites were dissected under macroscopic observation. Among all groups, infectious lesions with diameters of approximately 3 mm and 1.5 mm were observed in the S. aureus and AScodY groups, respectively. However, in the codY-overexpressing group (codY +), the abscess in muscle was obscure, and there were only unhealthy tissues with a diameter of less than 2 mm (Figure 6A). Correspondingly, the percentage of inflammatory cell infiltration was measured by ImageJ, and there were approximately 13% inflammatory cells in the S. aureus group. The percentages of inflammatory cell infiltration were approximately 9 and 6% for the AScodY and codY + groups, respectively (Figure 6B). After coculture with bacteria for 4 h in vitro, the apoptosis rates of macrophages were measured by flow cytometry. The total apoptosis rate in S. aureus (ATCC29213) was 86.61%. In the AScodY group, the total apoptosis rate was 72.60%, which was higher than that of 66.24% in the codY + group (Figure 6C).


[image: image]

FIGURE 6
CodY impedes pathogenicity in a rat-infection model. (A) Gross observation of the abscess in S. aureus, codY + and codY- infected group; scale bars, 1 cm. (B) HE staining of the abscess lesions in S. aureus, codY + and codY- infected group; scale bars, 200 μm. (C) The apoptosis rates of macrophage cells when co-cultured with S. aureus, codY + and codY- respectively were measured by the flow cytometer.





Discussion

Staphylococcus aureus is a major human pathogen that is responsible for a wide range of infectious diseases. The propensity of bacteria to form biofilms is one of most crucial factors contributing to pathogenesis and resistance (McCarthy et al., 2015). In S. aureus, biofilm organization is thought to occur mainly via two mechanisms, polysaccharide intercellular adhesin (PIA)-based and eDNA/protein-based pathways. Both pathways contribute to the construction of a self-produced extracellular matrix, which is primarily comprised of exopolysaccharides, proteins, and extracellular DNA (eDNA) for cell-to-cell or cell-to-host attachment. The potential mechanisms of biofilm formation are critical for developing strategies to control biofilms and biofilm-related infections.

PIA synthesis is modulated by the ica locus. According to a previous study, the expression of ica is positively controlled by YycFG, which is the only essential TCS in S. aureus that regulates bacterial metabolism, including virulence and biofilm formation (Clausen et al., 2003; Wu et al., 2019b). YycFG is reported to modulate Staphylococcus epidermidis biofilm formation in an ica-dependent manner (Xu et al., 2017). In Bacillus subtilis, YycFG is directly involved in regulation of cell wall synthesis and modification (Wu et al., 2019). The YycG protein acts as a sensor to respond to environmental signals, and YycF can directly regulate different sets of vital functional genes by binding to promoter regions (Winkler and Hoch, 2008). The putative recognition sequence of YycF is composed of two hexanucleotide direct repeats separated by five nucleotides [5′-TGT(A/T)A(A/T/C)-N5-TGT(A/T)A(A/T/C)-3′]. However, CodY, as a global regulator, can negatively regulate ica expression and inhibit biofilm formation. In Clostridium difficile, the variability of CodY-dependent regulation is an important contributor to the bacterial virulence and sporulation (Nawrocki et al., 2016). In Bacillus subtilis, CodY can be seen to regulate the entire protein utilization pathway (Barbieri et al., 2015). Additionally, in major gram-positive pathogens, several virulence factors are regulated by CodY (Stenz et al., 2011). To identify the interaction of YycF and codY, we analyzed the promoter of codY, and the consensus motif of YycF was found (Figure 1A). The EMSA results revealed that YycF can bind to the promoter of codY and potentially regulate its expression (Figure 1A).

The mutation in yycF reduced biofilm formation and led to decreased transcripts in the ica operon (Howden et al., 2011). However, our RT–qPCR assays showed downregulation in yycF combined with subsequent elevated expression in codY (Figure 1B). Thus, we speculated that YycF negatively modulated the expression of codY. To further explore the interactions of YycF with codY, we constructed dual mutants expressing codY and yycF (Figure 2). In the codY-ASyycF group (indicating that both codY and yycF expression were downregulated), the PCR results indicated that the expression of codY decreased while ica expression significantly increased. Consistent with previous work, ica (PIA synthesis) is negatively regulated by CodY (Majerczyk et al., 2008, 2010). With the relatively higher ica expression in the codY-ASyycF group, the biofilm biomass increased (Figures 2B, 3A). Whereas the codY + ASyycF group presented lower ica expression, the biofilm biomass significantly decreased (Figures 2B, 3A).

