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INTRODUCTION 
The overall focus of this grant was to develop improved methods that could be used to overcome the 
therapeutic recalcitrance of bone infections arising after traumatic injury. Part of the effort would be  
applicable to diverse bacterial pathogens, specifically the conjugation of conventional antibiotics to the 
bone-targeting agent BT2-minipeg-2 (BT2-peg2), thus potentially providing a means of enhancing the 
accumulation of diverse antibiotics in the bone (Albayati et al., 2015). However, our specific focus was 
on infections caused by Staphylococcus aureus because S. aureus is the leading cause of such infections 
and because the ability to treat all forms of S. aureus infection is increasingly compromised by the 
persistent emergence of antibiotic-resistant strains, most notably methicillin-resistant S. aureus (MRSA). 
Additionally, many forms of S. aureus infection, including those involving bone, are characterized by 
formation of a bacterial biofilm, the presence of which provides a clinically-relevant degree of intrinsic 
resistance to both conventional antibiotics and host defenses. Thus, the first three tasks were to 1) identify 
and prioritize antibiotics that are active against MRSA based on their relative activity in the context of a 
biofilm, 2) determine whether the most promising of these antibiotics could be conjugated to BT2-peg2 
without diminishing their antibacterial activity, and 3) assess the pharmacological properties of these 
antibiotics and their BT2-peg2 conjugates in the context of effective targeting to the bone.  

In addition, a primary focus in the Smeltzer laboratory is on defining the attributes of S. aureus that make 
it the predominant cause of bone infection. This work led us to focus on the staphylococcal accessory 
regulator (sarA) based on the following observations: 1) mutation of sarA limits biofilm formation to a 
greater degree than mutation of any other S. aureus regulatory locus we have examined (Atwood et al., 
2015), 2) the limited capacity of sarA mutants to form a biofilm can be correlated with increased antibiotic 
susceptibility (Atwood et al., 2016), and 3) mutation of sarA limits the ability to cause bone infection 
(osteomyelitis) in diverse clinical isolates of S. aureus including MRSA (Loughran et al., 2016, Rom et al, 
2020). Additionally, we confirmed that mutation of sarA limits the virulence of S. aureus in other forms of 
infection including sepsis (Rom et al., 2017), which is relevant in that osteomyelitis is often a secondary 
consequence of blood-borne infection. These observations led us to conclude that sarA is a valid 
therapeutic target that could be exploited to help overcome the problem of diverse forms of S. aureus 
infection, including osteomyelitis and other biofilm-associated infections.  

To this end, we worked with the laboratory of Dr. Peter Crooks, Chair, UAMS Department of 
Pharmaceutical Sciences, in an attempt to identify small molecule inhibitors of sarA-mediated regulation. 
This was done by screening a chemical library available in the Crooks’ laboratory (Task 4) and based on 
evaluating previously identified molecules of potential interest including compounds reported in the 
literature to limit S. aureus biofilm formation (Task 5)(Abraham et al., 2016, Arya et al., 2015, Balmurugan 
et al., 2015, Balmurugan et al., 2016, Basak et al., 2016, Bottcher et al., 2013, Goswami et al., 2013, 
Goswami et al., 2014, Joseph et al., 2016, Kolodkin-Gal et al., 2010, Minivielle et al., 2013, Romero et 
al., 2013, Sambanthamoorthy et al., 2011, Williams et al., 2012). Tasks 6-8 were then directed toward 
assessing whether the most promising compounds were active against diverse strains of S. aureus, 
determining whether these compounds could also be conjugated to BT2-peg2 without a loss of efficacy, 
and assessing whether the conjugates effectively enhanced delivery of the inhibitor to the bone. Thus, 
Tasks 6-8 precisely parallel Tasks 1-3, the only difference being that Tasks 1-3 focus on existing 
antibiotics while Tasks 6-8 focus on small molecule inhibiters of sarA-mediated regulation.  Once these 
studies were completed, the goal was to evaluate the efficacy of these novel therapeutic compounds both 
alone and in combination with each other (Task 9). 

 
KEYWORDS 
Osteomyelitis, BT2-minipeg-2, BT2-peg2, daptomycin, ceftaroline, oxacillin, ciprofloxacin 
Staphylococcus aureus, staphylococcal accessory regulator (sarA), biofilm, protease.  
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ACCOMPLISHMENTS 
Major goals of the project. 
The overall goals of this project were to 1) explore the use of a novel bone targeting agent (BT2-peg2) 
as a means of enhancing antibiotic therapy in the specific context of bone infections caused by methicillin-
resistant Staphylococcus aureus, 2) identify small molecule inhibitors of sarA-mediated regulation in S. 
aureus that can also be conjugated to BT2-peg2 without compromising their biological activity, and 3) 
evaluate BT2-peg2 conjugates to antibiotics and sarA inhibitors both alone and in combination with each 
other with respect to the prevention and treatment of S. aureus bone infections. To accomplish these 
goals, the tasks to be undertaken as stated in the original SOW are detailed below. This includes a 
statement of the original timelines of the proposed experiments and an estimation of the extent to which 
each of these tasks were accomplished: 

Task 1: Compare antibiotics active against MRSA in the context of a biofilm. We will use our 
established in vitro model of catheter-associated biofilm formation to directly compare the therapeutic 
efficacy of telavancin, oritavancin, dalbavancin, ceftaroline, vancomycin, and daptomycin. Timeframe: 
Months 1-6. Status: Completed. 

Task 2: Determine whether the most promising antibiotic can be conjugated to BT-2-minipeg-2 
without compromising its efficacy in the context of a biofilm. Time frame: Months 7-12. Status: 
Completed. All of the most promising antibiotics were successfully conjugated to BT2-peg2, but the 
antibacterial activity of some was compromised to an unacceptable degree. The conjugate of greatest 
interest, BT2-peg2-daptomycin, was found to be unstable in vivo (see Task 3).  

Task 3: Evaluate in vivo pharmacological properties of antibiotics and antibiotic conjugates in 
the context of bone targeting. Timeframe: Months 13-15. Status: Completed.  

Task 4: Optimize previously identified compounds based on inhibition of sarA-mediated 
regulation. Timeframe: Months 1-3. Status: 75% complete.  

Task 5: Screen additional compounds to identify small molecule inhibitors of sarA-mediated 
regulation. Timeframe: Months 1-6. Status: Completed.  

Task 6. Expand the screen of small molecule inhibitors to include additional staphylococcal 
strains and species. Timeframe: Months 4-6. Status: Completed. 

Task 7: Evaluate conjugation of most promising sarA inhibitor to BT2-peg2. Timeframe: Months 
19-21. Status: 0% complete. 

Task 8: Evaluate in vivo pharmacological properties of the most promising sarA inhibitor and its 
BT2-peg2 conjugate. Timeframe: Months 22-24. Status: 0% complete. 

Task 9: Evaluate the efficacy of the most promising small molecule inhibitor and the most 
promising antibiotic in vivo with and without conjugation to BT2-peg2. Timeframe: Months 19-36. 
Status: 0% complete.  

Summary statement: As detailed below, a great deal was accomplished during the funding period, but 
significant difficulties were also encountered, specifically with respect to the early tasks focused on 
developing effective BT2-peg2 conjugates to conventional antibiotics and identifying effective sarA 
inhibitors. With respect to the first of these goals, this was unexpected given the existing literature 
regarding the efficacy of BT2-peg2 as a bone targeting agent (see below). With respect to the second, 
identifying effective inhibitors of any bacterial process is a challenging task that comes with no 
guarantees, and while we did not identify a sarA inhibitor that warranted comprehensive in vivo analysis, 
we did define promising chemical scaffolds that we can be exploited moving forward. Nevertheless, Tasks 
7-9 were all dependent on overcoming these problems. Every effort was made to do so, and using funds 
from other sources these efforts are continuing. Nevertheless, this precluded addressing these tasks 
aimed at determining whether sarA inhibitors could be conjugated to BT2-peg2 (Task 7) and assessing 
in vivo pharmacological properties (Task 8) and overall therapeutic efficacy (Task 9).   
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Major accomplishments toward these goals.  
Task 1. Compare antibiotics active against MRSA in the context of a biofilm. We compared the 
relative activity of vancomycin, daptomycin, ceftaroline, tigecycline, telavancin, oritavancin, and 
dalbavancin in the specific context of an established S. aureus biofilm (Meeker et al., 2016). These 
antibiotics were chosen because they are all active against methicillin-resistant S. aureus (MRSA). In 
keeping with the intent of Task 6, these studies were done using two divergent strains of S. aureus, 
specifically the CC8, USA300 MRSA strain LAC and the CC30, USA200, MSSA strain UAMS-1. Because 
we included UAMS-1, we also evaluated oxacillin. With the exception of LAC and oxacillin, both strains 
were clinically defined as sensitive to all of the test antibiotics (Table 1, Meeker et al., 2016):   

 
The relative efficacy of each of these antibiotics in the context of an established biofilm was first tested 
under in vitro conditions using our catheter-based assay. Daptomycin and ceftaroline were found to 
exhibit significantly greater activity than any of the other antibiotics tested, and to do so against both LAC 
and UAMS-1 (Fig. 2 and 3, Meeker et al., 2016):  
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We next assessed the efficacy of these antibiotics under in vivo conditions. In this case, ceftaroline was 
found to exhibit greater activity even by comparison to daptomycin (Fig. 7, Meeker et al., 2016). 

 
Based on these results, much of our emphasis in Task 2 was placed on these two antibiotics. In addition, 
based on studies done in collaboration with Dr. En Huang in the UAMS College of Public Health, we also 
explored the efficacy of a group of novel linear lipopeptide paenipeptin antibiotics against diverse 
bacterial pathogens. One of these (analogue 17) was found to have significant activity against S. aureus, 
and based on this we evaluated the efficacy of analogue 17 in the context of a biofilm. Importantly, 
analogue 17 was found to exhibit activity comparable to that observed with daptomycin and ceftaroline 
(Moon et al., 2017).   
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Although this compound has not been approved for clinical use, we assessed the ability to conjugate 
analogue 17 to BT2-peg2. However, to date we have been unable to confirm the structure of this 
conjugate, although our efforts also continue in this regard.     

Task 2. Determine whether the most promising antibiotics can be conjugated to BT2-peg2 without 
compromising efficacy in the context of a biofilm. Tetracycline binds hydroxyapatite and is known to 
be efficiently taken up by bone. This has been 
attributed to the tricarbonylmethane group of the A 
ring of tetracycline  (Myers et al., 1983). A derivative 
of the A ring (3-amino-2,6-dihydroxybenzamide, 
upper right) was synthesized and shown to bind 
hydroxyapatite at a level ~50% of that observed with 
tetracycline itself (Neale et al., 2009).  It was also 
demonstrated that this compound could be 
conjugated to estradiol (BTE2-A1) to enhance its 
delivery to the bone, thus potentially providing an 
improved method for the treatment of osteoporosis. 

Based on this work, Pradama Inc. developed a derivative of this compound (BT2-peg2) as a “bone 
targeting” agent and showed that this derivative 
could be conjugated to vancomycin (Karau et al., 
2013). The BT2-peg2-vancomycin conjugate was 
also shown to bind hydroxyapatite and to exhibit 
antibacterial activity comparable to vancomycin 
itself. The relative accumulation of vancomycin in 
the bone observed with the BT2-peg2-vancomycin 
conjugate by comparison to vancomycin alone was 
not directly assessed in this study, but it was 
demonstrated that intraperitoneal (IP) injection of 
63.85 mg/kg of BT2-peg2-vancomycin conjugate 
twice daily in rats resulted 
in lower bacterial burdens 
in the femur than any other 
treatment regimen 
examined, including IP 
injection of the molar 
equivalent of vancomycin 
itself. However, the mean 
difference was only 1.0 log 
even by comparison to 
untreated animals, and 
none of the femurs in the 
treated group were 
cleared of viable bacteria 
(Karau et al., 2013). 
Additionally, plasma levels in the BT2-peg2-vancomycin treated group were dramatically higher (74.56-
207.90 µg/ml) by comparison to animals treated with vancomycin alone (0.24-2.00 µg/ml). Moreover, 
kidney weight, creatinine levels, and blood urea nitrogen (BUN) levels were all elevated in the BT2-peg2-
vancomycin treated group, and all animals in this group exhibited tubulointerstitial nephritis. Thus, while 
bone targeting was enhanced using the BT2-peg2-vancomycin conjugate, it had the adverse 
consequence of causing renal dysfunction, presumably owing to increased plasma levels of vancomycin. 

To evaluate the accumulation of vancomycin in the bone directly, we synthesized BT2-peg2-vancomycin 
and administered the molar equivalent of this conjugate and vancomycin itself to rats by both IP and 

BT2-peg2 

vancomycin 
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intravenous (IV) injection. These studies confirmed increased uptake of vancomycin in the bone with the 
BT2-peg-2-vancomycin conjugate, but they also confirmed elevated plasma levels in these animals (Fig. 
2-3, Albayati et al., 2016). 

 
With respect to the bone, the difference 
appeared to be clinically relevant as defined by 
the breakpoint minimum inhibitory 
concentration (MIC) that defines a vancomycin-
sensitive strain of S. aureus (≤ 2.0 µg/ml). 
Specifically, with IV administration of 
unconjugated vancomycin, levels in the bone 
fell below this value within one day, while with 
the BT2-peg2-vancomycin conjugate they 
remained well above this value for at least 7 
days (Table 1, Albayati et al., 2016):  

 

 

Similar results were observed after IP administration of vancomycin or the BT2-peg2-vancomycin 
conjugate (Table 2, Albayati et al., 2016), thus further confirming that vancomycin levels can be 
significantly increased in the bone by conjugating the antibiotic to BT2-peg2. However, these studies also 
confirmed a dramatic increase in plasma levels of the BT2-peg2-vancomycin conjugate. 
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Pharmacokinetic (PK) analysis further 
confirmed that a decrease in total 
clearance (CLtot) of 13.5-fold was 
observed for BT2-peg2-vancomycin 
compared to vancomycin itself, with a 
14.7-fold increase in half-life (t1/2) 
allowing for a 10.8-fold enhancement 
in the area under the concentration-
time curve (AUC). The significant 
changes in the AUC indicate a higher 
degree of in vivo exposure to BT2-
peg2-vancomycin, facilitating the 
accumulation of drug in bone due to 
an enhanced permeation and 
retention effect. Consequently, BT-
vancomycin shows a longer systemic 
mean residence time (MRT) than 
vancomycin (P ≤ 0.001). The higher 
MRT value of BT2-peg2-vancomycin 
could be due in part to a more 
protracted steady state in vivo, resulting in improved delivery, dramatically increased access into bones, 
and prolonged exposure in bone tissue (Table 3, Albayati et al., 2016). 

 
Thus, two independent reports confirmed that conjugation of vancomycin to BT2-peg2 was an effective 
way to increase the accumulation of vancomycin in the bone, but that this was associated with a 
corresponding increase in the accumulation and retention of vancomycin in the plasma, thus suggesting 
a cause-and-effect relationship between retention of the conjugate in the plasma and nephrotoxicity. To 
further explore this possibility, and to 
determine whether the bone-targeting agent 
itself contributed to nephrotoxicity, we carried 
out an experiment in which rats were given IP 
injections of 11 mg/kg of BP2-peg2 itself, 
which is the molar equivalent of the BT2-peg2 
present in the BT2-peg2-vancomycin 
conjugate. To ensure that we were able to 
detect any toxicity, injections were given twice 
daily for 21 days. BT2-peg2 was detected in 
the right tibia at concentrations of 235 ± 96.8 
ng/gm of bone but was undetectable in 
plasma. We also did not observe any 
differences between treated and untreated rats with respect to kidney weight or BUN, creatinine, and 
albumin levels, nor did we observe any gross histopathological changes in the kidney (Albayati et al., 
manuscript submitted). We also did not observe any gross histopathological changes in the bone itself. 
These are key observations because they confirm that the nephrotoxicity observed with the BT2-peg2-
vancomycin conjugate is likely due to the vancomycin and not the BT2-peg2 itself, thus suggesting that 
this agent can be safely used as a means of enhancing the delivery of therapeutic agents to the bone 
assuming we can identify appropriate therapeutic agents, including conventional antibiotics and small 
molecule inhibitors of sarA-mediated regulation. Accomplishing this task was a principle goal of the work 
carried out in this grant.  
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Fig. 4. Bone histology as a function of BT2-peg2 treatment. Representative H&E stained sections of the right 
tibia are shown from untreated (left) and BT2-peg2 treated rats.  

 
Based on this, we took the information gained in Task 1 and evaluated the ability to conjugate the most 
promising antibiotics to BT2-peg2. The primary focus was on daptomycin, ceftaroline, and the 
paenipeptin analogue 17, but we also explored the ability to generate conjugates with other antibiotics 
including oxacillin, ciprofloxacin, moxifloxacin, and sparfloxacin.   Given the results of our Task 1 studies, 
we first conjugated BT2 and BT2-peg2 to daptomycin. The resulting conjugates were designated PNR-
1-17 and PNR-10-15/2 (PNR-10-15) respectively, with the structures of each shown below.   
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The antibacterial activity of each of these was evaluated using a standard broth microdilution assays with 
daptomycin itself included as a positive control. The results confirmed that in both LAC and UAMS-1, 
conjugation to BT2-peg2 did result in a decrease in activity and that this decrease was greater with the 
BT2 conjugate by comparison to the BT2-peg2 conjugate. Importantly, the decrease observed with the 
BT2-peg2 conjugate was only 2-fold, which we did not consider unacceptable given the degree to which 
BT2-peg2 was shown to increase the accumulation of vancomycin in the bone (Albayati et al., 2016).  

 

 
The arrow indicates the CLSI-defined breakpoint MIC for a daptomycin-sensitive strain of S. aureus. 
The BT2 and BT2-peg2-daptomycin conjugates were tested at the molar equivalent of daptomycin 

itself. 
 

PNR-10-15 was synthesized with a succinic acid linker, and while this did not limit its antibacterial activity 
to an extent that we felt precluded further study in Task 3, as detailed below we found that bone targeting 
was compromised with this conjugate. Taken together, these results demonstrate the potential of the 
approach we explored, but they also emphasize the complexity of doing so. More directly, these results 
demonstrate that we can successfully conjugate alternative antibiotics to BT2-peg2 but that doing so has 
the potential to limit the activity of antibiotic and/or the bone targeting properties of the BT2-peg2. In an 
attempt to address this, we synthesized two alternative BT2-peg2-daptomycin conjugates, one of which 
incorporated a propanamide linker (PNR-11-25) while the other used an ethanamide linker (PNR-11-26):  
 

 
          Daptomycin BT2-peg2 propanamide (PNR-11-25)    Daptomycin BT2-peg2 ethanamide (PNR-11-26)   
 
 
Synthesis of PNR-11-25 has proven problematic, but we have successfully synthesized PNR-11-26. 
However, to date the yield of PNR-11-26 has been low as illustrated below. Continued efforts to 
synthesize PNR-11-15, and attempts to enhance the synthesis and purification of PNR-11-26 to a degree 
sufficient to generate an appropriate BT2-peg2 conjugate, are ongoing. If successful, these will be then 
be evaluated in vivo as described for Task 3.   
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For the reasons oulined above, we also placed a particular emphasis on generating a BT2-peg2 
conjugate to ceftaroline. Ceftaroline is commercially available as a prodrug (ceftaroline fosamil), and we 
initially encountered significant difficulties in generating the desired conjugate using this prodrug. To 
overcome this, we synthesized a ceftaroline analogue (BS-7-54), and we were successful in conjugating 
this analogue to BT2-peg-2 (BS-5-02).  In a previous progress report (April, 2019), it was stated that 
“additional testing has confirmed that the antibacterial activity of BS-5-02 is reduced ~2-4 fold by 
comparison to ceftaroline itself”, but that “this activity was not further reduced by conjugation to BT2-
minipeg-2” (BT2-minipeg-2 and BT2-peg2 are the same compound, but we have chosen to refer to this 
compound in this report at BT2-peg2 in the interest of being consistent with the existing literature). 
However, when we synthesized more of this compound, we were unable to reproduce this result, 
suggesting that the original analogue conjugate was either in error or was not purified sufficiently. Thus, 
we were unable to move forward with a BT2-peg2-ceftaroline conjugate even with this analogue. 
Similarly, in the 2017 annual progress report we stated that we also synthesized a BT2-peg2 conjugate 
to ceftaroline fosamil itself. This statement was made based on the structure below and information 
provided to the PI by the Crooks’ laboratory, the members of which had the primary responsibility for 
chemical synthesis and verification.  

