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Introduction 
Staphylococcus aureus is the leading cause of osteomyelitis, which is defined

as inflammation of bone but is most commonly encountered in the setting of 

bacterial infection. Osteomyelitis can result in significant morbidity such as 

progressive bone damage, pathologic fractures, and septicemia ( 1 , 2 ). 

Bone infections typically develop via three clinical mechanisms, including 

hematogenous seeding of bone, invasion of bone from a contiguous source 

(e. g., following trauma or via spread from soft tissues), or infection occurring

secondary to vascular insufficiency or neuropathy (e. g., diabetic foot 

infection) ( 1 ). Osteomyelitis can be isolated to a single part of the bone or it

can impact multiple regions including the bone marrow, cortical and 

trabecular bone, the periosteum, and surrounding soft tissues ( 1 , 2 ). 

The treatment of acute osteomyelitis using antibiotic therapy is associated 

with a high success rate ( 3 ); however, many cases require surgical 

debridement in addition to antibiotic therapy and despite these measures, 

treatments fail in ~20% of cases ( 4 ). Osteomyelitis treatment is 

complicated by a number of factors, including: (1) widespread antimicrobial 

resistance, (2) antibiotic tolerance as a result of metabolic changes and/or 

biofilm formation, (3) the inability of antibiotics to penetrate infected and 

damaged bone, and (4) the colonization of potentially antibiotic-protected 

reservoirs within the substructure of bone. Accordingly, S. aureus has 

multiple mechanisms outside of traditionally defined antibiotic resistance 

that can contribute to treatment failure of osteomyelitis infections, and as 

such, these mechanisms ( Figure 1 ) will be the focus of this review. 
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FIGURE 1  

Mechanisms of Antibiotic Failure in S. aureus Infection.(A)Abscesses are the 

characteristic tissue lesions of invasive staphylococcal infection. The bacteria

within the core of abscesses are referred to as staphylococcal abscess 

communities (SACs), which are surrounded by a pseudocapsule made of 

fibrin and other host extracellular matrix proteins. The SAC is surrounded by 

immune cells, including both viable and non-viable neutrophils. Bacteria 

within a SAC exhibit increased tolerance to antibiotic treatment.(B)Abscess 

formation and exuberant inflammation during osteomyelitis compromise the 

blood supply to the bone leading to bone necrosis. Necrotic bone fragments 

result in the formation of tissue lesions known as sequestra, which are 

characteristic of chronic osteomyelitis and serve as a nidus for persistent 

infection. In response to the sequestrum, new bone formation occurs 

resulting in the formation of a pathologic lesion known as an involucrum. 

Vascular impairment resulting from infection significantly diminishes the 

effectiveness of systemic antibiotics.(C)Biofilm formation on bone greatly 

contributes to bacterial persistence during bone infection, and biofilm-

associated bacteria exhibit increased tolerance to antibiotics. Biofilms may 

act as diffusion barriers for antibiotics, thereby reducing the penetrance of 

antibiotics toward the deeper layers of the biofilm. The biofilm environment, 

which is characterized by significant nutrient and oxygen gradients, is 

thought to promote the production of antibiotic tolerant bacterial cells (e. g., 

small colony variants [SCVs] and persisters) (SCVs are illustrated as pink 

cocci; persisters are illustrated as orange cocci).(D) S. aureus has been 
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shown to invade and survive within professional phagocytes (e. g., 

macrophages) and resident bone cells (e. g., osteoclasts and osteoblasts). 

Intracellular survival contributes to antibiotic tolerance given that most 

antibiotics act extracellularly, and the intracellular host environment is 

thought to enrich the formation of SCVs and persisters.(E)Osteocytes, the 

major cell type embedded within the bone matrix, reside in structures known

as lacunae, and connect to one another via a three-dimensional network of 

channels known as canaliculi. Colonization of the osteocyte lacuno-

canalicular network (OLCN) is believed to promote chronicity of S. aureus 

osteomyelitis as the antibiotic concentrations needed for bacterial 

eradication may not be possible to achieve within the infected OLCN. 

Bacteria within the OLCN might also be protected from the host response. 

The Development of Chronic Osteomyelitis 
Key characteristics of osteomyelitis are severe inflammation, vascular 

impairment, and localized bone loss and destruction ( 2 ). The host responds 

to the presence of bacteria such as S. aureus by releasing inflammatory 

factors and degradative enzymes from immune cells, which contribute to the

destruction of bone matrix and bone trabeculae ( 1 , 5 – 10 ). Many of the 

innate immune responses involved in antibacterial host defense also have 

significant impacts on bone homeostasis, and the release of inflammatory 

mediators at the infection site can result in decreased osteoblast-mediated 

bone formation and increased osteoclast activation and bone resorption, 

thereby promoting bone loss. To counteract the host immune response, S. 

aureus releases specific immunoevasive virulence factors, including those 

that have been linked to osteomyelitis pathogenesis such as protein A (Spa) 
https://assignbuster.com/mechanisms-of-antibiotic-failure-during-
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and the major histocompatibility complex (MHC) class II analog protein (Map)

( 10 ). In addition to the primary role of protein A in immune evasion, Spa 

has also been documented to contribute to staphylococcal osteomyelitis by 

altering bone homeostasis via direct interactions with osteoclasts and 

osteoblasts, resulting in bone loss ( 11 , 12 ). Map contributes to 

osteomyelitis by altering T-cell function ( 13 ). 

S. aureus immunoevasive factors also contribute to the formation of 

abscesses, which are the characteristic tissue lesions of invasive 

staphylococcal infection and consist of a three-dimensional community of 

bacteria surrounded by immune cells. This physical segregation of bacterial 

cells from the surrounding host tissue is predicted to protect pathogens from

both the host response and antibiotic treatment ( 14 – 16 ). The bacteria 

within the core of abscesses are referred to as staphylococcal abscess 

communities (SACs), which are surrounded by a pseudocapsule made of 

fibrin and other host extracellular matrix proteins ( 14 , 16 ). In addition, this 

dense community of bacteria is surrounded by immune cells, including both 

viable and necrotic neutrophils. For a more detailed description of the 

mechanisms underlying staphylococcal abscess formation, readers are 

directed to the outstanding review by Cheng et al. ( 14 ). During 

osteomyelitis, abscesses commonly form within the bone marrow space as 

well as in the surrounding soft tissues ( 15 , 17 , 18 ). Abscess formation and 

exuberant inflammation during osteomyelitis also compromise the blood 

supply to the bone leading to further bone necrosis. Necrotic bone fragments

result in the formation of lesions known as sequestra, which are 

characteristic of chronic osteomyelitis and serve as a nidus for persistent 
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infection ( 1 ). In response to the sequestrum, new bone formation occurs 

resulting in the formation of a pathologic lesion known as an involucrum ( 10

). With regards to treatment failure, it is hypothesized that the SACs play an 

important role given that the bacteria have an increased tolerance to 

antibiotic treatment ( 16 ). Further, Hofstee et al. revealed that the upon 

mechanically dispersing SACs, bacteria were efficiently killed, suggesting the

pseudocapsule provides protection from antibiotic treatment. Two 

staphylococcal coagulases, staphylocoagulase (Coa) and von Willebrand 

factor-binding protein (vWbp), are important for the formation of the 

pseudocapsule ( 14 ) and therefore could play an important role in the 

treatment failure of S. aureus . Additionally, as a result of the vascular 

impairment in infected bone, systemic antibiotics are thought to be 

significantly less effective ( 1 ). 