In addition, YycFG TCS (also known as WalRK, VicRK, and MicAB TCS) plays a central role in bacterial viability (Haag and Bagnoli, 2017; Villanueva et al., 2018). In the codY + ASyycF group, the density of strains was significantly downregulated (Figure 3). However, both yycF and codY expression decreased in the codY-ASyycF group, and the accumulation of strains was similar to that in the S. aureus group (Figure 3). Therefore, the downregulation of yycF can inhibit S. aureus viability, and this viability alteration can be partially complemented by repressing codY. CodY, as a global transcription factor, typically represses gene expression and regulates physiology for growth and survival under various levels of nutrient depletion (King et al., 2018). YycF as an essential and global regulator responds to various physiological metabolic processes in S. aureus (Wu et al., 2021a). Therefore, multiple reasons including eDNA- dependent and PIA- dependent pathways as well as slow growth rate and reduced viability will inhibit biofilm formation. In addition to CodY/YycF regulated eDNA- dependent and PIA- dependent pathways, we also found reduced viability in Figures 3, 5 and slow growth rate in Supplementary Material.

In addition to bacterial growth and biofilm formation, YycF also regulates the expression of genes involved in cell wall metabolism and virulence (Bleul et al., 2021). Subsequently, to observe the specific effect of codY on biofilm organization, which can be modulated by YycF, we constructed codY overexpression (codY +) and downregulation (codY-) mutants. The decrease in CodY activity promotes cell aggregation and biofilm formation (Brinsmade, 2017). Our SEM result in Figure 4B indicated a significant increase in the AScodY biofilm, which is consistent with this conclusion. By utilizing available eDNA and PIA, CodY demonstrates a synergistic effect combining a DNA-dependent strategy with a PIA-based strategy for biofilm formation (Mlynek et al., 2020). Considering the present findings, YycF negatively modulates codY expression while positively participating in an eDNA/PIA dual-dependent manner for biofilm organization in S. aureus (Figure 7).
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FIGURE 7
Working model of CodY interactions with YycF affects biofilm formation in Staphylococcus aureus.


In S. epidermidis, YycF is bound to the promoter of ica and increases ica expression (Xu et al., 2017). Similarly, YycF was shown to interact with the ica promoter region and contribute to PIA-based biofilms in our previous study (Wu et al., 2021b). In the present study, YycF was speculated to modulate PIA/eDNA-based biofilm formation by repressing codY. Therefore, YycF negatively modulates Cody for PIA/eDNA-based biofilms and also affects ica for PIA biofilms. Notably, the biofilm disassembly of the dual mutant (codY + ASyycF) was more obvious than that of codY + (Figures 2B, 4B). As S. aureus in biofilms is 1,000 times more tolerant to antibiotics and recalcitrance than planktonic cells, the susceptibility of the pathogen was reversible without the shelter of the biofilm (Shenkutie et al., 2020; Gimza and Cassat, 2021).