                                                BT2-peg2                      ceftaroline fosamil 

 
However, we were unable to confirm this upon further characterization of this molecule. Using funds from 
other sources, efforts are continuing to overcome this issue based on the increased efficacy of ceftaroline 
in the context of an established S. aureus biofilm as demonstrated in our earlier studies (Meeker et al., 
2016) and taking advantage of the chemical scaffold defined by this structure.    
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As detailed above, our primary emphasis in Task 2 was on daptomycin and ceftaroline and assessing 
the ability to conjugate these antibiotics to BT2-peg2. This was based on our extensive studies confirming 
that the overall objective of enhancing the accumulation of an antibiotic that is active against MRSA in 
the bone is not a viable option with vancomycin owing to systemic toxicity associated with prolonged 
retention of vancomycin in plasma. Despite our efforts to develop BT2-peg2 conjugates to daptomycin 
and ceftaroline, we encountered unanticipated issues with both of these antibiotics. We made extensive 
efforts to overcome these issues, but to date we have been unable to do so. That said, we remain 
committed to the goal and are continuing our efforts in this regard. Because the funding period has ended, 
we are pursuing these studies using discretionary funds available to the PI (Dr. Smeltzer).  

Although our primary emphasis in Task 2 was on daptomycin and ceftaroline, we also explored the ability 
to conjugate BT2-peg2 to other antibiotics, most notably oxacillin and a group of fluoroquinolones 
including moxifloxacin, sparfloxacin, and ciprofloxacin.  With moxifloxacin and sparfloxacin, the MIC was 
increased to an unacceptable degree, but this was not the case with BT2-peg2-ciprofloxacin. If these 
results can be verified, this opens up the possibility that this compound warrants in vivo consideration. 

 
This was not the case with oxacillin. Specifically, we generated several BT2-peg2 conjugates to oxacillin 
that differed with respect to the length of the polyethylene glycol linker, but when these were tested none 
were found to exhibit significant antibacterial activity:  
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Task 3: Evaluate in vivo pharmacological properties of antibiotics and antibiotic conjugates in 
the context of bone targeting. To summarize the results discussed above, the only BT2-peg2-antibiotic 
conjugates we were able to successfully and reproducibly generate were to daptomycin (PNR-10-15) 
and ciprofloxacin (BS-6-68).  Because ciprofloxacin is active against some but not all MRSA strains, and 
because we demonstrated that daptomycin has greater efficacy than most other antibiotics in the context 
of an established biofilm (Meeker et al., 2016), we focused first on addressing this task in the context of 
PNR-10-15. Specifically, to examine the in vivo pharmacological properties of our BT2-peg2-daptomycin 
conjugate and assess its accumulation in bone relative to unconjugated daptomycin itself, female 
C57BL/6 mice (20-25 g, n = 2-5) were injected with a single IP dose of 40 mg/kg of daptomycin or 50 
mg/kg of BT2-peg2-daptomycin (the molar equivalent of 40 mg/kg of daptomycin) or with an intravenous 
dose of 2 mg/kg of daptomycin or 2.5 mg/kg of BT2-peg2-daptomycin (the molar equivalent of 2 mg/kg 
of daptomycin). Mice were euthanized and blood and bone tissues collected at 6 time points (30 min and 
1, 2, 4, 7 and 24 h). Tissues were stored at -80οC for subsequent LC/MS/MS analysis. Significant amounts 
of daptomycin and BT2-peg2-daptomycin were detected in the bone after both IV and IP administration. 
However, the results were surprising in that, after IV administration of daptomycin and BT2-peg2-
daptomycin, the area under the curve (AUC) values were 19,193 μg/hr/L and 10,463 μg/hr/L, respectively. 
This indicates that, following IV administration, the accumulation of daptomycin in the bone was actually 
1.4-fold greater than that observed with BT2-peg2-daptomycin. Unfortunately, similar results were 
observed after IP administration. Specifically, IP injection showed AUC values of 159,201 and 12,955 
μg/hr/L, demonstrating a 12.3-fold greater bone exposure of daptomycin compared to BT2-peg2-
daptomycin. Estimates of bone bioavailability values indicated 41.5% and 6.2% for daptomycin and BT2-
peg2 daptomycin, respectively, when administered via the IP route. Similar results were observed when 
daptomycin and BT2-peg2-vancomycin were administered by the IV route. 
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We also carried out in vivo studies with our BT2-peg2-ciprofloxacin conjugate. As a prerequisite to these 
studies, we developed an LC/MS/MS analytical method to quantify ciprofloxacin and its conjugate BT2-
minipeg-2 ciprofloxacin in plasma and bone. The chromatograms shown below illustrate the specificity of 
this method and the fact that we can readily distinguish between the BT2-peg2-ciprofloxacin conjugate 
next page, top panel) and unconjugated ciprofloxacin itself (next page, bottom panel).  

 
To assess our analytical ability to accomplish this task with samples obtained in vivo, a single female 
C57BL/6 mouse weighing 20-25 gms was treated IP with a single dose of BT2-peg2-ciprofloxacin at 22.2 
mg/kg (the molar eq. to 10 mg/kg ciprofloxacin, a simulated human dose as defined by Jimenez-Valera 
et al. (Jimenez-Valera M, Sampedro A, Moreno E, Ruiz-Bravo A. 1995. Modification of immune response 
in mice by ciprofloxacin. Antimicrob Agents Chemother. 39:150-154). Plasma and bone tissues were 
collected at 5, 10, 20, 45 and 120 min. Plasma was analyzed for BT2-peg2-ciprofloxacin. The results 
indicate absorption of BT2-peg2-ciprofloxacin into plasma was fast and peaked at 5 min and reached 
maximum at 45 min and then started to decrease after 120 min. The next step was to apply the LC/MS/MS 
method of analysis to bone tissues. Based on the results from plasma, a sample of bone tissue was taken 
1 h after treatment and analyzed to determine the level of BT2-minipeg-2 ciprofloxacin. The results 
showed a broad chromatogram for BT2-minipeg-2 ciprofloxacin in bone, suggesting interference from 
endogenous substances from bone tissue. 

5 min (BT2-peg2-ciprofloxacin, plasma)

10 min (BT2-peg2-ciprofloxacin, plasma)

20 min (BT2-peg2-ciprofloxacin, plasma)

45 min (BT2-peg2-ciprofloxacin, plasma)

120 min (BT2-peg2-ciprofloxacin, plasma)

1 h (BT2-peg2-ciprofloxacin, bone)

BT2-peg-2-ciprofloxacin in methanol

BT2-peg2-ciprofloxacin in mobile phase
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After refining and optimizing the analysis method to interference from matrix in bone tissue, and IP dose 
of 10 mg/kg and 22.2 mg/kg for ciprofloxacin and BT2-peg2-ciprofloxacin, respectively. This resolved the 
issue of interference and allowed us to quantify ciprofloxacin and BT2-minipeg ciprofloxacin in plasma 
and bone tissues.  Using these doses, we determined the levels of ciprofloxacin and BT2-minipeg 
ciprofloxacin in plasma and bone tissues 5, 10, 20, 45 min and 1, 3, 5, 7 and 24h after administration. A 
parallel experiment was carried out to compare levels observed at the same time points after IV 
administration.  As illustrated below, irrespective of the method of administration the BT2-peg-
ciprofloxacin conjugate was found to be unstable in vivo as reflected by the ability to detect ciprofloxacin 
itself in both the plasma and bone of rats administered the BT2-peg2-ciprofloxacin conjugate (see next 
page). Efforts are currently underway to determine why this is the case and ultimately overcome this 
issue of instability, with the ultimate goal being to characterize the pharmacokinetic profile and 
bioavailability of BT2-minipeg ciprofloxacin and compare it to that of ciprofloxacin.  

BT2-peg2-ciprofloxacin 
in methanol 

BT2-peg2-ciprofloxacin from 
BT2-peg2-ciprofloxacin 
treated  plasma

Ciprofloxacin in methanol  

Ciprofloxacin from 
ciprofloxacin-treated plasma 

 

Mobile Phase

BT2-peg2-ciprofloxacin in 
bone tissue

Ciprofloxacin in 
bone tissue

Ciprofloxacin cleaved from 
BT2-peg2-ciprofloxacin in 
bone tissue

 
Chromatograms illustrating that unconjugated ciprofloxacin was detected in both the plasma and bone after 
administration of BT2-peg2-ciprofloxacin.   
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Task 4: Identify small molecule inhibitors of sarA-mediated regulation. Conventional antibiotic 
therapy does not work effectively in biofilm-associated infections including those involving bone. This is 
why surgical debridement, often accompanied by some form of local antibiotic therapy directly at the 
wound site, is often necessary to resolve the infection, and even then the failure rate remains 
unacceptably high. One way to potentially help overcome this is to enhance systemic delivery of 
antibiotics to the bone while avoiding unwanted side effects. As detailed above, based on previous 
studies, one way to do this is to take advantage of BT2-peg2 as a bone targeting agent. We and others 
have confirmed the increased accumulation of vancomycin in the bone using a BT2-peg2-vancomycin 
conjugate, but we do not believe it is possible to take therapeutic advantage owing to the fact that it also 
resulted in increased kidney toxicity owing to increased and more persistent levels of vancomyin in the 
blood. This accounts for our focus on BT2-peg2 conjugated to alternative antibiotics, but as noted above 
we have thus far been unsuccessful in generating an alternative that retained both its antibacterial and 
bone targeting properties. As was also noted above, we are continuing to work toward this goal to the 
best of our ability despite the fact that the funding period for this grant has ended.  

At the same time, we also expended a great deal of effort on the alternative and potentially complimentary 
approach of identifying effective inhibitors of sarA-mediated regulation. This effort was based on our 
extensive studies demonstrating that mutation of sarA in S. aureus limits biofilm formation to a degree 
that can be correlated with increased antibiotic susceptibility (Weiss et al., 2009, Atwood et al., 2016). It 
also limits cytotoxicity for both osteoblasts and osteoclasts (Loughran et al., 2016) and virulence in animal 
models of both bacteremia (Rom et al., 2017) and osteomyelitis (Loughran et al., 2016). It is this 
observation that led us to efforts to identify effective small molecule inhibitors of sarA-mediated 
regulation. We also demonstrated that the primary mechanistic factor that defines all of these sarA-
associated phenotypes is the increased production of extracellular proteases in sarA mutants and the 
resulting decrease in the accumulation of multiple surface-associated and extracellular virulence factors 
(Beenken et al., 2014, Loughran et al., 2014, Tsang et al., 2008, Zielinska et al., 2012). Specifically, S. 
aureus encodes 10 known extracellular proteases encoded by individual genes (aureolysin; aur) or 
organized into each of 3 operons (scpAB, splA-F, and sspABC). Thus, we generated reporter constructs 
consisting of the promoters from these genes/operons fused to superfolder green fluorescent protein 
(gfp). Subsequent studies confirmed that, relative to levels observed in the isogenic parent strains, 
fluorescence was significantly increased with all four reporters when they were present in sarA mutants 
generated in both the methicillin-sensitive strain UAMS-1 (U1) and the methicillin-resistant strain LAC. 

 
Using the scp::grp reporter, we screened ~3,000 compounds available in the Crooks’ laboratory that has 
been “pre-screened” based on chemical characteristics similar to those observed with drugs in current 
clinical use. The screen was initially done with LAC and its sarA mutant with the objective of identifying 
and prioritizing compounds that did not inhibit the growth of S. aureus but did result in increased 
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fluorescence levels in the parent strain, thus suggesting possible inhibition of sarA activity. To ensure 
that we did not fail to identify a promising compound, we set a standard of a fluorescence level in the 
parent strain in the presence of the test compound that was at least 25% of the level observed in the 
sarA mutant in the absence of the same compound after accounting for any intrinsic fluorescence of the 
test compound itself. Compounds that met these criteria were designated as primary “hits” that potentially 
warranted further investigation and development. 

Upon completion of screening our small molecule library, we had identified 15 compounds that registered 
as hits during the screening process. We then compared each hit using each of the other three protease 
reporters. In this respect it is important to note that a recent report described a highly complex regulatory 
network that impacts the production of S. aureus proteases, but none were found to do so to the extent 
associated with sarA, and most did not impact the production of all 10 proteases (Gimza et al., 2019).  
Thus, identifying compounds in which fluorescence is increased in the parent strain using all four 
reporters would further enhance our chances of identifying an inhibitor of sarA-mediated regulation. 
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The two compounds that were found to have the greatest impact with all four reporters were PNR-6-85 
and YTR-2-66. Of these, YTR-2-66 was found to have the greatest impact on biofilm formation itself:  

 
YTR-2-66 was found to limit biofilm formation to a level ~50% of that observed in a LAC sarA mutant, 
and this effect was shown to be concentration dependent.  
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To optimize the biofilm inhibition observed, we focused on generating analogs of YTR-2-66. Due to 
working with a smaller number of test compounds, this allowed us to focus on identifying compounds that 
inhibited biofilm formation irrespective of whether they function through sarA as suggested by our reporter 
assay. For this reason, newly synthesized compounds were evaluated using our biofilm assay instead of 
our reporter assay. We then compared the most promising of these to YTR-2-66 in the context of biofilm 
formation by both LAC and UAMS-1. None of these were found to inhibit bacterial growth, and when 
assessed using both LAC and UAMS-1 the compounds BS-6-123c and BS-7-61b were found to be the 
most promising biofilm inhibitors.  

 

  
 

 
 

 

These studies were done using a microtiter plate biofilm assay and do not take relative antibiotic 
susceptibility into account. We addressed this by determining whether the degree of biofilm inhibition we 
observed can be correlated with increased antibiotic susceptibility. Using our in vitro catheter model, we 
have tested both BS-6-123c and BS-7-61b, using the methicillin-resistant strain LAC with daptomycin as 
the test antibiotic. Below, we show the data representing BS-6-123c after 24 and 72 hours, respectively. 
The same results were observed with BS-7-61b, indicating that neither compound significantly enhanced 
daptomycin susceptibility in the context of an established S. aureus biofilm.   
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Task 5: Screen additional compounds to identify small molecule inhibitors of sarA-mediated 
regulation. During the course of our work focusing on Task 4, we identified a number of reports in the 
literature describing small molecule inhibitors of biofilm formation in S. aureus, some of which were 
reported to function via a sarA-dependent mechanism. To address these reports, the Crooks’ laboratory 
began synthesizing these compounds as well as analogues of each compound. Below is a table of the 
compounds that we evaluated using our protease reporter assay as detailed in Task 4. By way of 
explanation, the column labeled “Identical/analogue” indicates whether the compound tested was 
identical to that reported in the literature or an analogue of the same compound. The column labeled “hit’ 
indicates whether the compound was considered promising with the caveat that we also noted 
compounds that came “close” to the standard we set for a legitimate hit but technically failed to reach this 
standard. This was based on the presumption that additional analogues of such compounds may warrant 
further consideration. The relevant literature citation is also included in the far right column.  
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 Compound Identical / Analogue Hit Literature 
1.   

 
 
 

PNR-10-143A 

Analogue No 
 

Bottcher et al. 2013. J 
Am Chem Soc. 135: 

2927-2930. 
PMID:23406351 

2.   
 
 
 
 

PNR-10-143B 

Analogue No 

3.   
 
 

PNR-10-143C 

Identical No 

4.   
 
 
 
 

PNR-10-150C 

Identical No Basak et al. 2016. 
Chemistry. 22:9181-

9189. 
PMID:27245927. 

 

5.   
 
 
 

PNR-10-150F 

Identical No 

6.  
N

N
H

Cl
OH

Cl

F

 
PNR-10-147C 

Analogue No 

7.  
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N
H

Cl
OH

Cl

F

 
PNR-10-147F 

Analogue No 
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OH
Cl
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O

O
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N

N
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H N N
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O
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12.  
N

OH
Cl

Cl

O

O

N

 
BSK-3-17 

Analogue No 

13.  N
OH

Cl

Cl

O

O

NN
H

 
BSK-3-18 

Analogue No 

14.  
N

OH
Cl

Cl

O

O

N
H

N

 
BSK-3-19 

Analogue Yes 

15.  N
OH

Cl

Cl

O

O

N
H N N

SO

O  
BSK-3-20 

Analogue No 

16.  N
OH

Cl

Cl

O

O

N
H N N

SO

O  
BSK-3-21 

Analogue No 

17.  N
OH

Cl

Cl

O

O

N
H N N

SO

O  
BSK-3-22 

Analogue No 

18.  
N

OH
Cl

Cl

O

O

N
N

 
BSK-3-24 

Analogue Yes 

19.  
N

OH
Cl

Cl

O

O

O
N

OH
Cl

Cl

N
H

N
H

O

 
BSK-3-25 

Analogue Close 

20.  
N

OH
Cl

Cl

O

O

NH2N
H

 
BSK-3-26 

Analogue No 

21.  
N

OH
Cl

Cl

O

O

N

 
BSK-3-33 

Analogue No 

22.  
N

OH
Br

Br

O

O

N
H

N

 
BSK-3-49 

Analogue Yes 

23.  
N

OH
Br

Br

O

O

N
N

 
BSK-3-50 

Analogue No 
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24.  N
OH

Br

Br

O

O

O
N

OH
Br

Br

N
H

N
H

O

 
BSK-3-51 

Analogue No 

25.  
N

OH
Br

Br

O

O

NH

 
BSK-3-53 

Analogue No 

26.  
N

OH

O

O

N
N  

BSK-3-56 

Analogue No 

27.  
N

OH

O

O

N
H

N

 
 

BSK-3-57 

Analogue No 

28.  N
OH

O

O

O
N

OH

N
H

N
H

O

 
BSK-3-58 

Analogue No 

29.  
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OH

O

O

HN O
 

BSK-3-60 

Analogue Close 

30.  
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OH

O

O

HN
 

BSK-3-61 

Analogue Close 

31.  
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OH
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O

HN F
 

BSK-3-62 

Analogue No 
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OH
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Br

O

O

N
H N N

SO

O  
BSK-3-63 

Analogue No 
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OH
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O
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H N N
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O  
BSK-3-64 

Analogue No 

34.  
N

OH

O

O

N
H N N

SO

O  
BSK-3-66 

Analogue No 

35.  
N

OH

O

O

N
H N N

SO

O  
BSK-3-67 

Analogue No 

36.  N
OH

O

O
Cl

Cl

NH
N

 
BSK-3-68 

Analogue Yes 
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37.  
N

OH
Cl

Cl

O

O

N
N

 
BSK-3-70 

Analogue No 

38.  N
OH

O

O
Cl

Cl
HN

N O
N

 
BSK-3-72 

Analogue No 

39.  

NCl

Cl

CH3

O

O NH

HN

O

O

 
BS-6-163 

Analogue Close 

40.  