The Role of Biofilm Formation 
S. aureus biofilm formation on necrotic bone and implanted material greatly 

contributes to bacterial persistence during bone infection, and is presumed 

to be a leading cause of treatment recalcitrance during chronic osteomyelitis

( 19 , 20 ). Biofilms are multicellular microbial communities encased within a 

self-produced matrix that are formed on either organic or inorganic surfaces 

and exhibit increased tolerance to antibiotics ( 21 – 25 ). Vascular 

impairment and decreased oxygen tension within sequestra provide ideal 

conditions which promote the attachment of planktonic bacteria and 

ultimately biofilm formation ( 2 ). Regardless of how the bacteria reach bone 

or implant surfaces, the bacteria attach to the surfaces using microbial 

surface components recognizing adhesive matrix molecules (MSCRAMMs). 
https://assignbuster.com/mechanisms-of-antibiotic-failure-during-
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Specifically, the colonization of bone occurs through the attachment of 

planktonic bacteria to extracellular matrix proteins, bone cells, or plasma 

proteins ( 26 – 28 ). For example, two staphylococcal adhesins that play an 

important role in bone adhesion during osteomyelitis are collagen adhesion 

protein (Cna) and bone sialoprotein (Bbp) ( 29 – 31 ). Following attachment, 

bacteria produce an extracellular matrix (ECM) composed of proteins, 

polysaccharides, and/or extracellular DNA (eDNA), leading to the formation 

of a mature biofilm ( 32 ). The extracellular matrix is important for binding 

bacterial cells to each other and to the substrate, as well as for maintaining 

the biofilms structural integrity. In addition, protection is provided to bacteria

within the biofilm given the decreased susceptibility of the biofilm to the host

immune response, environmental stresses, and antibiotics ( 33 ). 

Bacteria within biofilms have been found to be 10 to 1, 000 times more 

tolerant to antibiotic treatment in comparison to the genetically identical 

planktonic bacteria ( 34 ). Biofilms may act as diffusion barriers for 

antibiotics thereby reducing the penetrance of antibiotics toward the deeper 

layers of the biofilm ( 34 ). However, the biofilm diffusion barrier function 

cannot solely account for the dramatic reduction in antibiotic susceptibility 

observed, as antimicrobials that do not interact with components of the ECM 

are able to diffuse at a rate comparable to diffusion through water ( 35 ). As 

such, the contribution of the diffusion barrier to the overall increased 

tolerance of biofilms is likely less important for some antibiotics, and in these

cases altered metabolic activity of biofilm bacteria is hypothesized to be a 

major driver of antibiotic tolerance. 
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Small Colony Variants and Persisters 
Small colony variants (SCVs) and persisters are two phenomena reflective of 

the altered metabolic activity of bacteria within biofilms ( 36 ). Persisters are 

dormant phenotypic variants with increased antibiotic tolerance, found 

within a susceptible bacterial population ( 37 ). These antibiotic-tolerant cells

are transient variants which revert to a drug susceptible state upon 

subculturing in fresh growth media ( 38 ). The biofilm environment, which is 

characterized by a paucity of nutrients and oxygen, is thought to promote 

the production of persisters given that these conditions support a reduction 

in metabolic activity and a low energy state—traits of antibiotic tolerant 

persisters ( 39 ). SCVs are characterized by their pinpoint colony size, altered

pigmentation, slow growth, activation of the stringent response, 

downregulation of virulence genes via a reduction of the agr quorum sensing

system, and upregulation of genes associated with adhesion and biofilm 

formation through the activation of the alternative sigma factor B ( sigB ) (

40 – 42 ). A variety of different stressors have been shown to trigger SCVs, 

including antibiotic pressure, low pH, limited nutrients, cationic peptides, 

reactive oxygen species, and intracellular localization ( 43 , 44 ). Specific 

environmental stressors can result in the production of phenotypically 

distinct SCVs which can be transient variants that will revert back to wild-

type under favorable conditions, or irreversible SCVs that result from 

permanent genetic changes ( 45 – 50 ). In the context of osteomyelitis, SCVs 

have been isolated from chronic bone infections and are believed to support 

persistent and relapsing infections ( 51 , 52 ). 

https://assignbuster.com/mechanisms-of-antibiotic-failure-during-
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The increased antibiotic tolerance observed with persisters and SCVs is 

suggested to be a result of their altered metabolic activity ( 15 , 47 , 53 , 54

). With regard to SCVs, mutations associated with the production of these 

variants most commonly occur in menadione and hemin biosynthesis genes (

55 ). Importantly, menadione and hemin are essential in the biosynthesis of 

menaquinone and cytochromes which are components of the electron 

transport chain. Consequently, ATP production decreases as a result of a 

reduction in membrane potential, resulting in the slowing of bacterial 

growth. Given that bactericidal antibiotics target active cellular processes, a 

decrease in growth rate can result in increased tolerance to these antibiotics 

( 41 , 47 ). In addition, the decreased membrane potential can reduce the 

influx of aminoglycoside antibiotics, resulting in decreased susceptibility to 

these antibiotics ( 55 ). 

While persisters are similar to SCVs in that they tolerate antibiotic treatment 

by entering into a more metabolically quiescent state, the specific 

mechanism of persister formation in S. aureus remained relatively unclear 

until recently. In Escherichia coli , persister formation is linked to toxin-

antitoxin modules; however, when this was investigated in S. aureus it was 

found that the deletion of these modules did not influence the levels of 

persisters ( 56 ). However, the same study revealed that the formation of 

persisters is associated with a stochastic entrance into stationary phase and 

the depletion of intracellular ATP. As such, the decrease in ATP results in a 

reduction in growth rate, and therefore a reduction in the targets of many 

antibiotics, resulting in an increase in antibiotic tolerance. Most recently, in 

an effort to identify specific metabolic pathways resulting in persister 
https://assignbuster.com/mechanisms-of-antibiotic-failure-during-
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formation, Zalis et al. found that, within a growing population, there are cells

which stochastically express enzymes of the tricarboxylic acid (TCA) cycle at 

low levels, resulting in decreased ATP production and ultimately an increase 

in antibiotic tolerance ( 57 ). 