A potential mechanism of CodY limits the host damage of S. aureus, in which it transitions from a commensal bacterium to an invasive pathogen. The decreased CodY activity promotes a more invasive lifestyle of S. aureus (Waters et al., 2016). Similarly, our animal experimental results indicated that the ability of AScodY strains to invade was higher than that of codY + and they formed a larger abscess (Figure 6A). Similar with Montgomery et al., we found CodY can represses virulence in vivo. In Montgomery study, Cody as a global regulator can decrease expression of agr and saeRS, as well as the gene encoding the toxin alpha-hemolysin (hla). Also, Cody can restrain the expression of the lukF-PV gene, encoding part of the Panton-Valentine leukocidin (PVL) (Montgomery et al., 2012). By multiple pathways, Cody can mediate the virulence of USA300. In our study, CodY-mediated repression was focus on CodY/YycF interaction and biofilm formation. And our results indicated CodY can impede the pathogenicity of S. aureus by biofilm inhibition which has a potential role on immunoregulation. By histological examination, we observed that invasive AScodY stains could recruit more immune cell infiltration surrounding the infectious region than codY + strains (Figure 6B). Therefore, YycF could indirectly enhance bacterial aggregation by repressing CodY (Figure 7). According to this mechanism, our previous antisense yycF (ASyycF) is base-paired with yycF and downregulates yycF expression, which indicates therapeutic potential for infectious diseases (Wu et al., 2021a). One previous study indicated that CodY repression of sae expression (an exoprotein expression TCS SaeRS to secrete virulence factors) delays immune evasion and reduces immune cell death (Mlynek et al., 2018). In the present study, the AScodY group also had a higher apoptosis rate of macrophage cells than that of the codY + group (Figure 6C). However, in the S. aureus ATCC29213 group, the apoptosis rate was even higher than that in the AScodY group. This may be induced by the positive regulation of CodY on genes such as fnbA and spa, which encode the microbial surface components recognizing adhesive matrix molecule (MSCRAMM) proteins (Brinsmade, 2017). It could be speculated that CodY as a repressor of target can also positively regulate bacterial redox balance and protease induced biofilm formation (Shivers et al., 2006; Roux et al., 2014). In addition, the construction of AScodY including the introduction of an exogenous plasmid vector may interfere intracellular homeostasis (Senadheera et al., 2009; Lei et al., 2015). All those items will affect bacterial metabolism and indirectly interaction between AScodY and macrophages, which may attribute to a lower apoptosis rate in AScodY group instead of S. aureus.



Conclusion

In summary, YycF binds to the promoter regions of codY and negatively regulates the expression of codY. By interacting with codY, YycF could modulate S. aureus biofilm formation via both eDNA-dependent and PIA-dependent pathways, which can be a significant target for anti-biofilms. CodY impedes pathogenicity and also has a role in immunoregulation. CodY not only impedes the pathogenicity but also has a role on immunoregulation. By interacting with CodY, YycF plays essential roles in host-pathogen interactions and pathogenesis. Thus, the current evidence may provide a supplementary strategy for managing biofilm infections.
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Target gene Primers/probes Sequence (5°-3")

gyrB gyrB_fwd TGGTCTGCGTTCATTTCACCAAGAC

gyrB_rev CTTGCCGATGTTGATGGTGCACA

gyrB_probe FAM-GGCGGCTGAGCAATATAAACGTAGCCCGC-BHQ-1
aap aap fwd AACATTAGAGTAGCAAACAATCGTCAAAGTA

aap rev AGCCTTGACCAGCTTGTTTCTGTA

aap probe FAM-ACAACTGGTGCAGATGGTTGGGGC-BHQ-1
icaA icaA fwd TGCCTTATTTATTGACAGTCGCTACG

icaA rev CGTTGGATATTGCCTCTGTCTGG

icaA probe FAM-ATACTGGGTTATCAATGCCGCAGTTGTCA-BHQ-1
embp embp fwd CACCTGGTGCTGTGCGTAATATAC

embp rev GCAGTTCCGTTATTTGTTGGTCCG

embp probe FAM-ATGGTCGTTGGACTGTTGAAACTGGGTC-BHQ-1
atlE atlE/R fwd GATCACGCTGACCCTCACCAAT

atlE/R rev GCAACACCACGATTAGCAGACAC

atlE/R probe FAM-GCAAGTAGCACCTTGGGGCACAACATC-BHQ-1
agr agr fwd TGTTGGCAAACTTTCAATAGCACCATG

agr rev TCGTGTCGCAGCACTTACAACAACGA

agr probe FAM-TCGTGTCGCAGCACTTACAACAACGA-BHQ-1





OPS/images/fimmu.2022.908211/table2.jpg
Patient Site of

acquisition
1 CA
2 CA
3 HC
4 CA
5 CA
6 HC
7 CA
8 CA
9 CA

Source of
infection

Unknown
Unknown

Hemodialysis
catheter

Unknown
Unknown
Unknown
Unknown
Device-related
infection

Soft tissue
infection

Bacteremia Localization Radiological signs of LOS 30-day

degeneration [days]  survival
Yes Th10-Th11 No 19 Yes
Yes L2-1L3 Yes 22 Yes
Yes Th10-Th12 Yes 25 Yes
No L1-L3 Yes 10 Yes
Yes C6-C7 Yes 15 Yes
Yes Th8-Th9 No 23 Yes
Yes L3-L4 Yes 21 No*
Yes L2-14 Yes 68 Yes
Yes L3-14 n/a 20 No®

CRP
[mg/L]

167
403
88

196
487
86
n/a

339

144

LOS, length of stay; CRP, C-reactive protein; WBC, white blood cell count; CA, community acquired; HC, healthcare related; Th, thoracic, L, lumbar, C, cervical.
"Death due to hypoxemia during aspiration.
®Death due to sepsis with endocarditis.