NCl

Cl

CH3

O O

O
O

O

 
BS-6-157 

Identical Close 

41.  

F F

N
H

OH

 
PNR-9-92 

Analogue No Arya et al., 2015. Front 
Microbiol. 6:416. 
PMID:26074884 

42.  

F F

N
H

OH

 
PNR-10-01 

Identical No 

43.  

N
H

O

O OH

 
PNR-10-109A 

Identical No Balamurugan et al. 
2015, Front Microbiol. 

6:832. PMID: 
26322037 

 

44.  
N
H

OH

 
PNR-10-117 

Identical No Balamurugan et al. 
2017. Front Microbiol. 

8:1290. PMID: 
28744275 
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45.  

N

H
N

S
O  

PNR-10-126A 

Identical No Sambanthamoorthy  et 
al. 2011. Antimicrob 
Agents Chemother, 
55:4369-78. PMID: 

21709104 
 

46.  

N

H
N

S
O

Cl

Cl

 
 

PNR-10-126B 

Identical No 

47.  

N
H

N
N

N

HN O

 
 

PNR-10-84 

Identical No Minvielle et al., 2013. 
Medchemcomm. 
4:916-919. PMID: 

23930199 
 

48.  
N

N
H

N
H

N
NH

ClCl

 
BS-5-98 

Analogue No Abraham et al., 2016. 
J Med Chem. 59: 
2126-2138. PMID: 

26765953 
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N N
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NH

 
BS-5-91 

Analogue No 

50.  
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H

N
H

N
NH

N N

 
BS-7-16a 

Analogue Close 

51.  
N

N
H

N
H

N
ON N

 
BS-7-17b 

Analogue Yes 

52.  
N

N
H

N
H

N
NHN N

 
BS-7-17a 

Analogue Close 

53.  
N

N
H

N
H

N
NH

OO

OHOH  
BS-7-39a 

Analogue No 

54.  
N

N
H

N
H

N
O

OO

OHOH  
BS-7-39b 

Analogue No 
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H
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H

S

N

OH OH

OO

 
BS-7-39c 

Analogue No 

56.  
N

N
H

N
H

N
NH

OHOH
OO

 
BS-7-41a 

Analogue No 

57.  
N

N
H

N
H

N
O

OHOH
OO

                            
BS-7-41b 

Analogue No 

58.  
N

N
H

N
H

S

N

OH OH

O O

 
BS-7-41c 

Analogue No 

59.  
N

N
H

N
H

N
NH

OHOH

OHHO

 
BS-7-42a 

Analogue No 

60.  
N

N
H

N
H

N
O

OHOH

OHHO

 
BS-7-42b 

Analogue No 

61.  
N

N
H

N
H

S

N

OH OH

HO OH

 
BS-7-42c 

Analogue No 

62.  

N
N
H

N
H

N
NH

OHOH
O

NO2

O

NO2

 
BS-7-43a 

Analogue No 

63.  

N
N
H

N
H

N
O

OHOH
O

NO2

O

NO2

 
BS-7-43b 

Analogue No 

64.  

N
N
H

N
H

S

N

OH OH

OO

NO2NO2

 
BS-7-43c 

Analogue No 
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65.  

N
N
H

N
H

N
NH

OHOH

OHOH

 
BS-7-44a 

Analogue No 

66.  

N
N
H

N
H

N
O

OHOH

OHOH

 
BS-7-44b 

Analogue No 

67.  

N
N
H

N
H

S

N

OH OH

OH OH

 
BS-7-44c 

Identical No 

68.  

O
O

O  
PTL 

Analogue No Romero et al., 2013. 
Chem Biol. 20:102-

110. PMID: 23352144 
 

69.  
N
H

O

O

O
O

O

 
BS-1-28 

Identical No 

70.  N
N N

 
BS-6-97 

Analogue No Goswami et al., 2014. 
ACS Appl Mater 

Interfaces. 6:16384-
16394 PMID: 

25162678 
 71.   

 
 
 
 

                     BS-6-81a  

Identical Yes 

72.   
 
 
 

      BS-6-76a (L-Tyrosine) 

Identical No Kolodkin-Gal, et al. 
2010. Science. 

328:627-629 PMID: 
20431016 

 

73.  Pillarene 
 
 

BS-6-117 

Identical No Joseph, R et al. 2016. 
J Am Chem Soc. 

138:754-757. PMID: 
26745311 
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N
N
H

H
N

HN

H
N

HN
N
H

NH

N
H

NH

Cl  
 

BS-6-91a 
 

Identical No Williams, et al., 2012. 
Biomaterials.  

33:8641-8656. PMID: 
22940221 
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N N

HO

OH

O

NH2
H
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Data from these screens resulted in multiple hits but due to the fact that some of these compounds were 
reported as biofilm inhibitors, and not specifically inhibitors of sarA, we decided to do biofilm assays on 
each of the literature based compounds. Biofilm assays were performed using microtiter plates in the 
same fashion as described in Task 4. The compound indicated in orange (BS-7-39a) indicates an 
intermediate level of inhibition of growth and thus was excluded from further analysis. 

 
The results from these experiments led us to believe that BS-7-39c is a viable biofilm inhibitor in the 
context of our assays and thus deserving priority over other literature related compounds. This logic was 
further validated by showing that in the presence of BS-7-39c the LAC parent strain formed a biofilm at 
a level comparable to that observed in the isogenic LAC sarA mutant in the absence of this compound.   

 
Identifying BS-7-39c as a viable inhibitor allowed us to then focus our attention on generating analogues 
of this compound to further optimize the anti-biofilm activity. These were evaluated using our reporter 
assay, but as mentioned in Task 4, due to working with a smaller number of test compounds, this allowed 
us to focus on identifying compounds that inhibited biofilm formation irrespective of whether they function 
through sarA as suggested by our reporter assay. For this reason, newly synthesized compounds were 
evaluated using our biofilm assay instead of our reporter assay. We then took the top analogues along 
with BS-7-39c and compared them with respect to biofilm reduction in our LAC and UAMS-1 strains. 
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This data showed that BS-7-28b, BS-7-28c, and BS-7-31b displayed anti-biofilm activity to levels of ~50% 
in both our LAC and UAMS-1 strains without inhibiting growth kinetics in either strain. These results would 
suggest that these three compounds are promising biofilm inhibitors.  

Thus, we assessed relative antibiotic susceptibility as described in the context of Task 4. However, as 
with the compounds identified from our library, none of these compounds were found to significantly 
enhance antibiotic susceptibility in the context of daptomycin at either 24 or 72 hours.  
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We put forth a tremendous effort to identify small molecule inhibitors of sarA-mediated regulation, and 
we did so both by screening the library available in the Crooks’ laboratory and by mining the literature to 
identify promising compounds. We also extended both of these efforts to include analogues of these 
compounds. As judged by relative antibiotic susceptibility, we have not yet identified an inhibitor that we 
believe warranted efforts to conjugate it to BT2-peg2 and proceed with in vivo pharmacological and 
therapeutic efficacy studies. However, this does not mean that we failed to make significant progress. To 
emphasize this, in the following section we summarized the data from both Tasks 4 and 5 into a single 
table and indicated the degree of biofilm inhibition observed with both LAC and UAMS-1:  

ID Structure 
YTR-2-66 

N

NH

NH
O

O

O

NO2  
BS-6-123C         57% (LAC), 53% (U1) 

N

N

N
O

O

O
Cl

 
BS-7-61B          44%  (LAC), 62%  (U1) 

N

NH

NH
O
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N N
N

Cl
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BS-7-62A 

N

NH

NH
O
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O

N N
N

Cl
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BS-7-62B 
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N
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O

O

O

N N
N

Cl

Cl  
BS-7-39C 

OH
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H

S

N
H

N

OH
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BS-7-28B             41%  (LAC), 52%  (U1) 

N
N

N
H
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N
H

N
N

OCH3

Cl

Cl

OCH3

Cl

Cl

 
BS-7-28C             48%  (LAC), 50%  (U1) 

N
N

N
H

S

N
H

N
N

OCH3

Cl

Cl

OCH3

Cl

Cl

 
BS-7-31a 

N
N

N
H

NH

N
H

N
N

OCH3 OCH3  
BS-7-31B           52%   (LAC), 67%   (U1) 

N
N

N
H

O

N
H

N
N

OCH3 OCH3  
BS-7-57C 

N
N
H

S

N
H

NN
H

N
H  

 

What is most important about this compilation is that careful examination reveals that the five most 
promising compounds all fall into one of two categories represented by different chemical scaffolds: 

 
This is important because allows us to synthesize additional compounds based on these scaffolds, 
several of which are illustrated below:   
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As these have become available, we have also begun to assess their impact on biofilm formation. One 
of these compounds (shown in red) was excluded from further analysis because it was found to inhibit 
bacterial growth, thereby precluding the possibility of forming a biofilm. However, several of these 
compounds showed promise, and three (JVM-7-68, JVM-7-59, and JVM-7-60) inhibited biofilm formation 
to a degree comparable to that observed in the sarA mutant itself:  

 

Task 6. Expand the screen of small molecule inhibitors to include additional staphylococcal 
strains and species. Our primary focus has been on Staphylococcus aureus as an orthopaedic 
pathogen for the reasons discussed above. We have attempted to take the diversity of S. aureus strains 
into account, particularly with respect to the relative capacity to form a biofilm, cause bone infection, and 
antibiotic susceptibility, by purposefully including the divergent strains LAC and UAMS-1 as our studies 
progressed. A primary reason we decided to include paenipeptin analogue 17 in our studies was its 
activity against S. aureus as detailed above.  However, another reason is that this compound also had a 
minimum inhibitory concentration (MIC) ranging from 0.5 to 8.0 μg per ml across a wide spectrum of 
bacterial pathogens including Acinetobacter baumannii (ATCC 19606), Escherichia coli (ATCC 25922), 
Klebsiella pneumoniae (ATCC 13883), Pseudomonas aeruginosa (ATCC 27853), Enterococcus faecium 
(ATCC 19434), thus indicating that it represents a promising broad-spectrum antibiotic.  
Task 7: Evaluate conjugation of the most promising sarA inhibitor to BT2-peg2. We have to yet 
undertaken experiments focused on accomplishing this task because we have not yet identified a sarA 
inhibitor from our primary screen (Task 4) or validated any described in the literature (Task 5) that exhibits 
sufficient activity in the context of an established biofilm to warrant this effort. We have, however, defined 
two chemical scaffolds that can serve as the starting point for moving forward to achieve this goal.   
Task 8: Evaluate in vivo pharmacological properties of the most promising sarA inhibitor and its 
BT2-peg2 conjugate. These studies are pending awaiting the outcome of Task 7.    

Task 9: Evaluate the efficacy of the most promising small molecule inhibitor and the most 
promising antibiotic in vivo with and without conjugation to BT2-peg2. We have completed this task 
with our BT2-minipeg-2 daptomycin conjugate, albeit with disappointing results. As detailed above in the 
context of Task 2, and are currently exploring alternative means of generating this conjugate as a means 
of restaining its bone-targeting properties. We have also successfully conjugated BT2-peg2 to 
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ciprofloxacin, but the antibacterial stability of this conjugate was compromised as detailed above. Thus, 
as with Task 8, we are not yet in a position to undertake our Task 9 experiments because we do not have 
BT2-minipeg-2 conjugates of antibiotics or sarA inhibitors that justify this effort.   

What opportunities for training and professional development has the project provided?   
Despite the difficulties encountered in accomplishing some of our key tasks, the efforts made during the 
course of the funding period offered tremendous opportunities for training and development to the entire 
research team and even to other trainees in the Smeltzer laboratory who were not directly involved in the 
effort. The most obvious of these is that the project was a collaboration between the Smeltzer and Crooks 
laboratories. The specific expertise of the Smeltzer laboratory is in the pathogenesis of S. aureus bone 
infection and treatment, while the specific expertise of the Crooks laboratory is on drug discovery in 
contexts other than infectious disease. Thus, personnel in both laboratories were exposed to areas of 
translational science beyond their specific areas of expertise.  As emphasized throughout this final report, 
the difficulties we encountered do not detract from our resolve to overcome them, and the ability to do so 
will be greatly enhanced by the enthusiasm generated throughout the research team despite their 
recognition of the difficulties involved in our achieving ambitious goals.  

How were the results disseminated to communities of interest? 
The primary means of dissemination were through publication and presentations at appropriate meetings. 
The specific publications and meeting presentations are detailed below.  

What do you plan to do during the next reporting period to accomplish the goals?   

Technically, this is not applicable as this is a final report. However, we would emphasize again that our 
efforts to achieve the goals of this project will continue to the greatest extent possible.  

IMPACT:  
What was the impact on the development of the principal discipline(s) of the project?  
While the impact of our efforts remains to be fully realized for the reasons detailed above, we remain 
confident that the effort is worthwhile and we remain committed to accomplishing our objectives. Doing 
so has the potential to transform the clinical approach to the prevention and treatment of bone infections 
arising as a consequence of traumatic injury including those impacting military personnel.  

What was the impact on other disciplines?    
This was a very targeted project focused on a specific and clinically relevant therapeutic problem. The 
impact on other disciplines is therefore difficult to define. However, we are confident that the results of 
our studies will impact other clinical disciplines in two respects. First, as detailed in our introduction, 
validation and optimization of BT2-peg2 could greatly facilitate the treatment of other bone diseases 
including cancer that would benefit from the enhanced delivery of appropriate therapeutic agents. 
Second, the ultimate results of our studies have the potential to validate the therapeutic importance and 
relevance of anti-biofilm and anti-virulence strategies targeted towards diverse bacterial pathogens.  

What was the impact on technology transfer? 
Nothing to report at this time.     
What was the impact on society beyond science and technology? 
Nothing to report at this time.  

CHANGES/PROBLEMS:   
Changes in approach and reasons for change 
While we encountered unanticipated problems that caused us to shift our efforts toward overcoming these 
problems rather than evaluating in vivo relevance (Tasks 7-9), we have not changed our overall approach 
to accomplishing our ultimate objectives.  
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Actual or anticipated problems or delays and actions or plans to resolve them 
Science is difficult, particularly in the context of translational science leading to changes that have a 
significant impact on clinical practice in the context of such a therapeutically-recalcitrant problem like that 
presented by traumatic bone infection. It is important that students and junior faculty understand this, and 
equally important that they understand the importance of overcoming these difficulties. We did encounter 
unanticipated difficulties in achieving our objectives, specifically with respect to Tasks 1-6. This precluded 
downstream accomplishments associated with Tasks 7-9, but it does not preclude the importance of 
overcoming these difficulties and ultimately achieving these objectives. We are fully confident that we put 
a valid experimental plan in place and that continuing to pursue this plan to the extent possible despite 
the expiration of the funding period of this grant will ultimately prove worthwhile.     

Changes that had a significant impact on expenditures 
The greatest expense of any scientific effort lies in the personnel required to carry out that effort. Thus, 
the only change that had a significant impact on expenditures was the need to shift the focus to supporting 
the personnel needed to overcome the difficulties encountered in Tasks 1-6 rather than being in a position 
to use these funds to pursue the in vivo experiments as outlined in Tasks 7-9.  

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or 
select agents 
Significant changes in use or care of human subjects 
Not applicable. 

Significant changes in use or care of vertebrate animals 
Nothing to report.  

Significant changes in use of biohazards and/or select agents 
Nothing to report.  
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Evaluation of Antibiotics Active against Methicillin-Resistant
Staphylococcus aureus Based on Activity in an Established Biofilm
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We used in vitro and in vivo models of catheter-associated biofilm formation to compare the relative activity of antibiotics effec-
tive against methicillin-resistant Staphylococcus aureus (MRSA) in the specific context of an established biofilm. The results
demonstrated that, under in vitro conditions, daptomycin and ceftaroline exhibited comparable activity relative to each other
and greater activity than vancomycin, telavancin, oritavancin, dalbavancin, or tigecycline. This was true when assessed using
established biofilms formed by the USA300 methicillin-resistant strain LAC and the USA200 methicillin-sensitive strain
UAMS-1. Oxacillin exhibited greater activity against UAMS-1 than LAC, as would be expected, since LAC is an MRSA strain.
However, the activity of oxacillin was less than that of daptomycin and ceftaroline even against UAMS-1. Among the lipoglyco-
peptides, telavancin exhibited the greatest overall activity. Specifically, telavancin exhibited greater activity than oritavancin or
dalbavancin when tested against biofilms formed by LAC and was the only lipoglycopeptide capable of reducing the number of
viable bacteria below the limit of detection. With biofilms formed by UAMS-1, telavancin and dalbavancin exhibited comparable
activity relative to each other and greater activity than oritavancin. Importantly, ceftaroline was the only antibiotic that exhib-
ited greater activity than vancomycin when tested in vivo in a murine model of catheter-associated biofilm formation. These
results emphasize the need to consider antibiotics other than vancomycin, most notably, ceftaroline, for the treatment of bio-
film-associated S. aureus infections, including by the matrix-based antibiotic delivery methods often employed for local antibi-
otic delivery in the treatment of these infections.

Staphylococcus aureus is a leading cause of both hospital and
community-acquired infections (1). S. aureus causes many dif-

ferent types of infections, but among the most common are infec-
tions associated with indwelling medical devices (2, 3). In fact,
with the possible exception of S. epidermidis, S. aureus is easily the
single most prominent cause of all types of implant-associated
infection, and irrespective of overall prevalence, the virulence of S.
aureus makes it by far the most clinically problematic pathogen (4,
5). This is particularly true in the context of implant-associated
infections caused by methicillin-resistant S. aureus (MRSA)
strains (6). Thus, the increasing prevalence of MRSA strains even
among isolates causing community-associated infections (7)
makes antibiotics effective against MRSA of particular clinical im-
portance.

The prevalence of S. aureus as a cause of implant-associated
infections is due in part to its ability to form a biofilm (5, 8–10).
Biofilm formation not only contributes to the establishment and
persistence of infection but also greatly complicates treatment ow-
ing to intrinsic antibiotic resistance, thus leading to infections that
fail to respond to conventional antibiotic therapy even when ac-
quired antibiotic resistance is not an issue (11). This often neces-
sitates surgical intervention to remove the implant and any in-
fected surrounding tissues, often accompanied by some form of
local matrix-based antibiotic delivery (4). This is especially true in
cases involving indwelling orthopedic devices (8, 12), which are
particularly noteworthy in that they are increasing dramatically,
with the number of both primary and revision total knee and hip
replacement procedures continuing to increase without a decline
in the overall infection rate (13).

Despite the increasing prevalence of biofilm-associated infec-
tions, antibiotics continue to be developed on the basis of their
activity against planktonic bacterial cultures (14). This highlights
the need to consider antibiotic activity in the context of a biofilm,

and in the case of S. aureus, it has become increasingly important
to do so in the context of methicillin resistance. To this end, we
previously used an in vitro model of catheter-associated biofilm
formation to evaluate the relative activity of daptomycin, lin-
ezolid, and vancomycin (11). These studies led to the conclusion
that the membrane-active antibiotic daptomycin exhibits greater
activity in the context of a biofilm than either vancomycin or
linezolid. Subsequent studies using a murine model of catheter-
associated biofilm infection confirmed the activity of daptomycin
under in vivo conditions (15). These studies support the hypoth-
esis that daptomycin is a viable alternative and perhaps even a
preferred alternative to vancomycin in the context of biofilm-
associated infections. However, since these studies were done, a
number of other antibiotics with activity against MRSA have been
introduced into clinical practice. Thus, the purpose of the studies
that we report on here was to use our established in vitro and
in vivo models of catheter-associated biofilm formation (11, 15) as
a first step toward evaluating the relative activity of these addi-
tional antibiotics.