Intracellular Survival of S. aureus 
An additional mechanism potentially contributing to antibiotic tolerance in 

the setting of invasive infection is the intracellular survival of S. aureus . 

Previous studies have demonstrated the capacity of S. aureus to invade and 

survive within professional phagocytes including macrophages and 

neutrophils, as well as non-phagocytic cells such as epithelial cells, 

keratinocytes, endothelial cells, fibroblasts, and bone cells ( 58 – 62 ). 

Following internalization, bacteria are able to escape cell death by evading 

lysosomal compartments, preventing phagolysosomal fusion, or persisting 

within vacuoles ( 63 , 64 ). It has been shown that S. aureus is able to not 

only survive within the phagolysosome but also initiate intracellular 

replication ( 65 ). S. aureus is also thought to persist intracellularly by 

adopting a metabolically inactive state similar to SCVs ( 48 ). Intracellular 

persisters in macrophages have also been identified following antibiotic 

exposure, suggesting that the intracellular environment could contribute to 

S. aureus persistence and relapsing infections ( 66 ). A more recent study 

found that macrophages are unable to efficiently kill S. aureus and that 

tolerance is induced to multiple antibiotics in response to exposure to 

reactive oxygen species, thus highlighting a more direct contribution of 

intracellular survival to antibiotic tolerance ( 67 ). 

https://assignbuster.com/mechanisms-of-antibiotic-failure-during-
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With regards to osteomyelitis, S. aureus has been shown in vitro to infect 

skeletal cells, including osteoblasts ( 68 – 70 ) and osteocytes ( 71 ). 

Additionally, S. aureus has been observed residing within osteoclasts in vitro 

and in vivo ( 72 ). Notably, using TRAP-tdTomato reporter mice with a green 

fluorescent protein (GFP)-expressing S. aureus strain, Krauss et al. were able 

to image calvarial histological sections using confocal microscopy, and GFP-

expressing S. aureus were localized within TRAP-tdTomato osteoclasts ( 72 ).

However, the contribution of intracellular survival in the context of human 

osteomyelitis remains unclear, as thus far it has been difficult to rigorously 

document intracellular communities of bacteria in histologic specimens. 

Although the contribution of intracellular survival in osteomyelitis is not 

entirely understood, the effects of antibiotics on intracellular survival remain 

of significant interest to the research community. A study by Ellington et al. 

found that following long-term S. aureus survival within osteoblasts, bacterial

sensitivity to antibiotic treatment decreases ( 73 ). S. aureus survival in 

osteoblasts is believed to occur partly as a result of SCV formation, and SCVs

increase following the treatment with select antibiotics ( 74 – 76 ). In addition

to osteoblasts, SCVs have also been shown to form upon internalization by 

terminally differentiated osteocytes ( 71 ). Given the increased antibiotic 

tolerance observed with SCVs, their intracellular presence would further 

complicate treatment. Furthermore, if the intracellular survival of S. aureus 

contributes to the establishment of chronic infections, antibiotic treatment 

could inadvertently promote infection persistence by promoting SCV 

formation. 
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Colonization of the Osteocyte Lacuno-Canalicular Network 
(OLCN) 
Colonization of the osteocyte lacuno-canalicular network is an additional 

mechanism considered to promote persistence during S. aureus 

osteomyelitis. Osteocytes, the major cell type embedded within the bone 

matrix ( 77 ), create a three-dimensional network in which osteocytes 

directly connect individual lacunae via canaliculi ( 78 ). Lacunae are the 

spaces containing the individual osteocytes, whereas the canaliculi are the 

channels containing the osteocyte cytoplasmic processes ( 79 ). Recently, S. 

aureus was found to invade the OLCN in a murine model of osteomyelitis (

80 ). When imaging live cortical bone using transmission electron microscopy

(TEM), chains of individual cocci were present within canaliculi. Given the 

non-motile nature of S. aureus , it is hypothesized that the bacteria are 

accessing the network and moving throughout via asymmetric binary fission.

Colonization of the OLCN was further confirmed with a human S. aureus 

diabetic foot infection where the use of TEM identified cocci within the 

osteocyte lacunar and canalicular space ( 81 ). This discovery suggests a 

novel mechanism of persistence in chronic osteomyelitis as the bacteria 

within the OLCN might be protected from the host response and the bone 

matrix could serve as a nutrient source further supporting long-term survival.

Importantly, the minimal inhibitory concentrations needed for antibiotic 

therapies may not be possible to achieve within an infected OLCN ( 81 ). 

https://assignbuster.com/mechanisms-of-antibiotic-failure-during-
staphylococcus-aureus-osteomyelitis/



 Mechanisms of antibiotic failure during ... – Paper Example  Page 13

Targeting Antibiotic Tolerance Mechanisms to Improve S. 
aureus Treatment 
A greater understanding of the aforementioned tolerance mechanisms and 

their contribution to antibiotic failure is facilitating the development of more 

effective treatment strategies. In the context of osteomyelitis, one approach 

is the improved targeting of S. aureus within host cells given that most 

antibiotics do not freely diffuse across the cell membrane. To assist in 

improving osteomyelitis treatment, Valour et al. determined the 

effectiveness of frontline antimicrobials by assessing their impact on 

intraosteoblastic S. aureus and the emergence of SCVs ( 75 ). This group 

found that some antibiotics (i. e., vancomycin and daptomycin) have no 

significant impact on intracellular bacterial growth whilst only ofloxacin had 

both strong intracellular activity and a limiting effect on SCV emergence. 

This study emphasizes that in refining the antimicrobial therapy for 

osteomyelitis, the intraosteoblastic activity of antibiotics should be 

considered. A combinatorial treatment approach consisting of an anti-biofilm 

compound (i. e., rifampin) with an effective intracellular-acting compound 

may be more effective. Two additional studies working toward targeting 

intracellular bacteria both leveraged engineering approaches to enhance the

effectiveness of peptidoglycan hydrolases, which are highly specific 

bactericidal enzymes, as a treatment for S. aureus infections ( 82 , 83 ). 

These enzymes were modified to contain either protein transduction 

domains or cell-penetrating peptides, both of which facilitate entry into 

mammalian cells and ultimately resulted in the enhanced eradication of 

intracellular staphylococci in osteoblasts. Multiple studies have also focused 

on the use of nanoparticles to improve the treatment of intracellular bacteria
https://assignbuster.com/mechanisms-of-antibiotic-failure-during-
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in osteoblasts and osteoclasts ( 84 – 86 ). One study in particular 

investigated the use of hybrid nanoparticles to improve the delivery of 

rifampicin to the intracellular environment ( 86 ). Using rifampicin-loaded 

nanoparticles, Guo et al. increased the delivery of rifampicin within 

osteoblasts as well as decreased the number of surviving bacteria following 

treatment. Two additional studies have reported the use of silver 

nanoparticles to reduce bacterial survival within osteoclasts and osteoblasts 

( 84 , 85 ). Specifically, Aurore et al. determined that with the use of silver 

nanoparticles, the decrease in bacterial recovery from osteoclasts correlated

with an increase in reactive oxygen responses ( 84 ). 