WBC
[G/L]

14.83
21.37
9.32

7.28
15.3
8.24
n/a

15.07

312
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ASF Production

- Take blood from donors using S-Monovette Citrat 3.2%
(Sarstedt, Nimbrecht, Germany).

- Centrifuge at 2,500 g, 20 °C, for 12 minutes.

collect e
and pool Pipette off and collect the upper plasma phase.
plasma - Pool plasma and measure volume:
Volume plasma = Volg,
l - Mix gently by swiveling.

- Draw up 5 pl of plasma with pipette.

- Press pipette until the plasma has formed a small drop at
measure the tip.
glucose - Place drop of plasma in front of the sensor (Ascensia
concentration [ Djabetes Care, Leverkusen, Germany) and let it soak

the plasma.

- Wait for the result.

- Final ASF glucose concentration: ~80 mg/dl.
- Dissolve needed amount of glucose in 15ml Jonosteril

add (Fresenius Kabi, Bad Homburg v.d.H., Germany) and filter
glucose sterile.
- Add to plasma, mix gently but well.
l - Check glucose concentration.
add - Add Jonosteril: Jonosteril volume = Volp; - 15 ml
Jonosteril - Mix gently by swiveling.

- For storage: Aliquot in 2ml Eppendorf tubes (Merck,
Darmstadt, Germany).

- Freeze in liquid nitrogen and store at -80°C.
- Defreeze at 37°C.
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Male
Male
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Female
Male
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CClI, Charlson Comorbidity Index.

Age

31
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50
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Primer

F1-adsA-up
F1-adsA-dn
F2-adsA-up
F2-adsA-dn
473-adsA-up
473-adsA-dn

Sequence

ATCGAGCTCATTGACCGTAATATTCAAGATTTAAATGGTATTTT
CCATTAACTGTCATACACCAATATATTATCATAAT
TATGACAGTTAATGGAATATATTGAAAATAATACTACTGTATTTCTTAAATAAGA
GAGAAGATCTTTAGCTACTACTTAAGTTATATGCGCAATT
ATCGAGCTCGACTTGGCAGGCAATTGAAAAGAA AGAT
GAGAGAATTCTTAGCTAGCTTTTCTACGTCGTACAGT

Application

PBASE6-adsA
PBASE6-adsA
PBASE6-adsA
pBASEB-adsA
pRB473-adsA
pRB473-adsA

Reference

This study
This study
This study
This study
This study
This study
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Gene

Actb (B-actin)

Tnfif11 (RANKL)

Tnfrsf11b (OPG)

Vhl (VHL)

Sp7 (Osx)

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward

Reverse

Sequences

5-GGCTGTATTCCCCTCCATCG-3
5-CCAGTTGGTAACAATGCCATGT-3
5-CAGCATCGCTCTGTTCCTGTA-3"
5-CTGCGTTTTCATGGAGTCTCA-3’
5-ACCCAGAAACTGGTCATCAGC-3
5-CTGCAATACACACACTCATCACT-3"
5-ACATCGTCAGGTCACTCTATGA-3"
5-CTCTTGGCTCAGTCGCTGTAT-3
5-ATGGCGTCCTCTCTGCTTG-3
5-TGAAAGGTCAGCGTATGGCTT-3

PrimerBank ID

6671509al

6755833al

31543882al

118130344¢3

18485518al

For each gene (protein in parentheses) tested by RT-PCR, the forward and reverse primer sequences are shown along with the Harvard PrimerBank ID for each primer pair. PrimerBank
(available at: https://pga.mgh harvard.edu/primerbank/index.html) was used as the reference for each primer set.
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Bacterial strain or cell line Description Reference
E. coli Stbi3 Host strain for lentiviral vector constructs Thermo Fisher
E. coli DC10B Adcm (DH10B background); Dam methylation only (30)