MATERIALS AND METHODS
Bacterial strains and antibiotics tested. The strains included were the
USA300 MRSA strain LAC and the USA200 methicillin-sensitive S. aureus
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(MSSA) strain UAMS-1. The primary antibiotics tested were daptomycin,
vancomycin, telavancin, ceftaroline, and tigecycline, all of which are ac-
tive against MRSA, as assessed under standard in vitro conditions (16).
Oxacillin, which is not active against MSRA, was included as a control in
these comparisons because the experiments included both the MRSA
strain LAC and the MSSA strain UAMS-1. In separate experiments, we
also directly compared the relative activity of the lipoglycopeptide antibi-
otics telavancin, oritavancin, and dalbavancin. All antibiotics were pur-
chased from our hospital pharmacy, except for telavancin, which was
kindly provided both in its pharmaceutical formulation (Vibativ) and as
telavancin powder by Theravance Biopharma Antibiotics, Inc. (George
Town, Cayman Islands).

Assessment of antibiotic susceptibility in vitro. Antibiotics were
tested and compared using our established in vitro catheter model of bio-
film formation (11). Briefly, 1-cm segments of fluorinated ethylene pro-
pylene catheters (14 gauge; Introcan safety catheter; B. Braun, Bethlehem,
PA) were coated with human plasma before being placed into the wells of
a 12-well microtiter plate containing 2 ml of tryptic soy broth supple-
mented with glucose and sodium chloride (biofilm medium [BM]). Each
well was then inoculated with LAC or UAMS-1 at an optical density at 600
nm of 0.05. The plate was then incubated at 37°C for 24 h before the
catheters were removed and transferred to fresh BM with and without the
appropriate antibiotic. For in vitro experiments done with daptomycin,
the BM was supplemented with calcium chloride, as previously de-
scribed (11). In all cases, the medium used for in vitro assays was
prepared fresh daily. Comparisons were done using multiple concen-
trations of each antibiotic. Specifically, the concentrations used corre-
sponded to 5�, 10�, and 20� the breakpoint MIC for a susceptible
strain of S. aureus, as defined by the United States Food and Drug
Administration (FDA) (Table 1).

To compensate for the fact that telavancin has a much lower break-
point MIC than the other antibiotics tested (Table 1), we also evaluated
telavancin at 40�, 80�, and 160� its breakpoint MIC, thus allowing us to
draw comparisons between approximately equal physical concentrations
of telavancin and daptomycin. To make direct comparisons between the
lipoglycopeptides, which have been reported to exhibit good penetration
and relatively high efficacy in the context of a biofilm (17–19), we also
evaluated oritavancin and dalbavancin at concentrations corresponding
to 160� the telavancin breakpoint MIC, thus allowing us to draw com-
parisons between approximately equal physical concentrations of these
antibiotics and daptomycin. In addition, a subset of antibiotics chosen for
reasons discussed below was also tested at concentrations corresponding
to multiples of the actual MICs for the test strains.

Antibacterial effects were assessed after 24 and 72 h of antibiotic ex-
posure. For catheters exposed for 72 h, catheters were removed after 24
and 48 h, rinsed in sterile phosphate-buffered saline (PBS), and trans-
ferred to wells with fresh medium with and without antibiotics. After
exposure for 24 or 72 h, catheters were removed, rinsed in sterile PBS to
remove nonadherent bacteria, and sonicated in sterile PBS to remove
adherent bacteria. After sonication, samples were serially diluted and
100-�l aliquots were plated on tryptic soy agar to quantify the number of
viable CFU per catheter. Using this experimental method, the limit of
detection was 50 CFU per catheter.

Assessment of antibiotic susceptibility in vivo. To test activity in
vivo, we used a murine model of catheter-associated biofilm infection as
previously described (15). Briefly, 1-cm catheter sections were implanted
subcutaneously into the flanks of NIH Swiss mice. LAC (105 CFU) in a
total volume of 100 �l was then injected into the lumen of each catheter.
Beginning 24 h later, 100 �l of the test antibiotic at the concentrations
indicated below was injected into the lumen daily for 5 days. Control mice
were injected daily with 100 �l of sterile PBS. At the completion of each
experiment, catheters were processed as previously described (15). The
animal studies were approved by the University of Arkansas for Medical
Sciences Institutional Animal Care and Use Committee.

Statistical methods. Statistical comparisons were made using the
Mann-Whitney test. Using the same experimental model employed in
these studies, we previously demonstrated that daptomycin has greater
activity than vancomycin in the context of a biofilm formed by UAMS-1
(11). On the basis of this finding, statistical comparisons were made on the
basis of activity relative to the activities of these two antibiotics. However,
additional comparisons were made to assess the activities of lipoglycopep-
tide antibiotics relative to each other.

RESULTS AND DISCUSSION

After 24 h in the absence of antibiotic exposure, no significant
difference with respect to the average colony counts per catheter
was observed between UAMS-1 and LAC (Fig. 1). However, a
significant difference was observed after 72 h, with the biofilms
formed by UAMS-1 containing, on average, 2.5 times more viable
bacterial cells than those formed by LAC (1.16 � 108 � 1.48 � 108

versus 4.58 � 107 � 5.71 � 107; n � 54). The finding that there
was no significant difference between the number of bacteria

TABLE 1 Relationship between breakpoint MIC and MIC for each test strain

Antibiotic BkPta (�g/ml)

LAC UAMS-1

MIC (�g/ml) Ratio (MIC/BkPt) MIC (�g/ml) Ratio (MIC/BkPt)

Vancomycin 2.0 2.0 1.0 1.5 0.75
Daptomycin 1.0 0.5 0.5 0.5 0.5
Ceftaroline 1.0 0.5 0.5 0.5 0.5
Tigecycline 0.5 0.125 0.25 0.19 0.38
Telavancin 0.12 0.047 0.39 0.047 0.39
Oxacillin 2.0 128 64 1.5 0.75
a BkPt, breakpoint MIC. The breakpoint MICs cited are those defined by the United States Food and Drug Administration (FDA) for a susceptible strain of S. aureus.

FIG 1 Relative capacity of UAMS-1 and LAC to form a biofilm in vitro. The
relative capacity of each strain to form a biofilm was evaluated using our
catheter model after 24 and 72 h of colonization without antibiotic exposure.
Results are shown as the number of CFU per catheter, with each box illustrat-
ing the maximum and minimum values observed within each experimental
group and the horizontal line indicating the mean for that group. *, statistically
significant difference (P � 0.05) between the number of viable biofilm-asso-
ciated bacteria formed by LAC relative to the number of viable biofilm-asso-
ciated bacteria formed by UAMS-1 at 72 h.
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within the biofilms formed by these two strains at 24 h suggests
that biofilms formed by LAC become relatively static over time,
while those formed by UAMS-1 continue to develop. This differ-
ence accounts in part for our inclusion of these two time points in
our studies, with the other relevant consideration being the like-
lihood that the results would be impacted in an antibiotic-depen-
dent manner by the time of exposure to the test antibiotic.

The number of potential comparisons in the experiments that
we report is very large. Thus, we focused on the fact that vanco-
mycin is the primary antibiotic used for the treatment of MRSA
infections and our previous results demonstrating that daptomy-
cin exhibits significantly greater activity than vancomycin in the
context of a biofilm (11). Specifically, we based our statistical anal-
ysis on whether each antibiotic exhibited increased activity rela-
tive to that of each of these two antibiotics when tested at equiva-
lent multiples of the breakpoint MIC for each antibiotic.

After 24 h of exposure of biofilms formed by UAMS-1, dapto-
mycin was found to exhibit significantly greater activity than van-
comycin at all concentrations tested (Fig. 2). This is consistent
with the results observed in our previous study (11). A significant
difference between vancomycin and both oxacillin and tigecycline
at all concentrations tested and between ceftaroline and vancomy-
cin at 20� the breakpoint MIC was also observed, with all of these
antibiotics exhibiting significantly greater activity than vancomy-
cin when the activities at corresponding concentrations were
compared. However, no antibiotic was found to have activity
greater than that of daptomycin at any concentration tested at the
24-h time point (Fig. 2).

After 24 h, the increased activity of daptomycin relative to that
of vancomycin was also evident at all concentrations tested when
these experiments were repeated using biofilms formed by LAC
(Fig. 2). Additionally, while ceftaroline, tigecycline, and even ox-
acillin exhibited greater activity than vancomycin, depending on
the antibiotic concentration, none exhibited greater activity than
daptomycin at any of the concentrations tested (Fig. 2). The ac-
tivity observed with oxacillin was surprising, given that LAC is an
MRSA strain. However, when it was tested using UAMS-1, oxa-
cillin exhibited greater activity than vancomycin at every concen-
tration tested, and this was not the case with LAC.

When UAMS-1 biofilms were exposed to the same antibiotics
for 72 h, daptomycin, ceftaroline, oxacillin, and tigecycline all
exhibited greater activity than vancomycin at one or more of the
concentrations tested (Fig. 3). No antibiotic tested exhibited
greater activity than daptomycin at an equivalent concentration,
with the exception of that activity of oxacillin at 5� the breakpoint
MIC compared to that of daptomycin at 5� the breakpoint MIC.
Additionally, ceftaroline, oxacillin, and tigecycline all exhibited
activity comparable to that observed with daptomycin at one or
more concentrations (Fig. 3). Most importantly, only daptomycin
at 10� and 20� the breakpoint MIC and ceftaroline at 20� the
breakpoint MIC were capable of clearing the catheters of viable
biofilm-associated bacteria, as defined by the detection limit of
our assay.

With the exception of oxacillin, the same general trends were

FIG 2 Relative activity of different antibiotics against LAC and UAMS-1 at 24
h in the context of a biofilm in vitro. Activity was evaluated using daptomycin
(DAP), vancomycin (VAN), ceftaroline (CPT), oxacillin (OXA), telavancin
(TLV), and tigecycline (TGC) at concentrations corresponding to 5�, 10�,
and 20� the breakpoint MIC for each antibiotic. Results are shown as the
number of CFU per catheter, with each box illustrating the maximum and
minimum values observed within each experimental group and the horizontal
line indicating the mean for that group. Gray bars, results observed with cath-
eters that were not exposed to any antibiotic; white bars, results observed after
exposure of UAMS-1 (top) or LAC (bottom) biofilms to the indicated antibi-
otics; *, significant reduction in the number of viable bacteria (P � 0.05)
relative to that achieved with vancomycin at the equivalent concentration.

FIG 3 Relative activity of different antibiotics against LAC and UAMS-1 at 72
h in the context of a biofilm in vitro. Activity was evaluated using daptomycin
(DAP), vancomycin (VAN), ceftaroline (CPT), oxacillin (OXA), telavancin
(TLV), and tigecycline (TGC) at concentrations corresponding to 5�, 10�,
and 20� the breakpoint MIC for each antibiotic. Results are shown as the
number of CFU per catheter, with each box illustrating the maximum and
minimum values observed within each experimental group and the horizontal
line indicating the mean for that group. Gray bars, results observed with cath-
eters that were not exposed to any antibiotic; white bars, results observed after
exposure of UAMS-1 (top) or LAC (bottom) biofilms to the indicated antibi-
otics. *, significant reduction in the number of viable bacteria (P � 0.05)
relative to that achieved with vancomycin at the equivalent concentration; **,
significant reduction relative to that achieved with daptomycin at the equiva-
lent concentration.
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observed when the 72-h experiments were repeated using biofilms
formed by LAC. Specifically, daptomycin was shown to be supe-
rior to vancomycin at all concentrations tested. Ceftaroline at 20�
the breakpoint MIC and tigecycline at 5� the breakpoint MIC
were also found to exhibit greater activity than equivalent concen-
trations of vancomycin (Fig. 3). As with UAMS-1, daptomycin
and ceftaroline were the only antibiotics found to clear any cath-
eters of viable bacteria. In fact, 20� the breakpoint MICs of both
daptomycin and ceftaroline were shown to reduce the number of
viable bacteria to below the limit of detection in 50% of the cath-
eters tested after 72 h of antibiotic exposure (data not shown). The
increased clearance observed with LAC relative to that observed
with UAMS-1 is likely a reflection of the fact that UAMS-1 formed
a more robust biofilm than LAC at the 72-h time point (Fig. 1).

The lipoglycopeptide antibiotic telavancin includes a mem-
brane-active component, in addition to its cell wall-inhibitory ac-
tivity, and has shown promise in multiple animal models of
infection (20, 21), but it exhibited relatively little activity by
comparison to that of daptomycin and ceftaroline against both
UAMS-1 and LAC biofilms at the concentrations initially tested in
vitro. It is important to note in this respect that neither of these
antibiotics was included for comparison in the previous studies
focusing on telavancin (20, 21). However, telavancin also has a
very low breakpoint MIC by comparison to the breakpoint MICs
all of the other antibiotics that we tested (Table 1), thus leaving
open the possibility that the results were skewed in favor of these
other antibiotics by using multiples of the breakpoint MIC. To
address this, we repeated the experiments using telavancin at 40�,
80�, and 160� its breakpoint MIC, with the last concentration
(19.2 �g per ml) being comparable to 20� the breakpoint MIC of
daptomycin (20 �g per ml). Under these circumstances, telavan-
cin at 160� the breakpoint MIC did, in fact, exhibit activity com-
parable to that of daptomycin at 20� the breakpoint MIC at 72 h
against LAC but not against UAMS-1 (Fig. 4). In fact, telavancin at
160� the breakpoint MIC was capable of reducing the number of
viable bacteria to below the limit of detection. After 24 h of expo-
sure, telavancin at 40�, 80�, and 160� the breakpoint MIC ex-

hibited activity comparable to that of daptomycin at 20� the
breakpoint MIC when tested using biofilms formed by UAMS-1,
but after 72 h, daptomycin at 20� the breakpoint MIC exhibited
activity greater than that of telavancin at all of these concentra-
tions (Fig. 4).

To determine whether similar results were observed with other
lipoglycopeptides, we also carried out experiments comparing
oritavancin and dalbavancin at physical concentrations equiva-
lent to 160� the breakpoint MIC of telavancin (Table 1). In LAC
biofilms, telavancin exhibited significantly greater activity than
either of these other antibiotics (Fig. 5). Dalbavancin exhibited a
level of activity that was greater than that observed with oritavan-
cin but less than that observed with telavancin. In UAMS-1 bio-
films, telavancin exhibited significantly greater activity than orita-
vancin and activity comparable to that of dalbavancin.

These experiments were done using the commercially available
formulation of telavancin (Vibativ), which includes a number of
inactive ingredients, including hydroxypropyl-beta-cyclodextrin
and mannitol (Theravance Biopharma Antibiotics, Inc.), and a
recent report demonstrated the need to reconsider the in vitro
methods used for determining the MIC of telavancin in multiple
bacterial species, including staphylococci (22). To address this, we
reassessed the activity of telavancin in the context of a biofilm
using the revised protocol recommended by the earlier report
(22). The key element of this alternative approach is the use of
telavancin powder rather than the commercial preparation and
the use of dimethyl sulfoxide as the diluent in the presence of
polysorbate 80 (22). The motivation for this was not only the
observation that testing methods have a significant impact on the
determination of MIC values for all lipoglycopeptides but also
the need to consider the activity of antibiotics in alternative clin-
ical contexts, including localized, matrix-based delivery, particu-
larly in postdebridement and/or trauma-associated orthopedic
procedures. However, we observed no differences in the results as
a function of the drug formulation utilized (data not shown).

FIG 4 Evaluation of telavancin activity in vitro. Activity was evaluated by
comparison of the activity of daptomycin at a concentration corresponding to
20� the breakpoint MIC (gray bars) to that of telavancin at 40�, 80�, and
160� the breakpoint MIC (white bars). Results are shown as the number of
CFU per catheter, with each box illustrating the maximum and minimum
values observed within each experimental group and the horizontal line indi-
cating the mean for that group. *, significant reduction in the number of viable
bacteria (P � 0.05) achieved with daptomycin at 20� the breakpoint MIC
relative to that achieved with telavancin at 160� the breakpoint MIC.

FIG 5 Comparison of the activity of lipoglycopeptide antibiotics in vitro. The
activities of telavancin (TLV), oritavancin (ORV), and dalbavancin (DBV) at
an equal concentration corresponding to 160� the breakpoint MIC of tela-
vancin (19.2 �g per ml) were compared. The results obtained with catheters
that were exposed to antibiotic (white bars) for 72 h relative to those obtained
with catheters that were not exposed to antibiotic (gray bars) are shown. Re-
sults are shown as the number of CFU per catheter, with each box illustrating
the maximum and minimum values observed within each experimental group
and the horizontal line indicating the mean for that group. *, significant re-
duction in the number of viable bacteria (P � 0.05) relative to that achieved
with oritavancin; **, significant reduction relative to that achieved with dalba-
vancin.
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Although comparison of the activities of antibiotics on the ba-
sis of their respective breakpoint MICs allows the broad applica-
bility of the results, it is possible that this could skew the data in
favor of those antibiotics for which a particular strain has a rela-
tively low MIC compared to the breakpoint MIC. More directly,
comparisons based on multiples of the breakpoint MIC result in
lower multiples of the MIC for any antibiotic for which the ratio of
the MIC to the breakpoint MIC is higher than that of another
antibiotic. To assess this possibility, the MIC of each antibiotic for

each test strain was determined by the Clinical Microbiology Lab-
oratory at Arkansas Children’s Hospital. This information was
then used to calculate a ratio of the MIC relative to the breakpoint
MIC for each strain with each antibiotic (Table 1). We then fo-
cused our assessment on a comparison of daptomycin and cef-
taroline, which were shown to have greater activity than the other
antibiotics tested but also had relatively low ratios (0.5) that could
have skewed the results for the reasons discussed above, to vanco-
mycin and oxacillin, which were the only antibiotics that exhibited
higher ratios. These antibiotics were compared at concentrations
corresponding to 20� and 40� the MIC for each strain.

When tested at 20� the MIC, daptomycin was the only anti-
biotic found to have significantly greater activity than vancomycin
against both UAMS-1 and LAC (Fig. 6). Ceftaroline was also
found to have significantly greater activity than vancomycin
against LAC but not UAMS-1. Against UAMS-1, daptomycin was
also the only antibiotic found to exhibit significantly greater activ-
ity than vancomycin when they were tested at 40� the MIC, but
this was not true against LAC. In fact, against LAC, even the dif-
ference observed between ceftaroline and vancomycin did not
reach statistical significance when they were examined at 40� the
MIC. However, both daptomycin and ceftaroline did demonstrate
the ability to reduce the number of viable bacteria to below the
limit of detection in some catheters, and this was not true with
vancomycin or, with respect to UAMS-1, oxacillin (Fig. 6). These
results are consistent with comparisons made on the basis of
breakpoint MICs, thus confirming that daptomycin and ceftaro-
line do in fact exhibit greater activity than vancomycin in the
context of a biofilm.

We next tested the efficacy of daptomycin, ceftaroline, and
telavancin relative to that of vancomycin under in vivo conditions
using concentrations corresponding to 20� and 40� the break-
point MIC for each antibiotic. These three antibiotics were chosen
because they were the only antibiotics capable of reducing the
number of viable bacteria to below the limit of detection under
any of the conditions tested. Interestingly, at 20� the breakpoint
MIC, none of the differences observed between these antibiotics
reached statistical significance, and only treatment with ceftaro-
line was found to result in a significant reduction in the number of
bacteria relative to the number of bacteria for the PBS-treated
control (Fig. 7). At 40� the breakpoint MIC, all antibiotics were
found to have a significant effect relative to that of the PBS-treated

FIG 6 Relative activity of different antibiotics assessed in vitro based on the
MIC. Activity was evaluated after 72 h of exposure using daptomycin (DAP),
ceftaroline (CPT), vancomycin (VAN), and oxacillin (OXA) at concentrations
corresponding to 20� (top) and 40� (bottom) the MIC for each test strain, as
determined by Etest. Gray bars, results observed with catheters that were not
exposed to any antibiotic; white bars, results observed after exposure to the
indicated antibiotics. *, significant reduction in the number of viable bacteria
(P � 0.05) relative to the number of untreated control bacteria; **, significant
reduction relative to that achieved with vancomycin at the equivalent concen-
tration.