Another approach to improve S. aureus treatment is the targeting of 

persisters and SCVs by restoring uptake of aminoglycosides, which is 

normally prevented by the reduced membrane potential of these cells. A 

study by Radlinski et al. found that rhamnolipids, a biosurfactant produced 

by Pseudomonas aeruginosa , were able to improve the effectiveness of the 

aminoglycoside tobramycin against S. aureus ( 87 ). Ultimately, it was shown

that the increased uptake of tobramycin was PMF-independent, and this 

resulted in inhibition of otherwise tolerant bacterial populations such as 

persisters, SCVs, biofilm, and anaerobic populations of S. aureus ( 88 ). 

Lastly, efforts are now being focused on identifying novel drug targets that 

are critical for S. aureus invasion into the OLCN network. Using a microfluidic

silicon membrane canalicular array (μSiM-CA) developed to model S. aureus 

invasion of the OLCN, Masters et al. screened select transposon mutants and

were able to identify penicillin binding protein 4 (PBP4) as critical to OLCN 
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invasion ( 89 ). In a murine model of implant-associated osteomyelitis, a 

strain lacking PBP4 displayed a decreased tolerance to vancomycin 

treatment, a reduction in pathogenic bone-loss at the implant site, and an 

inability to invade and colonize OLCN. As such, given the significant 

contribution of PBP4 to deep bone invasion, the development of a PBP4-

specific inhibitor could improve osteomyelitis antimicrobial therapies. Taken 

together, these studies highlight opportunities to increase the efficacy of 

traditional antibiotics by leveraging adjunctive treatments that target 

intracellular pathogens, persisters, and niche-protected bacteria. 

Conclusion 
Staphylococcus aureus osteomyelitis remains a serious health threat given 

the significant morbidity and treatment recalcitrance of these infections. S. 

aureus not only is able to adapt to changing host environments and evade 

the host immune response, but it also has multiple mechanisms to promote 

tolerance to antibiotic treatment. As a result, treatment of osteomyelitis 

requires long term antibiotic therapy, often in combination with surgical 

debridement which can further increase osteomyelitis morbidity. In order to 

improve the outcome of osteomyelitis treatment and reduce the risk of 

relapse, a greater understanding of the tolerance mechanisms used by S. 

aureus to survive antibiotic treatment is essential. Furthermore, when 

developing novel treatment strategies, it should be considered that the 

effectiveness of treatments in vitro in a clinical microbiology setting may not 

be an appropriate representation of effectiveness in vivo . 

https://assignbuster.com/mechanisms-of-antibiotic-failure-during-
staphylococcus-aureus-osteomyelitis/



 Mechanisms of antibiotic failure during ... – Paper Example  Page 16

Author Contributions 
JC: conceptualization, writing—reviewing and editing, supervision, and 

funding acquisition. BG: writing—original draft preparation and visualization. 

Both authors contributed to the article and approved the submitted version. 

Funding 
JC was supported by R01AI132560 (NIAID), R01AI145992 (NIAID), and a 

Career Award for Medical Scientists from the Burroughs Wellcome Fund. 

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. 

Acknowledgments 
The authors thank the members of the Cassat lab for thoroughly reviewing 

the manuscript. Figure 1 was created with BioRender. com . 

References 
1. Lew DP, Waldvogel FA. Osteomyelitis. Lancet . (2004) 364: 369–79. doi: 

10. 1016/S0140-6736(04)16727-5 

2. Kavanagh N, Ryan EJ, Widaa A, Sexton G, Fennell J, O'Rourke S, et al. 

Staphylococcal osteomyelitis: disease progression, treatment challenges, 

and future directions. Clin Microbiol Rev . (2018) 31: e00084-17. doi: 10. 

1128/CMR. 00084-17 

https://assignbuster.com/mechanisms-of-antibiotic-failure-during-
staphylococcus-aureus-osteomyelitis/



 Mechanisms of antibiotic failure during ... – Paper Example  Page 17

3. Calhoun JH, Manring MM, Shirtliff M. Osteomyelitis of the long bones. 

Semin Plast Surg . (2009) 23: 59–72. doi: 10. 1055/s-0029-1214158 

4. Conterno LO, Turchi MD. Antibiotics for treating chronic osteomyelitis in 

adults. Cochrane Database Syst Rev. (2013) CD004439. doi: 10. 

1002/14651858. CD004439. pub3 

5. Mbalaviele G, Novack DV, Schett G, Teitelbaum SL. Inflammatory 

osteolysis: a conspiracy against bone. J Clin Invest . (2017) 127: 2030–9. doi: 

10. 1172/JCI93356 

6. Putnam NE, Fulbright LE, Curry JM, Ford CA, Petronglo JR, Hendrix AS, et al.

MyD88 and IL-1R signaling drive antibacterial immunity and osteoclast-

driven bone loss during Staphylococcus aureus osteomyelitis. PLoS Pathog . 

(2019) 15: e1007744. doi: 10. 1371/journal. ppat. 1007744 

7. Alder KD, Lee I, Munger AM, Kwon HK, Morris MT, Cahill SV, et al. 

Intracellular Staphylococcus aureus in bone and joint infections: a 

mechanism of disease recurrence, inflammation, and bone and cartilage 

destruction. Bone . (2020) 115568. doi: 10. 1016/j. bone. 2020. 115568 

8. Butrico CE, Cassat JE. Quorum sensing and toxin production in 

Staphylococcus aureus Osteomyelitis: pathogenesis and paradox. Toxins. 

(2020) 12: 516. doi: 10. 3390/toxins12080516 

9. Roper PM, Shao C, Veis DJ. Multitasking by the OC lineage during bone 

infection: bone resorption, immune modulation, and microbial niche. Cells . 

(2020) 9: 2157. doi: 10. 3390/cells9102157 

https://assignbuster.com/mechanisms-of-antibiotic-failure-during-
staphylococcus-aureus-osteomyelitis/



 Mechanisms of antibiotic failure during ... – Paper Example  Page 18

10. Urish KL, Cassat JE. Staphylococcus aureus osteomyelitis: bone, bugs, 

and surgery. Infect Immun . (2020) 88: e00932–19. doi: 10. 1128/IAI. 00932-

19 

11. Gomez MI, O'Seaghdha M, Magargee M, Foster TJ, Prince AS. 

Staphylococcus aureus protein A activates TNFR1 signaling through 

conserved IgG binding domains. J Biol Chem . (2006) 281: 20190–6. doi: 10. 