E. coli DC10B pBASE6-adsA DC10B bearing pBASE6-adsA knock-out plasmid This study

E. coli BL21 (DE) pGEX-2T-adsA BL21 bearing pGEX-2T-adsA expression plasmid (31)

E. coli DC10B pRB473-adsA DC10B bearing pRB473-adsA complementation plasmid This study

S. aureus Newman Clinical isolate (32)

S. aureus Newman AadsA Newman AadsA This study

S. aureus Newman AadsA pRB473-adsA Newman AadsA complemented with pRB473-adsA This study
ueg? U937 cell line, ATCC® CRL-1593.2™ ATCC

U937 SLC29A1™" U937, bi-allelic deletion in SLC29A1 (29)

U937 DCK™ U937, bi-allelic deletion in DCK (29)

U937 CASP3™”~ U937, bi-allelic deletion in CASP3 27)
RAW264.7 RAW264.7 cell line, ATCC® TIB-71™ ATCC
HEK293FT HEK293FT cell line Thermo Fisher
HL-60 HL-60 cell line, ACC-3 DSMZ
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Human synovial fluid™" ASF*
Electrolytes
- Sodium 138.11 mmol/L 144 mmol/L
- Potassium 5.48 mmol/L 3.5 mmol/L
- Calcium 2.39 mmol/L 1.8 mmol/L
- Chloride 108.41 mmol/L 97.9 mmol/L
- Magnesium 1.47 mg/dl 0.94 mmol/L
Glucose 60-95 mg/dl 79 mg/dl
pH 7.31-7.64 7.52
Total protein 19-28 g/L 28 g/L
Albumin 12 mg/ml 16.1 mg/ml
Albumin 56% 60.2%
o, -Globulin 8% 3.9%
0,,-Globulin 7% 8.8%
B-Globulin 11% >16.3%
Y-Globulin 18% <10.8%
Complement factor C3 Not available 39.2 mg/dl
Complement factor C4 Not available 6.8 mg/dl
IgA approx. ¥ plasma concentration 111 gL
IgG approx.% plasma concentration 362 g/L
IgM approx. % plasma concentration 0.38 g/L
IgE approx. % plasma concentration 215U1
Uric acid 3.0-7.0 mg/dl 1.7 mg/dl
Lactate 9-16 mg/dl 4.94 mg/dl
Creatinine 1.06 mg/dl 0.19 mg/dl

*(Decker et al., 1959; Cummings and Nordby, 1966; Levick, 1981; Madea et al., 2001;
Mundt, 2010; Hui et al., 2012; Srettabunjong et al., 2019).

"Synovial fluid was largely sampled postmortem from individuals with no history of joint
disease.

°ASF was analyzed after freezing, storage at —80°C, and defreezing.
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IL
IL-4
IL-12
IL-17

IL-17a
IL-10
IL-22
IL-34
IL-33
IL-1B
IL-6

IL-23
IL-21
IEN
IEN-y

IFN-c.
IFN-B
IFN-AL
CSF
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GCSF

TNF
TNE-0,

TNE-B
miRNA
mir-10A-
5p
mir-155
mir-335-
5p
mir-200a
mir-
181b-5p
mir-146a
mir-
1260b