FIG 7 Relative activity of different antibiotics assessed in vivo. Catheters colonized with LAC were evaluated after 5 days of exposure to daptomycin (DAP),
ceftaroline (CPT), vancomycin (VAN), and telavancin (TLV) at a concentration corresponding to 20� (left) or 40� (right) the breakpoint MIC for each
antibiotic. Gray bars, results observed with catheters that were not exposed to any antibiotic; white bars, results observed after exposure to the indicated
antibiotics. *, significant reduction in the number of viable bacteria (P � 0.05) relative to the number of untreated control bacteria; **, statistical significance by
comparison to the results obtained with vancomycin.
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control, but only ceftaroline was found to exhibit greater efficacy
than vancomycin.

In summary, these results illustrate the intrinsic resistance that
defines S. aureus biofilms, thus emphasizing the need to evaluate
antibiotics in the context of an established biofilm. In fact, it is not
clear if the concentrations used in our study can be achieved at the
site of infection when antibiotics are administered systemically.
However, antibiotics are also often administered locally using
some form of matrix-based delivery system, particularly in ortho-
pedic medicine (11, 23–25). We also recently described a novel
nanocage-based system for the targeted local delivery of daptomy-
cin (26). Thus, even if sufficient systemic levels cannot be
achieved, it remains important to prioritize antibiotics for use in
local antibiotic delivery systems.

In this respect, the results that we report confirm the greater
activity of the membrane-active agent daptomycin relative to that
of vancomycin. They also demonstrate that ceftaroline has activity
comparable to that of daptomycin in the context of biofilms
formed by both MSSA and MRSA strains, particularly at the
higher concentrations tested, and even greater efficacy than dap-
tomycin when tested under in vivo conditions. Indeed, the activity
of these antibiotics relative to that of oxacillin suggests that they
may offer a therapeutic advantage even in the context of MSSA
infections. It is also worth noting that, in the context of biofilms
formed by MRSA strain LAC, telavancin exhibited greater activity
than any other lipoglycopeptide. This suggests that in at least some
patients suffering from biofilm-associated infections caused by
MRSA strains, telavancin may also be a viable therapeutic option,
particularly since it was one of only three antibiotics shown to
clear an established biofilm under any test condition. Most impor-
tantly, all of these results must be interpreted relative to those for
vancomycin, which was relatively ineffective by comparison to
daptomycin and ceftaroline yet remains the primary choice for the
treatment of MRSA infections.
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Arkansas for Medical Sciences, Little Rock, Arkansas, USA

We previously determined the extent to which mutations of different Staphylococcus aureus regulatory loci impact biofilm for-
mation as assessed under in vitro conditions. Here we extend these studies to determine the extent to which those regulatory loci
that had the greatest effect on biofilm formation also impact antibiotic susceptibility. The experiments were done under in vitro
and in vivo conditions using two clinical isolates of S. aureus (LAC and UAMS-1) and two functionally diverse antibiotics (dap-
tomycin and ceftaroline). Mutation of the staphylococcal accessory regulator (sarA) or sigB was found to significantly increase
susceptibilities to both antibiotics and in both strains in a manner that could not be explained by changes in the MICs. The im-
pact of a mutation in sarA was comparable to that of a mutation in sigB and greater than the impact observed with any other mu-
tant. These results suggest that therapeutic strategies targeting sarA and/or sigB have the greatest potential to facilitate the ability
to overcome the intrinsic antibiotic resistance that defines S. aureus biofilm-associated infections.

Biofilm formation is a defining factor in the clinical approach to
many forms of Staphylococcus aureus infections owing to the

fact that the presence of a biofilm confers a therapeutically rele-
vant degree of intrinsic antibiotic resistance irrespective of the
acquired resistance status of the offending bacterial strain (1).
Thus, adjunct therapeutic approaches capable of limiting biofilm
formation would offer a tremendous clinical advantage. A key
component in the development of such approaches is to define the
mechanism(s) by which S. aureus forms a biofilm, thus opening
the door to the development of therapeutic approaches that limit
biofilm formation and thereby limit the clinical impact of this
intrinsic resistance.

We have focused our efforts in this regard on S. aureus regula-
tory elements, many of which have been shown to impact biofilm
formation both negatively and positively, at least under in vitro
conditions (2). This work has led us to place a primary emphasis
on the staphylococcal accessory regulator (sarA), mutation of
which limits biofilm formation to a degree that can be correlated
with increased antibiotic susceptibility as assessed under both in
vitro and in vivo conditions (3, 4). Moreover, our recent compar-
ison to the impact of mutating sarA relative to that of mutating
other S. aureus regulatory loci implicated in biofilm formation led
us to conclude that mutation of sarA imposes a greater limitation
on biofilm formation than mutation of any other S. aureus regu-
latory locus (2). However, these studies were limited to in vitro
conditions and did not take into account relative antibiotic sus-
ceptibility.

To address this, we used in vitro (3) and in vivo (4) models of
catheter-associated biofilm formation to assess the relative an-
tibiotic susceptibility of those regulatory mutants previously
shown to have the greatest impact, either positively or nega-
tively, on biofilm formation (2). We did this by using the func-
tionally distinct antibiotics daptomycin and ceftaroline and the
genetically and phenotypically distinct S. aureus strains LAC
(USA300, methicillin resistant) and UAMS-1 (USA200, meth-
icillin sensitive) (4–7).

MATERIALS AND METHODS
Assessment of relative antibiotic susceptibility in vitro. Antibiotic sus-
ceptibility under in vitro conditions was assessed using a catheter-based
model as previously described (3). Briefly, 1-cm segments of fluorinated
ethylene propylene catheters (14-gauge Introcan Safety catheter; B.
Braun, Bethlehem, PA) were first coated with human plasma before being
placed into the wells of a 12-well microtiter plate containing 2 ml of tryptic
soy broth supplemented with glucose and sodium chloride (biofilm me-
dium [BM]). Each well was then inoculated with LAC, UAMS-1, or the
appropriate isogenic mutant at an optical density at 600 nm of 0.05. The
plate was then incubated at 37°C for 24 h before the catheters were re-
moved and transferred to fresh BM with and without the appropriate
antibiotic. After an additional 24-h incubation, catheters were removed,
rinsed in phosphate-buffered saline (PBS) to remove nonadherent bacte-
ria, and then placed in a test tube containing 5 ml of sterile PBS. To
remove adherent bacteria, each catheter was then sonicated to remove
adherent bacteria as previously described (3). Appropriately diluted sam-
ples were then plated on tryptic soy agar without antibiotic selection to
determine the number of viable bacteria per catheter remaining.

Assessment of relative antibiotic susceptibility in vivo. Biofilm for-
mation was assessed in vivo using a murine model of catheter-associated
biofilm formation (4). Briefly, uncoated catheters were implanted into
each flank of NIH Swiss mice and inoculated with 105 CFU of the test
strain in a total volume of 100 �l of PBS by direct injection into the lumen
of each catheter. After 24 h, the mice were randomly divided into experi-
mental groups (n � 5). Because each mouse had two catheters implanted
and because previous experiments have confirmed the absence of cross-
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contamination between catheters in opposite flanks of the same mouse
(4), each catheter was treated as an independent data point (n � 10). In
untreated mice, 100 �l of sterile PBS was injected in the lumen of each
catheter at daily intervals for 5 days. Catheters were then harvested and
processed as described above to determine the number of CFU per cath-
eter remaining after antibiotic treatment.

Antibiotics and S. aureus strains tested. For both in vitro and in vivo
assays, daptomycin was tested at 5 times the Clinical and Laboratory Stan-
dards Institute (CLSI)-defined breakpoint MIC, while ceftaroline was
tested at 10 times its CLSI-defined breakpoint concentration. The use of
different concentrations of each antibiotic was based on preliminary stud-
ies indicating that ceftaroline exhibits somewhat reduced efficacy in the
context of a biofilm in comparison to daptomycin (data not shown) and a
desire to employ an antibiotic concentration that would allow us to detect
differences in susceptibility that would not be apparent with antibiotic
concentrations that were either too low or too high. The LAC mutants
included were sarA, atl, codY, fur, mgrA, rot, rsbU, and sigB. UAMS-1
mutants examined were more limited but included sarA, codY, mgrA, rot,
and sigB. As previously described (2), all of these mutants were generated
by phage-mediated transduction from primary mutants available as part
of the Nebraska Transposon Mutant Library (NTML).

Impact of regulatory mutations on MICs of relevant mutants. The
relative daptomycin and ceftaroline susceptibilities of each strain were
assessed by Etest (bioMérieux SA, Marcy l’Etoile, France) using tryptic soy
agar as the growth medium.

Statistical analysis. Statistical comparisons were made between each
parent strain and its isogenic mutant with and without antibiotic expo-
sure. For each experimental setting, a set of contrasts that defined the
comparisons of interest were created. Permutation tests, as described in
Pallmann et al. (8), were performed to obtain the adjusted P values for
each contrast. Briefly, using the observed data, t test statistics were calcu-
lated for each individual contrast, and the absolute values of the statistics
were recorded. The data were then randomly permuted. The statistics
from the permuted set were calculated, and the one resulting in the min-
imum P value across all contrasts was recorded. The data were permuted
50,000 times, presumably resulting in a distribution of test statistics from
the null distribution. The number of times the permuted test statistic was
larger than the observed test statistic was calculated for each contrast.
The adjusted P value for a contrast is the aforementioned number
divided by 50,001. A logarithmic transformation was applied to the
CFU data prior to analysis. Adjusted P values of �5% were considered
statistically significant. This analysis was performed using SAS 9.4
(SAS Institute Inc., Cary, NC).

RESULTS AND DISCUSSION

Using a microtiter plate-based assay, we previously examined the
relative impact of mutating individual regulatory loci on S. aureus
biofilm formation in vitro (2). These studies identified a number
of mutants that exhibited either a decreased or increased capacity
to form a biofilm, but they did not address the issue of whether
these changes were sufficient to have an impact on antibiotic sus-
ceptibility in the context of an established biofilm. In this report,
we examined this issue with a focus on those regulatory loci shown
to have the greatest impact on biofilm formation in our previous
study. This included LAC mutants sarA, atl, codY, fur, mgrA, rot,
rsbU, and sigB as well as sarA, codY, mgrA, rot, and sigB mutants
generated in the osteomyelitis isolate UAMS-1. To facilitate the
ability to focus on the relative antibiotic susceptibility in a quan-
titative fashion, these studies were done using in vitro and in vivo
models of catheter-associated biofilm formation (3, 4).

The only mutation that imposed a significant limitation on
biofilm formation under in vitro conditions in the absence of an-
tibiotic exposure was the sarA mutation, and this was true in both
LAC and UAMS-1 (Fig. 1). However, exposure to 5X daptomycin

was associated with significantly increased susceptibility in both
UAMS-1 and LAC sarA and sigB mutants relative to the isogenic
parent strain. Mutation of rsbU also resulted in a significant in-
crease in susceptibility in LAC, but we did not have a UAMS-1
rsbU mutant. These reductions were reflected in colony counts per
catheter and the percentage of catheters cleared of viable bacteria
at least as defined by the limit of detection of our experimental
method (50 CFU per catheter) (Fig. 1). Similar results were ob-
served under in vivo conditions, although in this case none of the
mutations, including the sarA mutation, were found to have a
statistically significant impact in either strain in the absence of
antibiotic exposure (Fig. 2). Additionally, under in vivo condi-
tions, mutation of sigB had a significant impact in LAC but not in
UAMS-1 (Fig. 2). Interestingly, mutation of codY resulted in a
significant increase in daptomycin susceptibility in vivo in LAC
but not in UAMS-1. This is consistent with the observation that
mutation of codY resulted in a significant increase in biofilm for-
mation in UAMS-1 in vivo but not in LAC (Fig. 2). To the extent
that the goal is to identify potential S. aureus targets that can be
exploited to therapeutic advantage, this emphasizes the impor-
tance of considering diverse clinical isolates in studies focusing on
biofilm formation and relative antibiotic susceptibility.

To determine whether the results observed with daptomycin
might be generalized to those with other antibiotics and thus likely
to be a function of the impact of individual mutations on biofilm

FIG 1 Relative daptomycin susceptibility in vitro. Daptomycin susceptibility
in LAC, UAMS-1, and the indicated mutants was assessed using a catheter-
based model of biofilm formation. The results indicate individual data points.
The horizontal bar and error bars indicate the means � standard errors of the
mean (SEM) based on CFU per catheter remaining after antibiotic exposure.
An asterisk above an experimental group indicates the statistical significance of
each mutant relative to the isogenic parent strain in the absence of antibiotic
exposure. An asterisk below a group indicates the significance of each mutant
relative to the parent strain after antibiotic exposure. The number above a
strain indicates the percentage of catheters cleared of bacteria as defined by the
level of detection of our assay. NSR, no significant reduction.
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formation itself rather than a daptomycin-specific effect, we re-
peated the in vivo studies using ceftaroline. We chose ceftaroline
rather than the more commonly used anti-methicillin-resistant
Staphylococcus aureus (MRSA) antibiotic vancomycin because
ceftaroline is a functionally distinct antibiotic in comparison to
daptomycin and because our previous results have confirmed that
vancomycin has relatively little efficacy in the context of an estab-
lished biofilm (9). The results were essentially identical to those
observed with daptomycin except that in this case mutation of
sarA and sigB resulted in a significant increase in antibiotic sus-
ceptibility in both UAMS-1 and LAC (Fig. 3). As with daptomy-
cin, this increased susceptibility was evident both in the average
colony counts per catheter and the percentage of catheters cleared
of viable bacteria as defined by the limit of detection of our exper-
imental method. Importantly, mutation of sarA or sigB did not
significantly alter the MIC of LAC or UAMS-1 to daptomycin or
ceftaroline (Fig. 4), thus providing support for the hypothesis that
the increased susceptibility we observed is a function of the impact
of each mutation on the relative capacity to form a biofilm.

In summary, the primary clinical problem with S. aureus bio-
film-associated infections is their intrinsic resistance to conven-
tional antibiotic therapy, thus making the experimentally critical
parameter the degree to which mutation of genes that impact bio-
film formation also impact this intrinsic resistance. The results we
report are significant in that they provide further support for the
hypothesis that the staphylococcal accessory regulator (sarA)
plays a critical role in this regard and that it does so in diverse
strains of S. aureus irrespective of their methicillin-resistance sta-
tus. At the same time, the results demonstrate that elements within

the sigB regulon also play a critical role. There is a report suggest-
ing that sigB increases expression of sarA (9), and we confirmed
that mutation of sigB in LAC results in a significant decrease in the
accumulation of SarA (2), thus suggesting that the impact of sigB
may be mediated at least in part through its impact on sarA. How-
ever, a recent report demonstrated that sigB is required for the

FIG 2 Relative daptomycin susceptibility in vivo. Daptomycin susceptibility
was assessed using a murine model of a catheter-based model of biofilm for-
mation. The results indicate individual data points. The horizontal bar and
error bars indicate the means � standard errors of the mean (SEM) based on
CFU per catheter remaining after antibiotic exposure. An asterisk below a
group indicates the significance after antibiotic exposure. The number above a
mutant indicates the percentage of catheters cleared of bacteria below the level
of detection. NSR, no significant reduction.

FIG 3 Relative ceftaroline susceptibility in vivo. Ceftaroline susceptibility was
assessed using a murine model of a catheter-based model of biofilm formation.
The results indicate individual data points. The horizontal bar and error bars
indicate the means � standard errors of the mean (SEM) based on CFU per
catheter remaining after antibiotic exposure. An asterisk above an experimen-
tal group indicates the statistical significance relative to the isogenic parent
strain in the absence of antibiotic exposure. An asterisk below a group indicates
the significance after antibiotic exposure. The number above a mutant indi-
cates the percentage of catheters cleared of bacteria below the level of detec-
tion. NSR, no significant reduction.

FIG 4 Impact of mutating sarA and sigB on MICs. The MICs of LAC and
UAMS-1 sarA and sigB mutants was determined by Etest. DPC, daptomycin;
CPT, ceftaroline.
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establishment of chronic S. aureus infections and suggested that
this was due to the fact that a functional SigB regulon promotes
both the development of small colony variants (SCVs) and in-
creased intracellular persistence (10). In contrast, mutations of
sarA had relatively little impact on SCV formation. An indepen-
dent report also concluded that sarA, but not sigB, is essential for
biofilm development in S. aureus (11). Thus, the specific mecha-
nistic basis that defines the comparable impact of sarA and sigB on
antibiotic susceptibility in vivo remains unclear. Having said this,
we previously reported one commonality: that protease produc-
tion is increased in both sarA and sigB mutants to a degree that
limits biofilm formation (2). However, the more important point
in the context of this report is that these results confirm that both
of these regulatory loci are potentially important targets for ther-
apeutic intervention.
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Novel Bone-Targeting Agent for Enhanced Delivery of Vancomycin to
Bone
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We examined the pharmacokinetic properties of vancomycin conjugated to a bone-targeting agent (BT) with high affinity for
hydroxyapatite after systemic intravenous administration. The results confirm enhanced persistence of BT-vancomycin in
plasma and enhanced accumulation in bone relative to vancomycin. This suggests that BT-vancomycin may be a potential car-
rier for the systemic targeted delivery of vancomycin in the treatment of bone infections, potentially reducing the reliance on
surgical debridement to achieve the desired therapeutic outcome.

Osteomyelitis is defined as any inflammatory process in bone,
the most common cause of which is infection. Although

many bacterial pathogens have been associated with osteomyeli-
tis, Staphylococcus aureus is the predominant cause and the patho-
gen responsible for the most serious forms of bone infection (1).
Given the increasing prevalence of S. aureus strains resistant to
methicillin (2), vancomycin remains the most commonly used
antibiotic for the treatment of these infections (3). While true
vancomycin resistance is rare, S. aureus strains with reduced sus-
ceptibility are common and often arise as a consequence of the
prolonged periods of vancomycin therapy required to treat bone
infections (1, 4). Vancomycin acts by inhibiting bacterial cell wall
biosynthesis (5, 6) and is a large hydrophilic molecule that has
limited penetration into bone and therefore low bone bioavail-
ability when administered systemically (7). These factors empha-
size the need to develop methods to enhance delivery of vancomy-
cin to bone in the treatment of osteomyelitis. One way to
accomplish this is to employ local antibiotic delivery, which while

useful suffers from inherent limitations, not the least being the
ability to gain direct access to the infection site (8–16). Thus, one
of the major challenges to improve therapeutic outcomes for os-
teomyelitis patients is to develop methods for the systemic deliv-
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FIG 1 Structures of vancomycin (left) and BT-vancomycin (right).
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ery of vancomycin, and potentially other antibiotics, in sufficient
concentrations to achieve the desired therapeutic effect.