1074/jbc. M601956200 

12. Claro T, Widaa A, McDonnell C, Foster TJ, O'Brien FJ, Kerrigan SW. 

Staphylococcus aureus protein A binding to osteoblast tumour necrosis 

factor receptor 1 results in activation of nuclear factor kappa B and release 

of interleukin-6 in bone infection. Microbiology. (2013) 159(Pt. 1): 147–54. 

doi: 10. 1099/mic. 0. 063016-0 

13. Lee LY, Miyamoto YJ, McIntyre BW, Hook M, McCrea KW, McDevitt D, et 

al. The Staphylococcus aureus Map protein is an immunomodulator that 

interferes with T cell-mediated responses. J Clin Invest . (2002) 110: 1461–

71. doi: 10. 1172/JCI0216318 

14. Cheng AG, DeDent AC, Schneewind O, Missiakas D. A play in four acts: 

Staphylococcus aureus abscess formation. Trends Microbiol . (2011) 19: 225–

32. doi: 10. 1016/j. tim. 2011. 01. 007 

15. Muthukrishnan G, Masters EA, Daiss JL, Schwarz EM. Mechanisms of 

immune evasion and bone tissue colonization that make Staphylococcus 

aureus the primary pathogen in osteomyelitis. Curr Osteoporos Rep . (2019) 

17: 395–404. doi: 10. 1007/s11914-019-00548-4 
https://assignbuster.com/mechanisms-of-antibiotic-failure-during-
staphylococcus-aureus-osteomyelitis/



 Mechanisms of antibiotic failure during ... – Paper Example  Page 19

16. Hofstee MI, Riool M, Terjajevs I, Thompson K, Stoddart MJ, Richards RG, 

et al. 3-dimensional in vitro Staphylococcus aureus abscess communities 

display antibiotic tolerance and protection from neutrophil clearance. Infect 

Immun . (2020) 88: e00293–20. doi: 10. 1128/IAI. 00293-20 

17. Cassat JE, Hammer ND, Campbell JP, Benson MA, Perrien DS, Mrak LN, et 

al. A secreted bacterial protease tailors the Staphylococcus aureus virulence 

repertoire to modulate bone remodeling during osteomyelitis. Cell Host 

Microbe . (2013) 13: 759–72. doi: 10. 1016/j. chom. 2013. 05. 003 

18. Brandt SL, Putnam NE, Cassat JE, Serezani CH. Innate immunity to 

Staphylococcus aureus : evolving paradigms in soft tissue and invasive 

infections. J Immunol . (2018) 200: 3871–80. doi: 10. 4049/jimmunol. 

1701574 

19. Stoodley P, Nistico L, Johnson S, Lasko LA, Baratz M, Gahlot V, et al. 

Direct demonstration of viable Staphylococcus aureus biofilms in an infected 

total joint arthroplasty. A case report. J Bone Joint Surg Am . (2008) 90: 

1751–8. doi: 10. 2106/JBJS. G. 00838 

20. Scherr TD, Heim CE, Morrison JM, Kielian T. Hiding in plain sight: interplay

between staphylococcal biofilms and host immunity. Front Immunol . (2014) 

5: 37. doi: 10. 3389/fimmu. 2014. 00037 

21. Costerton W, Veeh R, Shirtliff M, Pasmore M, Post C, Ehrlich G. The 

application of biofilm science to the study and control of chronic bacterial 

infections. J Clin Invest . (2003) 112: 1466–77. doi: 10. 1172/JCI200320365 

https://assignbuster.com/mechanisms-of-antibiotic-failure-during-
staphylococcus-aureus-osteomyelitis/



 Mechanisms of antibiotic failure during ... – Paper Example  Page 20

22. Otto M. Staphylococcal biofilms. Curr Top Microbiol Immunol . (2008) 

322: 207–28. doi: 10. 1007/978-3-540-75418-3_10 

23. Hanke ML, Kielian T. Deciphering mechanisms of staphylococcal biofilm 

evasion of host immunity. Front Cell Infect Microbiol . (2012) 2: 62. doi: 10. 

3389/fcimb. 2012. 00062 

24. Zimmerli W, Moser C. Pathogenesis and treatment concepts of 

orthopaedic biofilm infections. FEMS Immunol Med Microbiol . (2012) 65: 

158–68. doi: 10. 1111/j. 1574-695X. 2012. 00938. x 

25. Zapotoczna M, O'Neill E, O'Gara JP. Untangling the diverse and redundant

mechanisms of Staphylococcus aureus biofilm formation. PLoS Pathog . 

(2016) 12: e1005671. doi: 10. 1371/journal. ppat. 1005671 

26. Hudson MC, Ramp WK, Frankenburg KP. Staphylococcus aureus adhesion

to bone matrix and bone-associated biomaterials. FEMS Microbiol Lett . 

(1999) 173: 279–84. doi: 10. 1111/j. 1574-6968. 1999. tb13514. x 

27. Foster TJ, Geoghegan JA, Ganesh VK, Hook M. Adhesion, invasion and 

evasion: the many functions of the surface proteins of Staphylococcus 

aureus . Nat Rev Microbiol . (2014) 12: 49–62. doi: 10. 1038/nrmicro3161 

28. Foster TJ. Surface proteins of Staphylococcus aureus . Microbiol Spectr . 

(2019) 7. doi: 10. 1128/microbiolspec. GPP3-0046-2018 

29. Elasri MO, Thomas JR, Skinner RA, Blevins JS, Beenken KE, Nelson CL, et 

al. Staphylococcus aureus collagen adhesin contributes to the pathogenesis 

https://assignbuster.com/mechanisms-of-antibiotic-failure-during-
staphylococcus-aureus-osteomyelitis/



 Mechanisms of antibiotic failure during ... – Paper Example  Page 21

of osteomyelitis. Bone . (2002) 30: 275–80. doi: 10. 1016/S8756-

3282(01)00632-9 

30. Xu Y, Rivas JM, Brown EL, Liang X, Hook M. Virulence potential of the 

staphylococcal adhesin CNA in experimental arthritis is determined by its 

affinity for collagen. J Infect Dis . (2004) 189: 2323–33. doi: 10. 1086/420851 

31. Vazquez V, Liang X, Horndahl JK, Ganesh VK, Smeds E, Foster TJ, et al. 

Fibrinogen is a ligand for the Staphylococcus aureus microbial surface 

components recognizing adhesive matrix molecules (MSCRAMM) bone 

sialoprotein-binding protein (Bbp). J Biol Chem . (2011) 286: 29797–805. doi: 

10. 1074/jbc. M110. 214981 

32. Flemming HC, Wingender J. The biofilm matrix. Nat Rev Microbiol . (2010)

8: 623–33. doi: 10. 1038/nrmicro2415 

33. Flemming HC, Wingender J, Szewzyk U, Steinberg P, Rice SA, Kjelleberg 

S. Biofilms: an emergent form of bacterial life. Nat Rev Microbiol . (2016) 14: 

563–75. doi: 10. 1038/nrmicro. 2016. 94 

34. Jefferson KK, Goldmann DA, Pier GB. Use of confocal microscopy to 

analyze the rate of vancomycin penetration through Staphylococcus aureus 

biofilms. Antimicrob Agents Chemother . (2005) 49: 2467–73. doi: 10. 