Functions References
prevents bone damage (Freire et al., 2021)
(1)increases MMP-1, MMP-3 and MMP-13; (2)inhibits MMP-2 and MMP-9 (Ma et al., 2017; Miao et al., 2017)
(1)up-regulates RANKL through the JAK2-STAT3 pathway;(2)promotes osteoclast differentiation (Wang Z et al,, 2018; Xiong et al., 2019; Wei et al.,
2021)
(1)recruiting neutrophils (Ferreira et al., 2016)
(1)inhibits RANKL expression;(2)inhibits osteoclast differentiation;(3)up-regulates OPG (Duka et al,, 2019; Wei et al., 2021)
bone destruction (de Oliveira et al., 2015)
binds to RANKL and stimulates osteoclast formation (Ma et al., 2016)
(1)higher concentration of IL-33 up-regulates RANKL;(2)lower levels of IL-33 up-regulates OPG (Duka et al., 2019)
bone resorption(osteoclast formation) (1)increases the levels of IL-17A,  (Ma et al,, 2017; Veloso et al., 2020; Zhang Z et al.,
(1)promotes the expression of RANKL;(2)promote functional IL-17F, I_L'Zl’ and IL-22;(2) 2020; Hasiakos et al,, 2021)
osteoclast differentiation pathologically up-regulates the
expressions of IFN-y and GM-
stimulates osteoclast formation in LPS-induced PDL cells CSE
(1)up-regulates RANKL;(2)attenuates the promoting effect of IL-17 on gene expression of Alp, Runx2, (Wang Z et al,, 2018; Wobma et al.,, 2018; Duka
Osteocalcin, OPG and RANKL;(3)promotes early differentiation of osteoblasts, but negatively etal, 2019)
modulates osteoblast calcification
anti-osteoblast cytokines (Amarasekara et al., 2021)
strong inhibitor of osteoclast formation (Zheng et al., 2017; Amarasekara et al., 2021)
inhibits osteoclast formation (Chen et al., 2020)
facilitates the proliferation process of osteoclast precursor cells and impacts macrophage (Anesi et al,, 2019)
helps maintain the survival of osteoclasts
(1)increases the expression of inflammatory factors such as CXC (Zhang Z et al,, 2020)
chemokines, interleukins (IL-1B, IL-6) and MMP-9;(2)up-regulates the
ratio of RANKL/OPG and the number of osteoclasts
(1)activates osteoclasts and inhibits collagen synthesis;(2)directly promotes functional osteoclast  (Yu et al., 2016; Wang et al,, 2017; Canalis et al,,
affects osteoblast expression of osteolytic cytokines through NF-kB differentia -tion 2021; Wei et al,, 2021)
signaling pathway;(3)up-regulates M-CSF to indirectly affects
osteoclast formation and activity;(4)up-regulates the release of
prostaglandin E2 from osteoblasts;(5)alleviates bone loss via up-
regulating exosome CD73 expression and inducing polarization of M2
macrophages;(6)promotes RANKL expression and promotes osteoclast
differentiation
activates osteoclasts and inhibits collagen synthesis
down-regulates TNF-A mRNA levels and up-regulates IL-10 (Shen et al., 2021)
inhibits SEMA3A (Yue et al., 2016)
(1)promotes the expression of RANKL in HPDLFs;(2)inhibits uPAR;(3)promotes osteogenic (Yue et al,, 2017; Zhang et al., 2017)
differentiation in mice
takes parts in migration of bone marrow mesenchymal stem cells (Li et al., 2020)
(1)promotes osteoblast apoptosis;(2)modulates the NF-xB signaling pathway (Wang et al,, 2019; Lv et al,, 2020)
negatively regulates the expression of IL-6, IL-1B and TNF-o. (Lina et al., 2019)
inhibits osteoclast formation through the WNT5a-mediated RANKL pathway (Nakao et al,, 2021)
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Group 1
Patient 1
Baseline