Previous studies in our laboratories have led to the develop-
ment of bone-targeting agents (BT) based on their high affinity for
hydroxyapatite and an enhanced tendency to accumulate in bone
(17). We demonstrated that these compounds can be conjugated
to vancomycin via a modified polyethylene glycol (PEG) linker
(Fig. 1) to form BT-2-minipeg-2-vancomycin (BT-vancomycin)
(18–20). Previous in vitro studies confirmed that the MICs of
BT-vancomycin against methicillin-resistant and methicillin-sus-
ceptible S. aureus are comparable to those of vancomycin alone
and that BT-vancomycin binds to hydroxyapatite to a greater ex-
tent than vancomycin (21). The objective of the present study was
to define the pharmacokinetic (PK) profiles of vancomycin and
BT-vancomycin after systemic administration via intravenous
(i.v.) or intraperitoneal (i.p.) routes and to determine the plasma
and bone content of vancomycin versus BT-vancomycin.

All experimental animal protocols were in strict accordance
with the NIH “Guide for the Care and Use of Laboratory Animals”
(24) and were approved by the Institutional Animal Care and Use
Committees at the University of Kentucky, Lexington, KY, and
Mayo Clinic, Rochester, MN. Thirty-five rats received a single i.v.
injection via the tail vein of either vancomycin HCl (50 mg/kg of
body weight) or BT-vancomycin (63.85 mg/kg; molar equivalent
of 50 mg/kg of vancomycin HCl). Twenty rats were given an i.p.
injection of either vancomycin HCl (50 mg/kg) or BT-vancomy-
cin (63.85 mg/kg) twice daily for a total of seven doses. BT-van-
comycin and vancomycin levels in plasma and bone were deter-
mined by liquid chromatography-tandem mass spectrometry
(LC/MS-MS).

Bone samples (frozen tibiae) were pulverized, and the crushed
bones were weighed, placed into 2-ml tubes, and stored at �80°C
for further analysis. Analysis of vancomycin and BT-vancomycin
was carried out using a Shimadzu LC unit coupled to an ABI
4000-Qtrap hybrid linear ion trap triple-quadrupole mass spec-
trometer in the multiple reaction monitoring (MRM) mode. Tei-
coplanin was used as an internal standard.

PK analysis was performed using data from individual rats, for
which the mean and standard error of the mean (SEM) were cal-
culated for each group. PK parameters were estimated using a
noncompartmental model (Phoenix WinNonlin, Professional,
version 6.2; Pharsight, Mountain View, CA). The levels of vanco-
mycin and BT-vancomycin in plasma peaked at 13.00 � 1.96 and
41.22 � 8.71 �M, respectively, 1 h after administration (Fig. 2).
The concentration of BT-vancomycin in plasma declined to its
lowest levels (0.07 � 0.02 �M) at 168 h, while vancomycin
reached its lowest level 12 h after i.v. administration (Fig. 2). Com-
pared to the peak concentrations in plasma, peak concentrations
in bone were delayed, with peak concentrations occurring 6 h after
i.v. administration (Fig. 3). The amount of BT-vancomycin in
bone was approximately 5-fold higher than that of vancomycin
during the initial 12-h period but increased progressively to ap-
proximately 47-fold at 168 h (Table 1).

Increased accumulation of BT-vancomycin was also con-
firmed after i.p. administration of seven doses of 50 mg/kg of
vancomycin or the molar equivalent of BT-vancomycin at 12-h
intervals. The ratios of BT-vancomycin to vancomycin were 7.8,
7.4, and 47.7 at 1, 6, and 12 h after the last i.p. administration

FIG 2 Plasma concentration-time profile of vancomycin (circles) and BT-
vancomycin (squares) after i.v. administration of 50 mg/kg vancomycin or
63.85 mg/kg BT-vancomycin (molar equivalent to 50 mg/kg vancomycin).
Results are the mean � SEM (n � 5 rats). *, significantly higher than results for
vancomycin, P � 0.05; **, significantly higher than results for vancomycin,
P � 0.01; ***, significantly higher than results for vancomycin, P � 0.0001.

FIG 3 Concentration-time profile in bone of vancomycin (circles) and BT-
vancomycin (squares) after i.v. administration of vancomycin (50 mg/kg) or
BT-vancomycin (63.85 mg/kg). Results are the mean � SEM (n � 5 rats per
group). *, significantly higher than results for vancomycin, P � 0.05; **, sig-
nificantly higher than results for vancomycin, P � 0.01; ***, significantly
higher than results for vancomycin, P � 0.001.

TABLE 1 Comparative concentrations of vancomycin and
BT-vancomycin in bone after i.v. administration of 50 mg/kg
vancomycin or 63.85 mg/kg BT-vancomycina

Time (h)

Concn (�M) (mean � SEM)a

BT-vancomycin/
vancomycin ratioVancomycin BT-vancomycin

1 1.04 � 0.14 4.89 � 1.08b 4.7
6 1.73 � 0.13 11.41 � 1.79c 6.6
12 1.51 � 0.15 8.06 � 1.46c 5.3
24 0.97 � 0.09 3.15 � 0.49b 3.3
72 0.35 � 0.10 4.31 � 0.63c 12.3
168 0.08 � 0.05 3.73 � 0.61c 46.6
a n � 5 rats per group.
b Significantly higher than results for vancomycin (P � 0.01).
c Significantly higher than results for vancomycin (P � 0.001).
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(Table 2). PK parameters obtained after i.v. administration are
detailed in Table 3.

These data demonstrate that vancomycin and BT-vancomycin
exhibit significant differences in their PK profiles. A decrease in
total clearance (CLtot) of 13.5-fold was observed for BT-vancomy-
cin compared to vancomycin, with a 14.7-fold increase in half-life
(t1/2) allowing for a 10.8-fold enhancement in the area under the
concentration-time curve (AUC). The significant changes in the
AUC indicate a higher degree of in vivo exposure to BT-vancomy-
cin, facilitating the accumulation of drug in bone due to an en-
hanced permeation and retention effect. Consequently, BT-van-
comycin shows a longer systemic mean residence time (MRT)
than vancomycin (P � 0.001). The higher MRT value of BT-van-
comycin could be due in part to a more protracted steady state in
vivo, resulting in improved delivery, dramatically increased access
into bones, and prolonged exposure in bone tissue (Table 3).

The estimates of the maximum concentration of drug in serum
(Cmax) of vancomycin and BT-vancomycin determined in the
present study were in agreement with previously published data,
which include therapeutic peak and trough serum concentrations
of 20.7 to 27.6 �M and 3.5 to 6.9 �M, respectively (22).

In our experiments, levels of BT-vancomycin in bone were
above the MIC of vancomycin for up to 168 h after administra-
tion. These findings predict good antimicrobial outcomes, since
the antimicrobial activity of vancomycin is time dependent and
not concentration dependent (23).

In conclusion, our previously published work with BT-vanco-
mycin showed that this novel molecule had in vitro activity similar

to that of vancomycin against both methicillin-resistant and me-
thicillin-susceptible S. aureus strains isolated from bone infections
(21). Additionally, BT-vancomycin was shown to be more effica-
cious than an equimolar dose of vancomycin in a rat osteomyelitis
model. However, the most efficacious dosing regimen used in
these studies (i.p. injection every 12 h for 21 days) not only was
associated with high BT-vancomycin levels in plasma but also
caused a decrease in body weight, an elevation in white blood cell
count, renal dysfunction, and evidence of tubulointerstitial ne-
phritis. Although we did not examine toxicity in the current stud-
ies, we have demonstrated enhanced accumulation in bone, even
after a single i.v. dose of an amount of BT-vancomycin equivalent
to that used in the previous study (21). Thus, with further dose
optimization, this toxicity can likely be minimized, making BT-
vancomycin a useful BT therapy for the treatment of methicillin-
resistant S. aureus (MRSA) osteomyelitis. More importantly, the
results justify future studies to assess the utility of our promising
BT agent in the context of other, less toxic antibiotics that have
activity against MRSA.
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Abstract

The relative impact of 23 mutations on biofilm formation was evaluated in the

USA300, methicillin-resistant strain LAC. Mutation of sarA, atl, codY, rsbU, and

sigB limited biofilm formation in comparison to the parent strain, but the limi-

tation imposed by mutation of sarA was greater than that imposed by mutation

of any of these other genes. The reduced biofilm formation of all mutants other

than the atl mutant was correlated with increased levels of extracellular prote-

ases. Mutation of fur- and mgrA-enhanced biofilm formation but in LAC had

no impact on protease activity, nuclease activity, or accumulation of the poly-

saccharide intercellular adhesin (PIA). The increased capacity of these mutants

to form a biofilm was reversed by mutation of sarA, and this was correlated

with increased protease production. Mutation of sarA, mgrA, and sigB had the

same phenotypic effect in the methicillin-sensitive strain UAMS-1, but muta-

tion of codY increased rather than decreased biofilm formation. As with the

UAMS-1 mgrA mutant, this was correlated with increased production of PIA.

Examination of four additional clinical isolates suggests that the differential

impact of codY on biofilm formation may be a conserved characteristic of

methicillin-resistant versus methicillin-sensitive strains.

Introduction

Many forms of Staphylococcus aureus infection are charac-

terized by formation of a bacterial biofilm, the presence

of which confers a therapeutically relevant level of intrin-

sic resistance to both host defenses and conventional anti-

biotics (Brady et al. 2008; Lewis 2008; Trotonda et al.

2008; Bjarnsholt et al. 2013). Among these are infections
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of bone and indwelling orthopedic devices, and given our

specific interest in these infections, we have focused much

of our effort on identifying factors that contribute to S.

aureus biofilm formation (Tsang et al. 2008; Beenken

et al. 2012, 2014; Cassat et al. 2013). Our results, as well

as those from other laboratories, have led us to place a

primary emphasis on the staphylococcal accessory regula-

tor locus (sarA), mutation of which limits S. aureus bio-

film formation to a degree that can be correlated with

increased antibiotic susceptibility and an improved thera-

peutic outcome in relevant murine and rabbit models

(Beenken et al. 2003; Valle et al. 2003; Weiss et al. 2009a,

b; Abdelhady et al. 2014). However, sarA is part of a

complex and highly interactive regulatory circuit that

includes many other loci implicated in biofilm formation

(Priest et al. 2012; Ibarra et al. 2013). This brings up two

important questions, the first being whether other regula-

tory loci offer therapeutic potential comparable to or even

greater than sarA, and the second being whether the func-

tional status of other regulatory loci has the potential to

compromise therapeutic strategies targeting sarA.

It is impossible to answer these questions because no

comprehensive direct comparisons have been made under

consistent experimental conditions. Indeed, there are

reports that are directly contradictory by comparison to

each other. For example, Tu Quoc et al. (2007) found

that mutation of mgrA or codY limited biofilm formation,

while other reports concluded that mutation of these

same loci has the opposite effect (Majerczyk et al. 2008;

Trotonda et al. 2008). One possible explanation for such

disparate results is the use of different S. aureus strains,

which is understandable, and in fact necessary, from a

therapeutic point of view, particularly given the genetic

and phenotypic diversity that exists among contemporary

clinical isolates (Cassat et al. 2006; Wang et al. 2007;

Klein et al. 2013). It has been suggested that methicillin

resistance itself has a direct impact on the mechanism of

biofilm formation, with methicillin-resistant strains rely-

ing primarily on surface proteins, most notably FnbA and

FnbB, and methicillin-sensitive strains relying more

heavily on the polysaccharide intercellular adhesin (PIA)

(Pozzi et al. 2012).

It is also possible that such contradictory reports are

due to the use of different in vitro methods of testing

biofilm formation. Two primary examples include the

medium used to assess biofilm formation and whether

the substrate is first coated with human plasma proteins,

the latter reflecting the fact that even abiotic medical

implants are rapidly coated with host proteins after

implantation (Francois et al. 1996). The in vitro assays

that led to our initial focus on sarA employed tryptic soy

broth (TSB) supplemented with both salt and glucose as

well as a plasma-coated substrate (Beenken et al. 2003).

Subsequent studies have confirmed that the phenotypes

we observed under these conditions translate to a reduced

capacity to form a biofilm in vivo (Weiss et al. 2009b)

and a reduced capacity to cause hematogenous bone and

joint infection (Zielinska et al. 2012). Nevertheless, it

remains important to consider alternative assay condi-

tions if for no other reason than to clarify discrepancies

in the literature. Thus, we compared the relative capacity

of 23 mutants to form a biofilm in vitro under different

conditions. Primary experiments were done with the

USA300 methicillin-resistant strain LAC and expanded to

additional clinical isolates including the methicillin-sensi-

tive strain UAMS-1. We also investigated the mechanistic

basis for mutations correlated with an altered biofilm

phenotype.

Experimental Procedures

Generation of primary mutants

Regulatory mutants generated in the plasmid cured JE2

derivative of the USA300, methicillin-resistant strain LAC

(Fey et al. 2013) were obtained from the Nebraska Trans-

poson Mutant Library (NTML) through the Network on

Antimicrobial Resistance in S. aureus (NARSA, now avail-

able from BEI Resources, Manassas, VA, http://www.be-

iresources.org). To ensure consistency with our previous

studies, and because the NTML consists of primary

mutants that have not been characterized beyond their

transposon insertion sites, each mutation was first trans-

duced into the derivative of LAC and its isogenic sarA

mutant employed in our previous studies (Zielinska et al.

2011). To generate the NTML, JE2 was cured of both its

larger plasmid conferring resistance to erythromycin and

its smaller cryptic plasmid (Fey et al. 2013), while the

derivative of LAC we employ was cured only of the larger

plasmid (Wormann et al. 2011). This allowed erythromy-

cin selection of transductants, with confirmation subse-

quently obtained by PCR analysis of the targeted gene

(data not shown) and by comparison of EcoRI-digested

genomic DNA, which confirmed the presence of the small

cryptic plasmid in the LAC recipients but not in the JE2

donors (Fig. S1). However, analysis of a subset of strains

using our standard assay conditions (Beenken et al. 2003)

demonstrated that the impact of individual mutations on

biofilm formation was consistent in JE2 and our deriva-

tive of LAC (Fig. S1).

We also examined codY, mgrA, and sigB mutants gener-

ated in the MSSA osteomyelitis isolate UAMS-1, isogenic

sarA mutants generated in both LAC and UAMS-1, and

an isogenic mutant of LAC unable to produce all extracel-

lular proteases other than those encoded by the spl

operon (Beenken et al. 2003, 2014; Zielinska et al. 2011,
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2012). This was necessitated by the fact that the spl

mutation is defined by resistance to erythromycin, thus

precluding the ability to use our LAC derivative unable to

produce any extracellular protease (Zielinska et al. 2011)

as a transduction recipient. However, previous studies

confirmed that biofilm formation is comparable in LAC

sarA mutants unable to produce any extracellular protease

versus those that retain the capacity to produce only the

spl-encoded proteases (Loughran et al. 2014). Phage-med-

iated transduction was also used to generate codY mutants

in each of four additional clinical isolates. However,

because these strains were resistant to erythromycin, and

because all of the mutants obtained from the NTML are

defined by erythromycin resistance, it was first necessary

to exchange the erythromycin resistance cassette in JE2 to

an alternative antibiotic resistance cassette (Bose et al.

2013). All mutations, and the identity of the recipient

strain, were confirmed by PCR of the targeted gene and

additional genes and/or mutations that define each recipi-

ent strain (data not shown). Mutants were then main-

tained at �80°C in TSB containing 25% (v/v) glycerol.

Genetic complementation

Construction of an rsbU complementation plasmid was

done by PCR amplification of the rsbU open reading

frame (ORF) together with 556 bp of upstream DNA

(forward oligonucleotide primer: GCGAAAATACCGACA

CATGTAG; reverse primer: GGGTTTTGAAGCTTTAAAA

TTGCTTC). The amplification product was cloned into

the pCR2.1 TOPO vector (Invitrogen, Grand Island, NY)

and transformed into Z-Competent Escherichia coli cells

(Zymo Research Corp., Irvine, CA). After verification by

DNA sequencing (data not shown), the plasmid was

digested with EcoRI (New England Biolabs, Ipswitch, MA)

and the insert ligated into the E. coli-S. aureus shuttle vec-

tor pLI50 (Blevins et al. 1999).

Construction of the sigB complementation plasmid was

done by PCR amplification using a forward primer with

an NdeI cut site (GGGCATATGGCGAAATAATGGCGA

AAG) and a reverse primer that included a BamHI cut

site (CCCGGATCCCGTATCATTAATAAACAAATTC).

The amplification product was ligated into pCR2.1, veri-

fied as described above, and the insert cloned into the

shuttle vector pOS1 (Bubeck Wardenburg et al. 2006)

such that expression of sigB was under the control of the

lipoprotein diacylglycerol transferase promoter (pOS1-

plgt) (Torres et al. 2010). Amplification of rsbU and sigB

was done using genomic DNA from the USA300 strain

LAC as template.

The mgrA complementation plasmid was generated by

PCR using a forward primer containing a HindIII

restriction site and an N-terminal 6XHis tag (GGATCC

AAGCTTATGCATCATCACCATCACCATGGATCTGATC

AACATAATTTAAAAGAACAGCTATGC), the latter being

added for purposes outside the scope of the experiments

reported here, together with a reverse primer containing a

HindIII restriction site (GGATCCAAGCTTTTATTTTT

CCTTTGTTTCATCAAATGCATGAATGAC). The amplifi-

cation product was cloned into the shuttle vector pLL48

under the control of an isopropyl b-D-1-thiogalactopyra-
noside (IPTG)-inducible promoter. Specifically, pLL48

was generated by cloning Pspac-lacI promoter from

pCL15 into pLL47 plasmid (Luong and Lee 2006; Luong

et al. 2011). In this case, amplification was done using

genomic DNA from the S. aureus strain Newman. Induc-

tion was done using 1 mmol/L IPTG.

The plasmid constructs used to complement the atl, codY,

fur, and sarA mutations were all described previously

(Blevins et al. 1999; Torres et al. 2010; Luong et al. 2011;

Bose et al. 2012). Where appropriate, complementation

plasmids were first used to transform the S. aureus strain

RN4220 by electroporation. Once in S. aureus, plasmids

were then introduced into the appropriate strains by phage-

mediated transduction. Complemented strains were also

maintained at �80°C in TSB containing 25% (v/v) glycerol.

For each experiment, strains under study were retrieved

from cold storage by plating on tryptic soy agar (TSA) with

appropriate antibiotic selection. Antibiotics were used at the

following concentrations: erythromycin, 10 lg mL�1; tetra-

cycline, 5 lg mL�1; kanamycin, 50 lg mL�1; neomycin,

50 lg mL�1, spectinomycin, 1000 lg mL�1; chloramphe-

nicol, 10 lg mL�1. Kanamycin and neomycin were always

used together to avoid selection of spontaneously resistant

strains.

Assessment of biofilm formation

Biofilm formation was assessed in vitro using a microtiter

plate assay. To explore the impact of different assay con-

ditions, the medium consisted of TSB with and without

supplementation with 3% sodium chloride and 0.5% glu-

cose (biofilm medium, BFM), while the substrate was

used with and without coating with 20% human plasma

as previously described (Beenken et al. 2003). Briefly, bac-

terial cultures were grown at 37°C to stationary phase

(16 h) in TSB or BFM with antibiotics when appropriate.

Cultures were standardized to an OD560 = 0.05 in the

appropriate test medium (TSB or BFM) without antibiot-

ics. IPTG (1 mmol/L) or Dispersin B (Kane Biotech Inc,

Winnipeg, Manitoba, Canada, 5 lmol/L) was included as

appropriate. Wells of a 96-well microtiter plate were then

inoculated with 200 lL and incubated at 37°C for 24 h,

at which point they were washed three times with 200 lL
PBS, fixed with 200 lL 100% EtOH, stained with 200 lL
crystal violet, and washed three times with 200 lL PBS.
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Stain was then eluted with 150 lL 100% EtOH for

10 min before diluting the eluent with an equal volume

of PBS. Absorbance was measured using a BioTek Synergy

2 microplate reader (BioTek Instruments, Winooski, VT).