1128/AAC. 49. 6. 2467-2473. 2005 

35. Daddi Oubekka S, Briandet R, Fontaine-Aupart MP, Steenkeste K. 

Correlative time-resolved fluorescence microscopy to assess antibiotic 

https://assignbuster.com/mechanisms-of-antibiotic-failure-during-
staphylococcus-aureus-osteomyelitis/



 Mechanisms of antibiotic failure during ... – Paper Example  Page 22

diffusion-reaction in biofilms. Antimicrob Agents Chemother . (2012) 56: 

3349–58. doi: 10. 1128/AAC. 00216-12 

36. Singh R, Ray P, Das A, Sharma M. Role of persisters and small-colony 

variants in antibiotic resistance of planktonic and biofilm-associated 

Staphylococcus aureus : an in vitro study. J Med Microbiol. (2009) 58(Pt. 8): 

1067–73. doi: 10. 1099/jmm. 0. 009720-0 

37. Lewis K. Persister cells. Annu Rev Microbiol . (2010) 64: 357–72. doi: 10. 

1146/annurev. micro. 112408. 134306 

38. Rowe SE, Conlon BP, Keren I, Lewis K. Persisters: methods for isolation 

and identifying contributing factors–a review. Methods Mol Biol . (2016) 

1333: 17–28. doi: 10. 1007/978-1-4939-2854-5_2 

39. Waters EM, Rowe SE, O'Gara JP, Conlon BP. Convergence of 

Staphylococcus aureus persister and biofilm research: can biofilms be 

defined as communities of adherent persister cells? PLoS Pathog . (2016) 12:

e1006012. doi: 10. 1371/journal. ppat. 1006012 

40. Gao W, Chua K, Davies JK, Newton HJ, Seemann T, Harrison PF, et al. Two

novel point mutations in clinical Staphylococcus aureus reduce linezolid 

susceptibility and switch on the stringent response to promote persistent 

infection. PLoS Pathog . (2010) 6: e1000944. doi: 10. 1371/journal. ppat. 

1000944 

https://assignbuster.com/mechanisms-of-antibiotic-failure-during-
staphylococcus-aureus-osteomyelitis/



 Mechanisms of antibiotic failure during ... – Paper Example  Page 23

41. Kahl BC, Becker K, Loffler B. Clinical Significance and Pathogenesis of 

Staphylococcal Small Colony Variants in Persistent Infections. Clin Microbiol 

Rev . (2016) 29: 401–27. doi: 10. 1128/CMR. 00069-15 

42. Watkins KE, Unnikrishnan M. Evasion of host defenses by intracellular 

Staphylococcus aureus . Adv Appl Microbiol . (2020) 112: 105–41. doi: 10. 

1016/bs. aambs. 2020. 05. 001 

43. Loss G, Simoes PM, Valour F, Cortes MF, Gonzaga L, Bergot M, et al. 

Staphylococcus aureus Small Colony Variants. (SCVs): news from a chronic 

prosthetic joint infection. Front Cell Infect Microbiol . (2019) 9: 363. doi: 10. 

3389/fcimb. 2019. 00363 

44. Haffner N, Bar J, Dengler Haunreiter V, Mairpady Shambat S, Seidl K, 

Crosby HA, et al. Intracellular environment and agr system affect colony size 

heterogeneity of Staphylococcus aureus . Front Microbiol . (2020) 11: 1415. 

doi: 10. 3389/fmicb. 2020. 01415 

45. von Eiff C, Lindner N, Proctor RA, Winkelmann W, Peters G. Development 

of gentamicin-resistant small colony variants of S. aureus after implantation 

of gentamicin chains in osteomyelitis as a possible cause of recurrence. Z 

Orthop Ihre Grenzgeb . (1998) 136: 268–71. doi: 10. 1055/s-2008-1054234 

46. Massey RC, Buckling A, Peacock SJ. Phenotypic switching of antibiotic 

resistance circumvents permanent costs in Staphylococcus aureus . Curr Biol

. (2001) 11: 1810–4. doi: 10. 1016/S0960-9822(01)00507-3 

https://assignbuster.com/mechanisms-of-antibiotic-failure-during-
staphylococcus-aureus-osteomyelitis/



 Mechanisms of antibiotic failure during ... – Paper Example  Page 24

47. Proctor RA, von Eiff C, Kahl BC, Becker K, McNamara P, Herrmann M, et 

al. Small colony variants: a pathogenic form of bacteria that facilitates 

persistent and recurrent infections. Nat Rev Microbiol . (2006) 4: 295–305. 

doi: 10. 1038/nrmicro1384 

48. Tuchscherr L, Heitmann V, Hussain M, Viemann D, Roth J, von Eiff C, et al.

Staphylococcus aureus small-colony variants are adapted phenotypes for 

intracellular persistence. J Infect Dis . (2010) 202: 1031–40. doi: 10. 

1086/656047 

49. Tuchscherr L, Medina E, Hussain M, Volker W, Heitmann V, Niemann S, et

al. Staphylococcus aureus phenotype switching: an effective bacterial 

strategy to escape host immune response and establish a chronic infection. 

EMBO Mol Med . (2011) 3: 129–41. doi: 10. 1002/emmm. 201000115 

50. Onyango LA, Hugh Dunstan R, Roberts TK, Macdonald MM, Gottfries J. 

Phenotypic variants of staphylococci and their underlying population 

distributions following exposure to stress. PLoS ONE. (2013) 8: e77614. doi: 

10. 1371/journal. pone. 0077614 

51. Proctor RA, van Langevelde P, Kristjansson M, Maslow JN, Arbeit RD. 

Persistent and relapsing infections associated with small-colony variants of 

Staphylococcus aureus . Clin Infect Dis . (1995) 20: 95–102. doi: 10. 