6 months
12 months
Patient 2
Baseline

6 months
12 months
Patient 3
Baseline

6 months
12 months
Group 2
Patient 4
Baseline

6 months
12 months
Patient 5
Baseline

6 months
12 months
Patient 6
Baseline

6 months
12 months
Group 3
Patient 7
Baseline

6 months
12 months
Patient 8
Patient 9
Group 4
Patient 10
Baseline

6 months
12 months
Patient 11
Baseline

6 months
12 months

Age

86

51

60

60

58

75

69

76
47

70

57

Sex

nZ

28

27

34

30

22

38

31

36
46

31

29

Diabetes

No

No

No

No

No

No

No

No
No

NR

No

ccl

23

NR

Clinical outcome

Gmd titer normalized to baseline

High titer and neutralizing anti-Gmd at baseline that decreased with Cure

Cured

Cured

Cured

1
0.21
0.09

0.36
0.14

0.04
0.02

Undetectable anti-Gmd antibodies throughout the study and adverse outcome

Refractured

Pseudarthrosis

Reinfected @ 1 yr

Fistula, enterococcus

Fusion knee

Wound breakdown

1

0.83
1.37

0.69
0.43

1.15
0.98

1

1.25
1.35
1
1

High titers of anti-Gmd at Baseline with Adverse outcome

Low titers of anti-Gmd at Baseline with delayed high titers and Adverse outcome

Amputation

Nonunion, control

1
0.93
4.35

0.23
2.87

Gmd titer (MFI) % Neutralization
9,056.75 25
1,935.5 <0
780.25 <0
11,237.25 17
4,009 <0
1,529 <0
15,981.75 38
617.25 <0
242.75 <0
284.25 <0
236 <0
390 <0
414.75 <0
286.5 <0
179 <0
378 <0
434 <0
369 <0
8,356.25 <0
10,457.75 <0
11,302 <0
23,017.75 29
14,230.75 <0
3,635.75 <0
3,283 <0
15,382.5 <0
4,395 <0
1,028.75 <0
12,5694.25 35
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MRSA(USA300LAC)

Day 1 Day 3
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GM 32 128 64 128
GM+VA20ug/ml 128 512 128 128
GM+RF1.5ug/ml <4 <4 64 64

All data are presented in ug/ml. MBEC, minimum biofilm eradication concentration;

GM, Gentamicin; VA, Vancomycin; RF, rifampicin.
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No.  Fracture type Pathogen 1 Pathogen 2 Pathogen 3 Pathogen 4 Pathogen 5
1 Closed Enterococcus faecalis Enterobacter cloacae

2 Closed S. lugdunensis C. acnes

3 Closed Enterobacter cloacae* Enterobacter cloacae*

4 Closed S. epidermidis S. capitis Corynebacterium simulans

5 Closed S. epidermidis Strep. agalactiae Enterobacter cloacae

6 Closed S. epidermidis Bacillus cereus C. acnes

7 Closed Kilebsiella pneumoniae Enterococcus faecalis Proteus mirabilis

8 Closed S. epidermidis Enterobacter cloacae S. pettenkoferi

9 Closed S. aureus Enterobacter cloacae

10 Closed S. epidermidis S. warneri

1 Closed S. aureus S. capitis

12 Closed S. epidermidis S. haemolyticus

13 Closed S. simulans Enterobacter cloacae

14 Closed Proteus mirabilis Enterobacter aerogenes

15 Closed Escherichia coli Enterobacter cloacae

16 Closed S. saccharolyticus S. lugdunensis

17 Closed Kilebsiella pneumoniae Proteus mirabilis Strep. agalactiae Strep. anginosus
18 Closed S. aureus S. lugdunensis

19 Closed Peptoniphilus harei S. capitis

20 Closed S. epidermidis S. lugdunensis S. capitis

21 Closed Enterobacter cloacae Alcaligenes faecalis

22 Closed S. aureus Strep. agalactiae

23 Closed S. epidermidis Corynebacterium tuberculostearicum

24 Closed Citrobacter freundii Klebsiella oxytoca

25 Closed S. epidermidis S. capitis

26 Closed S. simulans Acinetobacter spp.

27 Closed S. aureus Pseudomonas aeruginosa

28 Closed Citrobacter koseri Proteus mirabilis

29 Closed S. aureus S. epidermidis

30 Closed S. aureus* S. aureus*

31 Closed S. aureus S. epidermidis

32 Closed S. aureus Enterococcus faecalis

33 Closed S. capitis C. acnes

34 Closed S. epidermidis S. warneri

35 Closed S. auricularis S. lugdunensis S. capitis C. acnes
36 Closed S. capitis S. hominis

37 Open S. epidermidis Enterococcus faecalis

38 Open S. epidermidis Enterococcus faecium S. pettenkoferi

39 Open Enterococcus mundtii Pseudomonas putida Enterococcus hirae Clostridium spp. Serratia fonticola
40 Open Escherichia coli Stenotrophomonas maltophilia

41 Open Escherichia coli Enterococcus faecalis Morganella morganii Proteus mirabilis
42 Open Enterococcus faecalis Enterobacter cloacae

43 Open Pseudomonas aeruginosa Enterobacter cloacae

44 Open S. epidermidis Bacillus cereus

45 Open Escherichia coli Aeromonas hydrophilia

46 Open S. aureus Strep. group C Strep. agalactiae

47 Open S. schleiferi Acinetobacter spp.

48 Open Strep. mitis Enterobacter cloacae

49 Open S. aureus Pseudomonas aeruginosa

*Different strains of same pathogen; S., Staphylococcus; Strep., Streptococcus; C., Cutibacterium.
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Pus/purulent discharge
Fistula
Wound breakdown

*Statistically significant at p<0.05.