For mixed culture biofilm assays with LAC, UAMS-1, and

their sarA mutants, each strain was grown overnight in

BFM, standardized as described above, and mixed in

equal volumes prior to inoculation of the wells. All assays

were performed using at least two biological replicates,

each containing a minimum of three experimental

replicates.

Western blotting

SarA production was assessed using whole-cell lysates pre-

pared from stationary phase cells and a rabbit polyclonal

anti-SarA IgG antibody as previously described (Blevins

et al. 1999). Secondary antibody was horseradish peroxi-

dase (HRP)-conjugated goat anti-rabbit IgG (Sigma

Chemical Co., St Louis, MO). Blots were performed in

triplicate using different biological replicates. Blots were

developed with SuperSignal West Femto Chemilumines-

cent Substrate (Thermo Scientific, Rockford, IL) and

quantified using a Bio-Rad ChemiDocMP Imaging System

and Image Lab Software (Bio-Rad Laboratories, Inc.,

Hercules, CA).

Protease activity

Protease activity was assessed in standardized samples of

cell-free supernatant from stationary phase (16 h) cultures

grown without antibiotics using a Protease Fluorescent

Detection Kit (Sigma Chemical Co.) as previously

described (Zielinska et al. 2012). Results are reported as

relative fluorescence units and represent at least two bio-

logical replicates, each of which included four experimen-

tal replicates.

Nuclease activity

Nuclease activity was assessed using a fluorescence reso-

nance energy transfer (FRET)-based assay as previously

described (Beenken et al. 2012). Briefly, 25 lL sterilized,

standardized supernatants from stationary phase cultures

(16 h) grown without antibiotic selection were mixed

with an equal volume of FRET substrate (50-/5HEX/

CCCCGGATCCACCCC/3BHQ_2/-30; Integrated DNA

Technologies, Coralville, IA) diluted to 2 lmol/L in buf-

fer consisting of 20 mmol/L Tris, pH 8.0, and 10 mmol/L

CaCl2. Results were assessed after 5 min at 30°C using an

excitation wavelength of 530 nm and an emission wave-

length of 590 nm. Results are reported as relative fluores-

cence units. Nuclease activity was also assessed using

D’NASE Test Agar (REMEL, Lenexa, KS) (Tsang et al.

2008).

PIA immunoblot

Production of the polysaccharide intercellular adhesion

(PIA) was assessed as previously described with slight

modifications (Beenken et al. 2004). Specifically, cultures

were grown overnight in TSB supplemented with 3.0%

sodium chloride and 0.5% glucose and antibiotics as

appropriate. After standardization to OD660 = 5.0, cells

were harvested by centrifugation and resuspended in

60 lL 0.5 mol/L EDTA. Cell suspensions were boiled at

105°C for 8 min followed by centrifugation. Forty mi-

croliters of the supernatant was then incubated for

30 min with 5 lL proteinase K (10 mg per mL) at

48°C to reduce nonspecific background levels. Twenty

microliter of Tris-buffered saline (20 mmol/L Tris-HCl,

150 mmol/L NaCl [pH 7.4]) was added to the samples,

which were then stored at �20°C. For analysis, 20 lL
of this sample was mixed with 60 lL TBS. Using a

BIO-dot microfiltration apparatus (Bio-Rad Laboratories,

Inc.), 50 lL was spotted onto a nylon membrane pres-

oaked with TBS (Roche Diagnostics Corp., Indianapolis,

IN). Each well was then rinsed with 200 lL tris-buffered

saline (TBS). The membrane was then removed, dried,

and blocked in 0.5% skim milk overnight at 4°C. PIA

production was assessed using anti-PIA antiserum

(kindly provided by Michael Otto, National Institute of

Allergy and Infectious Disease) diluted 1:500 in 0.5%

skim milk. Primary antibody was detected using HRP-

conjugated goat anti-rabbit IgG secondary antibody

(Sigma Chemical Co.). Blots were developed and quanti-

fied as described above after subtracting the background

observed with a UAMS-1 ica mutant.

Statistical analysis

Statistical comparisons were done using the unpaired

t-test or where appropriate one-way analysis of variance

with Tukey’s Multiple Comparison Test. Statistical analy-

sis was done using GraphPad Prism 5.0 (La Jolla, CA).

Results and Discussion

Comparison of different assay conditions

LAC mutants were generated by phage-mediated trans-

duction from JE2 donor strains obtained from the NTML

(Fig. S1). A microtiter plate assay was then used to assess

the relative capacity of these mutants to form a biofilm

under different assay conditions. Neither LAC nor any of

its regulatory mutants formed a biofilm when the assay
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was done in TSB without media supplementation and

without plasma coating of the substrate (Fig. 1). A

statistically significant increase was observed with two

mutants (saeRS and sarZ) when the assay was done in

TSB with plasma coating but without media supplemen-

tation, as well as two different mutants (clpP and sigB)

when the assay was done using uncoated plates and TSB

supplemented with NaCl and glucose (BFM). However,

under all three of these experimental conditions, biofilm

formation was extremely limited by comparison to the

results observed when the assay was performed using

BFM and the substrate was coated with human plasma

(Fig. 1). In fact, biofilm formation was significantly

increased under these conditions in every mutant, includ-

ing the sarA mutant, by comparison to the same strain

examined under all other assay conditions (Fig. 1). Our

original studies identifying sarA as a primary mediator of

biofilm formation were done using BFM and a plasma-

coated substrate, and subsequent studies confirmed its

importance under in vivo conditions, thus suggesting that

these in vitro conditions accurately reflect the likelihood

of in vivo relevance (Weiss et al. 2009a,b; Beenken et al.

2010, 2014; Zielinska et al. 2012). Additionally, indwelling

medical devices are rapidly coated with host proteins

(Steckelberg and Osmon 1994; Gotz 2002), and it has

been demonstrated that biofilm-associated bacteria

encounter unique growth conditions that include

increased osmolarity (Prigent-Combaret et al. 1999), both

of which provide further support for the hypothesis that,

by comparison to the other assay conditions we

examined, the use of BFM and a plasma-coated substrate

is more likely to reflect in vivo relevance. Thus, we

employed these assay conditions in all subsequent experi-

ments.

Relative impact of regulatory mutations

We examined the biofilm phenotype of LAC and each of

22 regulatory mutants and an atl mutant using our opti-

mized assay conditions. While not a regulatory element,

Atl has been shown to play a critical role in the initial

attachment stage of biofilm formation and the subsequent

release of extracellular DNA (eDNA) further enhancing

the process (Houston et al. 2011). As such, we felt it was

necessary to include Atl in our comparative studies. Com-

parisons included a minimum of six biological replicates

per strain, each of which included at least three experi-

mental replicates. To make the biological replicates com-

parable to one another, the results observed with LAC

were set to 1.0, with the results observed with each regu-

latory mutant shown relative to this value. Results from

all replicates were then combined for statistical analysis.

These studies identified seven mutants in which the

capacity to form a biofilm was significantly different from

Figure 1. Biofilm phenotypes as a function of assay conditions. Biofilm formation was assessed in LAC and its isogenic mutants under four

different assay conditions. To allow direct comparisons between conditions, the results shown in all panels are shown as raw data and represent

the average � standard error of the mean (SEM) from a minimum of two experiments, each of which was repeated with at least three replicates.

Mutants that exhibit a statistically significant difference under each assay condition (asterisk; P < 0.05) are indicated in each panel. For every

individual strain, including the sarA mutant, the results observed with BFM and plasma coating were statistically significant by comparison to the

same strain assayed under all other conditions. Overall order in all panels is LAC followed by isogenic strains with mutations in sarA, agr, arl, atl,

clpP, codY, fur, lyt, mgrA, msa, rot, rsbU, rsr, sae, sarS, sarT, sarU, sarV, sarX, sarY, sarZ, sigB, and srr.

440 ª 2015 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.

Regulation of S. aureus Biofilm Formation D. N. Atwood et al.



that observed in the LAC parent strain (Fig. 2). Five of

these (sarA, atl, codY, rsbU, and sigB) had a reduced

capacity to form a biofilm, while two (fur and mgrA) had

an increased capacity to form a biofilm (Fig. 2). The

cause-and-effect relationship between all mutations and

their biofilm phenotypes was confirmed by genetic com-

plementation (Fig. 3).

Although atl, codY, rsbU, and sigB mutants exhibited a

decreased capacity to form a biofilm by comparison to the

parent strain, they also exhibited a significantly increased

capacity to form a biofilm by comparison to the isogenic

sarA mutant (Fig. 2). The fact that mutation of sarA had a

greater impact on biofilm formation than mutation of

these other genes was confirmed by demonstrating that

concomitant mutation of sarA reduced biofilm formation

still further in all of these mutants (Fig. 3). Concomitant

mutation of sarA also reversed the increased biofilm for-

mation observed in the fur and mgrA mutants (Fig. 3),

thus confirming that the impact of mutating sarA is epi-

static to that of mutating these other regulatory loci.

Impact of regulatory mutations on
accumulation of SarA

Eliminating the production of an effector protein like

SarA typically has a greater phenotypic impact than muta-

tion of genes that modulate the production or activity of

that effector protein. One explanation for the intermediate

impact of mutating atl, codY, rsbU, and sigB on biofilm

formation is that mutation of these loci limits, but does

not eliminate, the production of SarA itself. The only

mutations found to have a statistically significant impact

in this regard were the rsbU and sigB mutations (Fig. 4).

This is consistent with the current S. aureus regulatory

paradigm indicating that RsbU is a positive regulator of

SigB, and SigB an activator of sarA expression (Bischoff

et al. 2001; Cheung et al. 2008; Pane-Farre et al. 2009).

This suggests that the impact of these loci is likely to be

mediated, at least in part, via a sarA-dependent pathway,

while that of atl and codY is mediated via a sarA-indepen-

dent pathway. Similarly, mutation of fur or mgrA had no

impact on the accumulation of SarA (Fig. 4).

Impact of extracellular protease production
on biofilm formation

Mutation of sarA is known to result in greatly increased

levels of extracellular protease production, and this has

been directly correlated with the reduced capacity of a

LAC sarA mutant to form a biofilm under both in vitro

and in vivo conditions (Tsang et al. 2008; Zielinska et al.

2011, 2012). To assess relative levels of protease activity,

we used the Protease Fluorescent Detection Kit (Sigma

Chemical Co.) which employs a fluorescein isothiocyanate

(FITC)-casein substrate. These experiments confirmed

that mutation of rsbU, sigB, and codY, all of which had a

reduced capacity to form a biofilm (Fig. 1), also resulted

in increased protease production in LAC (Fig. 5). Addi-

tionally, by comparison to the isogenic mutants, limiting

the production of extracellular proteases by mutagenesis

of the genes encoding aureolysin, SspA, SspB, and ScpA

enhanced biofilm formation in all of these mutants

(Fig. 5). Collectively, these results strongly support the

hypothesis that increased protease production makes a

significant contribution to the biofilm-deficient phenotype

of sarA, codY, rsbU, and sigB mutants.

Figure 2. Relative impact of Staphylococcus

aureus regulatory loci on biofilm formation

in vitro. Biofilm formation was assessed in LAC

(WT) and its isogenic regulatory mutants using

a microtiter plate assay with BFM and plasma

coating of the substrate. Results shown

represent the average � SEM from a minimum

of six experiments, each of which was

repeated with at least three technical

replicates. Single asterisk indicates statistical

significance by comparison to the parent strain

(P < 0.05). Double asterisks indicate statistical

significance by comparison to the isogenic sarA

mutant (P < 0.05).
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These results demonstrate a correlation between

increased protease production and decreased biofilm in

all biofilm-deficient mutants other than the atl mutant. It

has been suggested that the autolysin encoded by atl facil-

itates the initial attachment stage of biofilm formation

both directly by functioning as an adhesin, and indirectly

by promoting the release of eDNA, with FnbA and FnbB

subsequently being required for biofilm maturation, par-

ticularly in methicillin-resistant S. aureus (MRSA) strains

(Houston et al. 2011). The fibronectin-binding proteins

are recognized targets of protease-mediated degradation

in sarA mutants (Karlsson et al. 2001; Mrak et al. 2012),

but in this scenario relative levels of protease production

would presumably be irrelevant owing to the reduced

capacity of an atl mutant to initiate the process of biofilm

formation. Even so, increased protease production would

be relevant in an atl/sarA mutant because it would limit

FnbA/FnbB-associated accumulation. This provides a

likely explanation for why concomitant mutation of sarA

further reduced biofilm formation in the atl mutant, par-

(A)

(B)

Figure 3. Relative impact of sarA versus other regulatory loci in LAC. (A) Biofilm formation was assessed in each regulatory mutant found to

have a significant impact on biofilm formation with (+) and without (�) plasmid-based genetic complementation. Results shown represent the

average � SEM from a minimum of two experiments, each of which was repeated with at least three replicates. Single asterisk indicates that the

results observed with the indicated mutant were significantly different from those observed with the LAC parent strain (P < 0.05). Double

asterisks indicate that the results observed with the complemented strain were significantly different by comparison to those observed with the

uncomplemented isogenic mutant (P < 0.05). (B) Biofilm formation was assessed in each regulatory mutant found to have a significant impact on

biofilm formation with (�) and without (+) concomitant mutation of sarA. Single asterisk indicates statistical significance by comparison to the

LAC parent strain (P < 0.05). Double asterisks indicate significance of the double mutant relative to the corresponding isogenic single mutant

(P < 0.05).

Figure 4. Impact of LAC regulatory mutations

on accumulation of SarA. Relative amounts of

SarA were assessed by western blot. Graphs

illustrate quantitative results from three

separate blots. Single asterisk indicates

statistical significance by comparison to the

LAC parent strain (P < 0.05).
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ticularly since protease activity was increased in the atl/

sarA mutant by comparison to both the isogenic atl

mutant and LAC itself (Fig 5). Mutation of sarA has also

been shown to result in reduced accumulation of Atl itself

owing to protease-mediated degradation (Zielinska et al.

2012), but this is unlikely to play a primary role in defin-

ing the biofilm-deficient phenotype of an atl/sarA mutant

because, if it did, mutation of sarA would not further

decrease biofilm formation by comparison to an atl

mutant (Fig. 3).

Mutation of mgrA or fur also had no impact on prote-

ase production by comparison to LAC (Fig. 5). However,

limiting the production of proteases did enhance biofilm

formation in the mgrA mutant. To the extent that con-

comitant mutation of sarA in the mgrA mutant also

resulted in increased protease production by comparison

to the isogenic mgrA mutant, this also provides a likely

explanation for why concomitant mutation of sarA

reversed the increased capacity of the mgrA mutant to

form a biofilm (Fig. 3). Mutation of sarA also reversed

the increased biofilm formation observed in the LAC fur

mutant (Fig. 3), and resulted in a statistically significant

increase in protease production, but the relative capacity

of the fur mutant to form a biofilm under our assay con-

ditions was not altered to a statistically significant extent

by limiting the production of extracellular proteases

(Fig. 5). This suggests the involvement of other factors in

defining the enhanced biofilm phenotype of a LAC fur

mutant.

Mutation of fur in the commonly studied strain New-

man, which notably does not produce surface-anchored

fibronectin-binding proteins (Grundmeier et al. 2004),

also enhanced biofilm formation under iron-limiting

conditions, but only during the early stages of biofilm

formation (Johnson et al. 2005). The mechanistic basis

for these phenotypes was not explained although it

appeared to be independent of any impact on accumula-

tion of the PIA. To the extent that our assays were done

using a nutrient-rich medium, and the results assayed

after a 24 h incubation period, the increased capacity of

the LAC fur mutant to form a biofilm under our assay

conditions is in contrast to this report, although we did

confirm that mutation of fur had no detectable impact on

the accumulation of PIA in LAC (see below). A previous

paper described a number of conserved surface Fur-regu-

lated proteins (Frp) and suggested that at least two of

these (FrpA and FrpB) are involved in the initial attach-

ment stage of biofilm formation (Morrissey et al. 2002).

Since Fur represses the production of these proteins in

the presence of iron, one could hypothesize that mutation

(A)

(B)

Figure 5. Impact of extracellular proteases in LAC. (A) Total protease activity was assessed in LAC mutants with (�) and without (+) concomitant

mutation of sarA. Results shown represent the average � SEM from a minimum of two experiments, each of which was repeated with at least

four replicates. Single asterisk indicates statistical significance of the individual mutants by comparison to the LAC parent strain (P < 0.05). Double

asterisks indicate significance of the double mutant relative to the appropriate isogenic single mutant (P < 0.05). (B) Biofilm formation was

assessed in LAC and its regulatory mutants as a function of the relative capacity to produce extracellular proteases. Protease positive refers to

strains with the capacity to produce all extracellular proteases. Protease deficient refers to strains unable to produce aureolysin, SspA, SspB, and

ScpA. Results shown represent the average � SEM from a minimum of two experiments, each of which was repeated with at least six replicates.

Asterisk indicates statistical significance of protease-deficient derivatives relative to the respective isogenic protease-positive strains (P < 0.05).
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of fur would result in an increase in Frp expression and

consequently biofilm formation. Eap and Emp have also

been implicated in biofilm formation (Palma et al. 1999;

Hussain et al. 2001), but both of these are positively regu-

lated by Fur at least under iron-restricted conditions, thus

suggesting that they would be produced in decreased

amounts in a fur mutant (Johnson et al. 2008).

Impact of extracellular nuclease production
on biofilm formation

The results discussed above demonstrate an important

role for extracellular proteases in defining the biofilm

phenotype of most but not all of the regulatory mutants

we examined. To determine whether the production of

extracellular nucleases may account for at least some of

these exceptions, we also assessed nuclease activity using a

FRET-based assay (Kiedrowski et al. 2014). The only

mutants that exhibited a significant increase in nuclease

activity were the rsbU and sigB mutants (Fig. 6). This

raises the possibility that this also contributes to the bio-

film-deficient phenotype of these mutants. However, lim-

iting protease production enhanced biofilm formation in

both of these mutants (Fig. 3). Additionally, mutation of

sarA reversed the increase in nuclease production in the

rsbU and sigB mutants (Fig. 6), and this was correlated

with a further decrease, rather than an increase, in biofilm

formation (Fig. 1). Indeed, mutation of sarA resulted in

reduced nuclease activity in LAC, and we confirmed that

this is reversed by eliminating the ability of sarA mutants

to produce extracellular proteases (Fig. 6), thus

demonstrating that the impact of sarA on nuclease activ-

ity in LAC occurs via an indirect mechanism involving

protease-mediated degradation. More importantly, biofilm

formation was increased in a protease-deficient sarA

mutant (Fig. 5) despite the increase in nuclease activity

(Fig. 6). Taken together, these results suggest that the

increased production of proteases plays the more impor-

tant role, by comparison to the increased production of

extracellular nucleases, in defining the biofilm-deficient

phenotype of sarA, rsbU and sigB mutants.