1093/clinids/20. 1. 95 

52. von Eiff C, Peters G, Becker K. The small colony variant. (SCV) concept – 

the role of staphylococcal SCVs in persistent infections. Injury . (2006) 

37(Suppl. 2): S26–33. doi: 10. 1016/j. injury. 2006. 04. 006 
https://assignbuster.com/mechanisms-of-antibiotic-failure-during-
staphylococcus-aureus-osteomyelitis/



 Mechanisms of antibiotic failure during ... – Paper Example  Page 25

53. Sendi P, Rohrbach M, Graber P, Frei R, Ochsner PE, Zimmerli W. 

Staphylococcus aureus small colony variants in prosthetic joint infection. Clin

Infect Dis . (2006) 43: 961–7. doi: 10. 1086/507633 

54. Trombetta RP, Dunman PM, Schwarz EM, Kates SL, Awad HA. A high-

throughput screening approach to repurpose FDA-approved drugs for 

bactericidal applications against Staphylococcus aureus small-colony 

variants. mSphere . (2018) 3: e00422-18. doi: 10. 1128/mSphere. 00422-18 

55. Cao S, Huseby DL, Brandis G, Hughes D. Alternative evolutionary 

pathways for drug-resistant small colony variant mutants in Staphylococcus 

aureus . mBio . (2017) 8: e00358-17. doi: 10. 1128/mBio. 00358-17 

56. Conlon BP, Rowe SE, Gandt AB, Nuxoll AS, Donegan NP, Zalis EA, et al. 

Persister formation in Staphylococcus aureus is associated with ATP 

depletion. Nat Microbiol . (2016) 1: 16051. doi: 10. 1038/nmicrobiol. 2016. 51

57. Zalis EA, Nuxoll AS, Manuse S, Clair G, Radlinski LC, Conlon BP, et al. 

Stochastic variation in expression of the tricarboxylic acid cycle produces 

persister cells. mBio . (2019) 10: e01930-19. doi: 10. 1128/mBio. 01930-19 

58. Vesga O, Groeschel MC, Otten MF, Brar DW, Vann JM, Proctor RA. 

Staphylococcus aureus small colony variants are induced by the endothelial 

cell intracellular milieu. J Infect Dis . (1996) 173: 739–42. doi: 10. 

1093/infdis/173. 3. 739 

https://assignbuster.com/mechanisms-of-antibiotic-failure-during-
staphylococcus-aureus-osteomyelitis/



 Mechanisms of antibiotic failure during ... – Paper Example  Page 26

59. Krut O, Sommer H, Kronke M. Antibiotic-induced persistence of cytotoxic 

Staphylococcus aureus in non-phagocytic cells. J Antimicrob Chemother . 

(2004) 53: 167–73. doi: 10. 1093/jac/dkh076 

60. Malouin F, Brouillette E, Martinez A, Boyll BJ, Toth JL, Gage JL, et al. 

Identification of antimicrobial compounds active against intracellular 

Staphylococcus aureus . FEMS Immunol Med Microbiol . (2005) 45: 245–52. 

doi: 10. 1016/j. femsim. 2005. 04. 003 

61. Kubica M, Guzik K, Koziel J, Zarebski M, Richter W, Gajkowska B, et al. A 

potential new pathway for Staphylococcus aureus dissemination: the silent 

survival of S. aureus phagocytosed by human monocyte-derived 

macrophages. PLoS ONE. (2008) 3: e1409. doi: 10. 1371/journal. pone. 

0001409 

62. Horst SA, Hoerr V, Beineke A, Kreis C, Tuchscherr L, Kalinka J, et al. A 

novel mouse model of Staphylococcus aureus chronic osteomyelitis that 

closely mimics the human infection: an integrated view of disease 

pathogenesis. Am J Pathol . (2012) 181: 1206–14. doi: 10. 1016/j. ajpath. 

2012. 07. 005 

63. Fraunholz M, Sinha B. Intracellular Staphylococcus aureus : live-in and let

die. Front Cell Infect Microbiol . (2012) 2: 43. doi: 10. 3389/fcimb. 2012. 

00043 

64. Uribe-Querol E, Rosales C. Control of phagocytosis by microbial 

pathogens. Front Immunol . (2017) 8: 1368. doi: 10. 3389/fimmu. 2017. 

01368 
https://assignbuster.com/mechanisms-of-antibiotic-failure-during-
staphylococcus-aureus-osteomyelitis/



 Mechanisms of antibiotic failure during ... – Paper Example  Page 27

65. Flannagan RS, Heit B, Heinrichs DE. Intracellular replication of 

Staphylococcus aureus in mature phagolysosomes in macrophages precedes

host cell death, and bacterial escape and dissemination. Cell Microbiol . 

(2016) 18: 514–35. doi: 10. 1111/cmi. 12527 

66. Peyrusson F, Varet H, Nguyen TK, Legendre R, Sismeiro O, Coppee JY, et 

al. Intracellular Staphylococcus aureus persisters upon antibiotic exposure. 

Nat Commun . (2020) 11: 2200. doi: 10. 1038/s41467-020-15966-7 

67. Rowe SE, Wagner NJ, Li L, Beam JE, Wilkinson AD, Radlinski LC, et al. 

Reactive oxygen species induce antibiotic tolerance during systemic 

Staphylococcus aureus infection. Nat Microbiol . (2020) 5: 282–90. doi: 10. 

1038/s41564-019-0627-y 

68. Ellington JK, Elhofy A, Bost KL, Hudson MC. Involvement of mitogen-

activated protein kinase pathways in Staphylococcus aureus invasion of 

normal osteoblasts. Infect Immun . (2001) 69: 5235–42. doi: 10. 1128/IAI. 69.

9. 5235-5242. 2001 

69. Reott MA Jr, Ritchie-Miller SL, Anguita J, Hudson MC. TRAIL expression is 

induced in both osteoblasts containing intracellular Staphylococcus aureus 

and uninfected osteoblasts in infected cultures. FEMS Microbiol Lett . (2008) 

278: 185–92. doi: 10. 1111/j. 1574-6968. 2007. 00988. x 

70. Mohamed W, Sommer U, Sethi S, Domann E, Thormann U, Schutz I, et al. 

Intracellular proliferation of S. aureus in osteoblasts and effects of rifampicin 

and gentamicin on S aureus intracellular proliferation and survival. Eur Cell 

Mater . (2014) 28: 258–68. doi: 10. 22203/eCM. v028a18 
https://assignbuster.com/mechanisms-of-antibiotic-failure-during-
staphylococcus-aureus-osteomyelitis/



 Mechanisms of antibiotic failure during ... – Paper Example  Page 28

71. Yang D, Wijenayaka AR, Solomon LB, Pederson SM, Findlay DM, Kidd SP, 

et al. Novel Insights into Staphylococcus aureus deep bone infections: the 

involvement of osteocytes. mBio . (2018) 9: e00415-18. doi: 10. 1128/mBio. 