Virulent pathogen

Yes n (%)

45 (54.9)
21(25.6)
23 (28.0)

P-value
No n (%)
16 (28.6) 0.002*
6(10.7) 0.030*
9 (16.1) 0.102
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Characteristics Early FRI (<14 days) n =34 Delayed FRI (14-70 days) n=74  Late FRI (>70 days) n = 86 p-value (early vs delayed vs

(%) (%) (%) late)
Sext 0.534
Male 19 (67.6) 50 (67.6) 57 (68.6)
Female 14 (42.4) 24 (32.4) 27 (32.4)
Age median (pas-p7s) 61 (44-70) 52 (41-70) 55 (43-67) 0.725
BMI median (025-p7s) 25.7 (23.2-30.3) 25.4 (23.8-28.4) 26.4 (22.7-30.2) 0.637
ASA score® 0.726
| 4(12.1) 14 (189) 13 (16.5)
1 18 (54.5) 34 (45.9) 45 (53.6)
i 9(27.2) 24 (32.4) 25 (29.8)
\% 2 (6.0 2(2.7) 1(1.2
Fracture characteristics
Localization
Clavicle 0(0.0 10 (13.9) 3(3.5) 0.013
Humerus 5(14.7) 11(14.9) 8(9.3) 0.511
Forearm 0(0.0) 6(8.1) 10 (11.6 0.094
Fermur 7 (20.6) 6(8.1) 23 (26.7)" 0.010
Tibia 12 (35.3) 15 (20.3) 19 (22.1) 0.209
Fibula 3(8.8) 9(122) 6(7.0) 0527
Ankle 4(11.8) 12(16.2) 14 (16.3) 0.806
Calcaneus 0(0.0) 2(.7) 2(2.3) 1.000
Patella 2(5.9 2(2.7) 1(1.2 0.262
Scapula 129 0(0.0) 0(0.0) 0.1756
Sternum 0(0.0) 1(1.4) 0(0.0) 0.557
Open/closed 0.067
Closed 21 (61.8) 61 (82.4) 64 (74.4)
Open 13(38.2) 13(17.6) 22 (25.6)
Gustilo-Anderson type 0.682
1 4(11.8) 3(4.1) 78.1)
2 4(11.8) 6(8.1) 11 (12.8)
3 5(14.7) 4(5.4) 4(4.7)
Clinical presentation
Fistula 7 (20.6) 16 (21.6) 19 (22.1) 0.984
Wound breakdown 8(23.5) 27 (36.5) 17 (19.8) 0.053
Purulent discharge/pus 18 (62.9) 35(47.3) 30 (34.9) 0.120
Redness 19 (65.9) 38 (51.4) 6 (41.9) 0.290
Pain 9(26.5) 25 (33.8) 37 (43.0) 0.098
Sweling 16 (47.1) 23 (32.1) 31(36.0) 0275
Fever (=38.3°C) 269 11 (14.9) 2 (2.3 0.008
Local warmth 7(20.6) 10(13.5) 6(7.0) 0.094
Joint effusion 388 7(9.5) 9(10.5) 0.956
Wound drainage 16 (47.1) 27 (36.5) 20 (23.3) 0.028
Microbiological characteristics
Monomicrobial 17 (50.0)" 58 (78.4) 63 (73.3) 0.009
Polymicrobial 16 (47.1)" 14 (18.9) 19 (22.1) 0.005
Culture-negative 1.9 2(.7) 4(4.7) 0.877
Time to onset median (pzs- 9(6.75-11.25) 30 (18.75-42.0) 308 (148-607.25) =
p7s)

*Adds up to 191. Three patients had a second episode of FRI at a different anatomical location *Post-hoc testing showed statistically significant difference from the other groups at p < 0.05. pos-pzs:
251" and 75" percentile, inter-quartile range.
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RT-qPCR
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Sequence 5'-3' (forward/reverse)

5'-GATTATGTAATGTGCTTGGA-3'/
5'-ACTACTGCTGCGTTAATAAT-3'
5'-TGGCGAAAGAAGACATCA-3'/
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