00415-18 

72. Krauss JL, Roper PM, Ballard A, Shih CC, Fitzpatrick JAJ, Cassat JE, et al. 

Staphylococcus aureus infects osteoclasts and replicates intracellularly. 

mBio . (2019) 10: e02447-19. doi: 10. 1128/mBio. 02447-19 

73. Ellington JK, Harris M, Hudson MC, Vishin S, Webb LX, Sherertz R. 

Intracellular Staphylococcus aureus and antibiotic resistance: implications for

treatment of staphylococcal osteomyelitis. J Orthop Res . (2006) 24: 87–93. 

doi: 10. 1002/jor. 20003 

74. Tuchscherr L, Bischoff M, Lattar SM, Noto Llana M, Pfortner H, Niemann S,

et al. Sigma factor SigB is crucial to mediate Staphylococcus aureus 

adaptation during chronic infections. PLoS Pathog . (2015) 11: e1004870. 

doi: 10. 1371/journal. ppat. 1004870 

75. Valour F, Trouillet-Assant S, Riffard N, Tasse J, Flammier S, Rasigade JP, 

et al. Antimicrobial activity against intraosteoblastic Staphylococcus aureus . 

Antimicrob Agents Chemother . (2015) 59: 2029–36. doi: 10. 1128/AAC. 

04359-14 

76. Strobel M, Pfortner H, Tuchscherr L, Volker U, Schmidt F, Kramko N, et al.

Post-invasion events after infection with Staphylococcus aureus are strongly 

dependent on both the host cell type and the infecting S. aureus strain. Clin 

Microbiol Infect . (2016) 22: 799–809. doi: 10. 1016/j. cmi. 2016. 06. 020 
https://assignbuster.com/mechanisms-of-antibiotic-failure-during-
staphylococcus-aureus-osteomyelitis/



 Mechanisms of antibiotic failure during ... – Paper Example  Page 29

77. Parfitt AM. The cellular basis of bone turnover and bone loss: a rebuttal 

of the osteocytic resorption–bone flow theory. Clin Orthop Relat Res . (1977) 

236–47. doi: 10. 1097/00003086-197709000-00036 

78. Burger EH, Klein-Nulend J. Mechanotransduction in bone–role of the 

lacuno-canalicular network. FASEB J. (1999) 13: S101–12. doi: 10. 

1096/fasebj. 13. 9001. s101 

79. Yu B, Pacureanu A, Olivier C, Cloetens P, Peyrin F. Assessment of the 

human bone lacuno-canalicular network at the nanoscale and impact of 

spatial resolution. Sci Rep . (2020) 10: 4567. doi: 10. 1038/s41598-020-

61269-8 

80. de Mesy Bentley KL, Trombetta R, Nishitani K, Bello-Irizarry SN, Ninomiya

M, Zhang L, et al. Evidence of Staphylococcus aureus deformation, 

proliferation, and migration in canaliculi of live cortical bone in murine 

models of osteomyelitis. J Bone Miner Res . (2017) 32: 985–90. doi: 10. 

1002/jbmr. 3055 

81. de Mesy Bentley KL, MacDonald A, Schwarz EM, Oh I. Chronic 

osteomyelitis with Staphylococcus aureus deformation in submicron 

canaliculi of osteocytes: a case report. JBJS Case Connect. (2018) 8: e8. doi: 

10. 2106/JBJS. CC. 17. 00154 

82. Becker SC, Roach DR, Chauhan VS, Shen Y, Foster-Frey J, Powell AM, et 

al. Triple-acting lytic enzyme treatment of drug-resistant and intracellular 

Staphylococcus aureus . Sci Rep . (2016) 6: 25063. doi: 10. 1038/srep25063 

https://assignbuster.com/mechanisms-of-antibiotic-failure-during-
staphylococcus-aureus-osteomyelitis/



 Mechanisms of antibiotic failure during ... – Paper Example  Page 30

83. Rohrig C, Huemer M, Lorge D, Luterbacher S, Phothaworn P, Schefer C, et

al. Targeting hidden pathogens: cell-penetrating enzybiotics eradicate 

intracellular drug-resistant Staphylococcus aureus . mBio . (2020) 11: 

e00209-20. doi: 10. 1128/mBio. 00209-20 

84. Aurore V, Caldana F, Blanchard M, Kharoubi Hess S, Lannes N, Mantel PY,

et al. Silver-nanoparticles increase bactericidal activity and radical oxygen 

responses against bacterial pathogens in human osteoclasts. Nanomedicine .

(2018) 14: 601–7. doi: 10. 1016/j. nano. 2017. 11. 006 

85. Kang J, Dietz MJ, Hughes K, Xing M, Li B. Silver nanoparticles present high

intracellular and extracellular killing against Staphylococcus aureus . J 

Antimicrob Chemother . (2019) 74: 1578–85. doi: 10. 1093/jac/dkz053 

86. Guo P, Xue HY, Buttaro BA, Tran NT, Wong HL. Enhanced eradication of 

intracellular and biofilm-residing methicillin-resistant Staphylococcus aureus

. (MRSA) reservoirs with hybrid nanoparticles delivering rifampicin. Int J 

Pharm . (2020) 589: 119784. doi: 10. 1016/j. ijpharm. 2020. 119784 

87. Radlinski L, Rowe SE, Kartchner LB, Maile R, Cairns BA, Vitko NP, et al. 

Pseudomonas aeruginosa exoproducts determine antibiotic efficacy against 

Staphylococcus aureus . PLoS Biol . (2017) 15: e2003981. doi: 10. 

1371/journal. pbio. 2003981 

88. Radlinski LC, Rowe SE, Brzozowski R, Wilkinson AD, Huang R, Eswara P, 

et al. Chemical induction of aminoglycoside uptake overcomes antibiotic 

tolerance and resistance in Staphylococcus aureus . Cell Chem Biol . (2019) 

26: 1355–64 e1354. doi: 10. 1016/j. chembiol. 2019. 07. 009 
https://assignbuster.com/mechanisms-of-antibiotic-failure-during-
staphylococcus-aureus-osteomyelitis/



 Mechanisms of antibiotic failure during ... – Paper Example  Page 31

89. Masters EA, de Mesy Bentley KL, Gill AL, Hao SP, Galloway CA, Salminen 

AT, et al. Identification of Penicillin Binding Protein 4 (PBP4) as a critical 

factor for Staphylococcus aureus bone invasion during osteomyelitis in mice. 

PLoS Pathog . (2020) 16: e1008988. doi: 10. 1371/journal. ppat. 1008988 

https://assignbuster.com/mechanisms-of-antibiotic-failure-during-
staphylococcus-aureus-osteomyelitis/


	Mechanisms of antibiotic failure during staphylococcus aureus osteomyelitis
	Introduction
	The Development of Chronic Osteomyelitis
	The Role of Biofilm Formation
	Small Colony Variants and Persisters

	Intracellular Survival of S. aureus
	Colonization of the Osteocyte Lacuno-Canalicular Network (OLCN)
	Targeting Antibiotic Tolerance Mechanisms to Improve S. aureus Treatment
	Conclusion
	Author Contributions
	Funding
	Conflict of Interest
	Acknowledgments
	References