Nuclease activity was unchanged in atl, fur, or mgrA

mutants (Fig. 6), but this does not preclude a role for

eDNA in at least some of these mutants. In fact, in some

cases the more relevant consideration may be that nucle-

ase production was not increased. For instance, Trotonda

et al. (2008) proposed that mutation of mgrA increases

expression of cidA and decreases expression of lrgAB, the

(A)

(B) (C)

Figure 6. Impact of extracellular nucleases in LAC. (A) Total nuclease activity was assessed in LAC regulatory mutants with (�) and without (+)

concomitant mutation of sarA using a FRET-based assay. Results shown represent the average � SEM from a minimum of two experiments, each

of which was repeated with at least four replicates. Single asterisk indicates statistical significance of the individual mutants by comparison to the

LAC parent strain (P < 0.05). Double asterisks indicate significance of the double mutant relative to the corresponding isogenic single mutant

(P < 0.05). (B) Relative levels of nuclease activity were assessed as above, but as a function of the production of extracellular proteases. Single

asterisk indicates statistical significance of the individual mutants by comparison to the LAC parent strain (P < 0.05). Double asterisks indicate

significance of the sarA/DProtease mutant relative to the corresponding isogenic sarA mutant (P < 0.05). (C) For comparison, relative levels of

nuclease activity were also assessed using DNase Agar assay.
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combined result of which is increased autolysis and

increased availability of eDNA, and under these circum-

stances it is potentially important that mutation of mgrA

did not result in increased nuclease activity. This same

report also found that mutation of sarA reversed the

increased biofilm formation observed in the mgrA

mutant, but it was concluded that this was independent

of the increased production of aureolysin or SspA (Trot-

onda et al. 2008). However, this report examined the

impact of these proteases independently of each other,

and our studies confirm that the impact of sarA on bio-

film formation involves the increased production of mul-

tiple proteases (Loughran et al. 2014). In the case of the

atl mutant, nuclease production would presumably be

irrelevant owing to the reduced availability of eDNA as

detailed above. In the case of fur, there is a report dem-

onstrating that the mutation of fur represses expression of

the genes encoding extracellular nucleases (Johnson et al.

2011), and this would presumably promote biofilm for-

mation. Mutation of fur did enhance biofilm formation

in LAC under the experimental conditions we employed,

but the fact that nuclease production was unchanged in

the LAC fur mutant suggests that extracellular nucleases

cannot account for this phenotype. It is also important to

recognize that the impact of fur on S. aureus phenotypes

is dependent to a large extent on iron availability (Mor-

rissey et al. 2002; Johnson et al. 2011), and we have not

yet addressed this issue.

Impact of PIA production on biofilm
formation

We next assessed whether production of the PIA (also

known as poly-N-acetyl-b-(1–6)-glucosamine or PNAG)

might contribute to the biofilm phenotypes we observed.

This was complicated by the fact that we could not detect

appreciable amounts of PIA in immunoblots with LAC or

any of its mutants (Fig. 7). As an alternative approach,

we examined the impact of Dispersin B, a known inhibi-

tor of PIA-mediated biofilm formation (Donelli et al.

2007; Sugimoto et al. 2013). The only strains in which

Dispersin B had a significant impact were the rsbU and

sigB mutants, and in both cases biofilm formation was

increased rather than decreased in the presence of Disper-

sin B (Fig. 7). Although the reasons PIA would limit bio-

film formation remain unclear, we have observed this

phenotype before (Loughran et al. 2014), and it is gener-

ally consistent with the suggestion that biofilm formation

in S. aureus, particularly in MRSA strains such as LAC, is

largely independent of PIA production (O’Neill et al.

2008; Pozzi et al. 2012). Indeed, one possible explanation

for the increase in biofilm formation observed in LAC in

the presence of Dispersin B is that the abundance of PIA,

or other exopolysaccharides, was reduced to the point of

increasing the exposure of surface proteins that promote

biofilm formation.

Impact of select mutations in UAMS-1

The results discussed above are consistent with the fol-

lowing conclusions: (1) sarA plays a primary role in S.

aureus biofilm formation in the USA300 strain LAC

owing to its ability to repress the production of extracel-

lular proteases; (2) protease production also plays an

important role in limiting biofilm formation in rsbU, sigB,

and codY mutants; (3) in those cases in which this is not

the case, including those in which a mutation is associ-

ated with an enhanced capacity to form a biofilm, the

impact of sarA on biofilm formation is epistatic to the

impact of these other regulatory loci. However, these

studies were limited to the MRSA strain LAC, and as

noted above, it has been suggested that the mechanism of

Figure 7. Impact of PIA in LAC. Biofilm formation was assessed using a microtiter plate assay with and without the addition of Dispersin B.

Results shown represent the average � SEM from a minimum of two experiments, each of which was repeated with at least three replicates.

Asterisks indicate mutants in which the addition of Dispersin B had a statistically significant impact by comparison to the same strain in the

absence of Dispersin B (P < 0.05). Inset illustrates levels of PIA production in LAC and its indicated isogenic mutants in the absence of Dispersin B.
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biofilm formation differs as a function of methicillin

resistance (Houston et al. 2011). We therefore examined

the impact of a subset of these mutations in the MSSA

strain UAMS-1. These studies were limited by difficulties

in transducing mutations from the JE2 NTML derivatives,

or their LAC transductants, into UAMS-1, but we had

previously generated codY, mgrA, and sigB mutations in

both UAMS-1 and its isogenic sarA mutant. Mutation of

sigB and mgrA was found to have the same impact on

biofilm formation in UAMS-1 and LAC (i.e., decreased in

the former and increased in the latter). Similarly, Bose

et al. (2012) previously demonstrated that mutation of atl

limits biofilm formation in UAMS-1. Thus, the same gen-

eral trends were observed in the context of these loci in

both UAMS-1 and LAC.

In contrast, mutation of codY in UAMS-1 increased

rather than decreased biofilm formation (Fig. 8). Our

results are consistent with a previous report demonstrating

that mutation of codY increased biofilm formation in

UAMS-1, a phenotype that was attributed to the increased

production of PIA (Majerczyk et al. 2008). This possibility

is consistent with the observation that protease activity was

not significantly increased in a UAMS-1 codY mutant

(Fig. 9). Mutation of codY in UAMS-1 did result in

increased nuclease activity (Fig. 10), which is interesting

given that it had the opposite effect in LAC, but this is unli-

kely to be important in that a UAMS-1 codY mutant had

an increased capacity to form a biofilm. Additionally, Dis-

persin B limited biofilm formation not only in a UAMS-1

codY mutant, but also in the isogenic mgrA mutant

(Fig. 11). This implicates PIA production in the biofilm

phenotype of both of these mutants. This was confirmed

by demonstrating the PIA production was increased in

both UAMS-1 codY and mgrA mutants (Fig. 11).

(A)

(B)

Figure 8. Relative impact of sarA versus other regulatory loci in

UAMS-1. (A) Biofilm formation was assessed in each regulatory

mutant found to have a significant impact on biofilm formation

with (+) and without (�) plasmid-based genetic complementation.

Results shown represent the average � SEM from a minimum of

three experiments, each of which was repeated with at least three

replicates. Single asterisk indicates that the results observed with

the indicated mutant were significantly different from those

observed with the UAMS-1 (U1) parent strain (P < 0.05). Double

asterisks indicate that the results observed with the complemented

strain were significantly different by comparison to those observed

with the uncomplemented isogenic mutant (P < 0.05). (B) Biofilm

formation was assessed in each regulatory mutant found to have a

significant impact on biofilm formation with (�) and without (+)

concomitant mutation of sarA. Single asterisk indicates statistical

significance of the individual mutants by comparison to the UAMS-

1 parent strain (P < 0.05). Double asterisks indicate significance of

the double mutant relative to the corresponding isogenic single

mutant (P < 0.05).

Figure 9. Impact of extracellular proteases in UAMS-1. Total protease activity was assessed in UAMS-1 mutants with (�) and without (+)

concomitant mutation of sarA. Results shown represent the average � SEM from a minimum of two experiments, each of which was repeated

with at least four replicates. Single asterisk indicates statistical significance by comparison to the UAMS-1 parent strain (P < 0.05). Double

asterisks indicate significance of the double mutant relative to the corresponding isogenic single mutant (P < 0.05).
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Concomitant mutation of sarA reversed both the

increased production of PIA (Fig. 11) and increased the

capacity of codY and mgrA mutants to form a biofilm

(Fig. 8). This suggests a cause-and-effect relationship.

However, the limitation of PIA production observed in

UAMS-1 codY/sarA and mgrA/sarA mutants relative to

their isogenic codY and mgrA mutants was modest by

comparison to the biofilm phenotypes of these mutants,

and the level of PIA production was comparable in

UAMS-1 and its sarA mutant (Fig. 11) despite their dra-

matically different biofilm phenotypes (Fig. 8). These

results confirm that sarA plays a defining role in both the

MRSA strain LAC and the MSSA strain UAMS-1 and

that, in both strains, the primary phenotypic impact of

sarA is a function of its impact on the production of

extracellular proteases. Further support for this hypothesis

comes from the observations that biofilm formation was

limited in mixed culture assays consisting of either LAC

or UAMS-1 together with sarA mutants generated in

either strain (Fig. 12). Additionally, coculture with the

LAC sarA mutant limited biofilm formation in both LAC

and UAMS-1 to a lesser degree than co-culture with the

UAMS-1 sarA mutant, which is consistent with the obser-

vation that mutation of sarA resulted in a greater increase

in protease production in UAMS-1 than in LAC

(Fig. 12).

These results provide further support for the impor-

tance of limiting protease production as a means of pro-

moting biofilm formation in both the MRSA strain LAC

and the MSSA strain UAMS-1. Nevertheless, they also

reveal an important strain-dependent difference in the

context of codY. To investigate this further, we transduced

the codY mutation into additional clinical isolates and

examined the impact on biofilm formation. We were lim-

ited in this case, owing to antibiotic resistance issues in

the targeted clinical isolates, but we were able to success-

fully transduce this mutation into three additional MRSA

strains and one additional MSSA strain. Biofilm forma-

tion was reduced in the codY mutants generated in all

Figure 10. Impact of extracellular nucleases in UAMS-1. Total nuclease activity was assessed in UAMS-1 and its isogenic mutants with (�) and

without (+) concomitant mutation of sarA using a FRET-based assay. Results shown represent the average � SEM from a minimum of two

experiments, each of which was repeated with at least four replicates. Single asterisk indicates statistical significance by comparison to the

isogenic parent strain (P < 0.05). Double asterisks indicate significance of the double mutant relative to the respective isogenic single mutant

(P < 0.05). Inset illustrates results observed using DNase agar.

(A)

(B)

Figure 11. Impact of PIA in UAMS-1. (A) PIA production as assessed

by dot blot. Graph illustrates quantitative results obtained from three

independent blots, with a representative dot blot shown below the

graph. Single asterisk indicates statistical significance by comparison

to the isogenic UAMS-1 (U1) parent strain (P < 0.05). Double asterisks

indicate significance of the double mutant relative to the appropriate

isogenic single mutant (P < 0.05). (B) Biofilm formation was assessed

with and without Dispersin B. Results shown represent the

average � SEM from a minimum of two experiments, each of which

was repeated with at least three replicates. Asterisk indicates mutants

in which the addition of Dispersin B had a statistically significant

impact by comparison to the same strain in the absence of Dispersin

B (P < 0.05).
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three MRSA strains and increased in the additional MSSA

strain (Fig. 13). This suggests that the differential impact

of mutating codY on biofilm formation may be directly

correlated with methicillin resistance status, and that this

is likely a function of the impact of mutating codY on the

production of PIA. However, there are contradictory

reports in the literature regarding the impact of codY on

biofilm formation, with Majerczyk et al. (2008) conclud-

ing as we observed that mutation of codY in UAMS-1

enhances biofilm formation, and Tu Quoc et al. (2007)

concluding that mutation of codY in the S. aureus strain

S30 has the opposite effect, and both of these are methi-

cillin-sensitive strains. Thus, this potential correlation

warrants further study and is an area of active investiga-

tion in our laboratory.

Conclusion

In summary, the only mutation we identified that signifi-

cantly impacts biofilm formation in a manner that could

not be correlated with protease or PIA production is the

LAC fur mutant, and even in this case mutation of sarA

reversed the phenotypic impact of mutating fur. Thus,

our results confirm the primary importance of sarA in

the context of biofilm-associated S. aureus infections.

Based on this, we believe the results we report strongly

support the hypothesis that inhibitors of sarA-mediated

regulation would have tremendous potential in the con-

text of overcoming the pathology and therapeutic recalci-

trance of these infections owing to their ability to

increase the production of extracellular proteases, and

that this would be true irrespective of the functional sta-

tus of other S. aureus regulatory loci.
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41
42
43 1. Introduction

44
45 Osteomyelitis is a serious inflammatory condition of bone that 
46 is most often associated with infection by the bacterial pathogen 
47 Staphylococcus aureus [1]. Treatment of these infections is 
48 extremely challenging owing in part to the increasing prevalence 
49 of S. aureus strains resistant to methicillin and other beta-lactam 
50 antibiotics [2].    Despite the development of a number of newer 
51 antibiotics with efficacy against methicillin-resistant S. aureus 
52 (MRSA), vancomycin remains the antibiotic of choice in the 
53 clinical treatment of bone and joint infections [3-5].  Moreover, 
54 bone infections are characterized by formation of a biofilm, which 
55 confers a therapeutically-relevant level of intrinsic resistance to all 
56 conventional antibiotics, including vancomycin [6]. S. aureus can 
57 also be internalized by osteoblasts, which complicates 
58 conventional antibiotic therapy even further [7].

59 Thus, at a minimum it is necessary to administer high doses of 
60 antibiotics for long periods of time, but even then surgical 
61 debridement is most often also required [8]. Additionally, such 
62 prolonged antibiotic administration, particularly with vancomycin, 
63 is associated with nephrotoxicity and the emergence of S. aureus 
64 strains that exhibit intermediate but therapeutically relevant levels 
65 of resistance to vancomycin (vancomycin intermediate S. aureus 
66 or VISA) [9].  At present, the primary means of overcoming these 
67 limitations is the use of localized, carrier-based antibiotic delivery 
68 as part of the surgical debridement protocol [8]. Thus, there is an 
69 urgent need for improved methods for the more effective systemic 
70 delivery of antimicrobial agents to bone.  Indeed, such methods 
71 could limit the degree of debridement required to ensure the 
72 desired therapeutic effect or perhaps, at least in some cases, 
73 eliminate the need for debridement entirely. 

74 BT2-peg2 (9)  is derived from the hydroxyapatite-binding 
75 moiety of tetracycline and was used successfully to enhance the 
76 delivery of estradiol and other bioactive compounds to bone [10-
77 13]  Karau et al. [14] demonstrated that, under in vitro test 
78 conditions, vancomycin conjugated to BT2-peg2  had similar 
79 activity to vancomycin itself against MRSA, an observation that 
80 we subsequently confirmed [15]. Moreover, treatment of 
81 experimental osteomyelitis with vancomycin and the molar 
82 equivalent of BT2-peg2-vancomycin using the same dosing 
83 regimen confirmed that BT2-peg2-vancomycin exhibits enhanced 
84 therapeutic efficacy by comparison to vancomycin alone [14]. It 
85 was also confirmed by pharmacokinetic (PK) analysis that BT2-
86 peg2-vancomycin significantly accumulates in bone and plasma 
87 after systemic administration by comparison to the systemic 
88 administration of vancomycin alone [15].  

89 While promising, Karau et al. [14] also found that systemic 
90 administration of BT2-peg2-vancomycin in rats was associated 
91 with high plasma concentrations of this drug, elevated levels of 
92 serum creatinine and blood urea nitrogen (BUN), decreased serum 
93 albumin, leukocytosis, and severe nephrotoxicity, as has been 
94 reported with exposure to high plasma concentrations of 
95 vancomycin [16]. However, these investigators determined that 
96 systemic administration of an equimolar amount of vancomycin 
97 under similar conditions did not result in nephrotoxicity. Karau et 
98 al. hypothesized from these observations that the adverse 
99 consequences after systemic administration of BT2-peg2-

100 vancomycin were likely due to an altered PK of BT2-peg2-
101 vancomycin compared to vancomycin, resulting in prolonged 
102 accumulation of the former compound in plasma causing 

103 nephrotoxicity. To test this hypothesis, the present study was 
104 aimed at determining whether BT2-peg2 (9) alone, administered 
105 systemically under the same conditions and concentrations as in 
106 the Karau et al. study exhibits significant nephrotoxicity and/or 
107 histopathological changes in the bone itself.  

108 2. Materials and Methods

109 2.1 Chemicals

110 All chemicals used in this study were of LC/MS grade or 
111 equivalent quality.  Acetonitrile, methanol, formic acid, and 
112 normal saline were obtained from Fisher Scientific (Pittsburgh, 
113 PA, USA).  Benzophenone was obtained from Sigma-Aldrich (St. 
114 Louis, MO, USA).  Heparin sodium injection (10,000 USP 
115 units/mL) was purchased from Baxter Healthcare Corporation 
116 (Deerfield, IL, USA). The raw materials for the synthesis of BT2-
117 peg2 were purchased from the AK scientific product catalog 
118 (Union City, CA, USA). 

119
120 2.2 Synthesis of BT2-peg2 (9)

121
122 It is noteworthy to mention that BT2-peg2 (9) is stereochemically, 
123 structurally and functionally similar to the BT2-peg2 that has been 
124 discussed by Karau et al. and Albayati et al. [14, 15]. Synthesis of 
125 BT2-peg2 requires the preparation of the key raw material BT2 
126 (6), which can be made in five steps via a modification of the 
127 procedures described by Neale et al. [10] and Brooke [17] from the 
128 readily available starting material, 2,6-dihydroxy benzoic acid (1) 
129 (Scheme 1). Esterification of 1 to methyl 2,6-dihydroxybenzoic 
130 acid (2) is the first step in the synthesis of BT2. Neale et al. have 
131 reported on the esterification of 1 using methyl iodide, NH4OH, 
132 and AgNO3 in 89% yield [10]. However, we were not able to 
133 obtain such yields using this methodology. By reacting 1 with 
134 dimethyl sulfate/sodium carbonate at room temperature over 12 h 
135 we were able to obtain a 95% yield of 2 which could be isolated in 
136 greater than 99% purity. The second step in the synthesis of BT2  
137 is aminolysis of 2 with aqueous ammonia to form 2,6-
138 dihydroxybenzamide (3), [10]. We found that by replacing 
139 aqueous ammonia with methanolic ammonia we were able to 
140 improve the yield of 3 to 84% with a simplified work-up 
141 procedure.  For the O-methylation of 3 with dimethyl sulfate in 
142 acetone/potassium carbonate to afford 6-methoxybenzamide (4) 
143 we utilized the procedure of Brooke [17]. Nitration of 4 with nitric 
144 acid/acetic acid reagent then afforded 3-nitro-2-hydroxy-6-
145 methoxybenzamide (5) [10]. Reduction of 5 is the final step in the 
146 synthesis of BT2 (6). Neale et al. has reported using Pd-C 
147 hydrogenation in methanol at 46 psig for the reduction of 5 to BT2 
148 [10]. We modified this procedure by carrying out the reaction with 
149 10 mole equivalents of 50-60% hydrazine hydrate and 10% w/w 
150 Pd-C in ethanol at reflux temperature and at atmospheric pressure. 
151 This procedure improved the yield of BT2 from 67% to 77%. The 
152 analytical data for intermediates 2-5 and BT2 (6) are in agreement 
153 with the reported literature [10]. The synthesis of BT2-peg2 (9) 
154 from BT2 (6) was carried out as per the reported literature 
155 procedure (Scheme 1) [17]. The overall yield of 9 from 1 utilizing 
156 the above procedures is improved by 43%. The H-1 and C-13 
157 NMR spectra and other analytical data for BT2-peg2 (see 
158 Supplementary Information) were consistent with the reported 
159 analytical data [17]. 

160



3

161
162
163

164
165

166 167
168 Scheme 1. Synthesis of BT2-peg2 conjugate (9) 

169 170
171 2.3 Animal experimental protocol

172
173 All animal protocols were approved by the Institutional Animal 
174 Care and Use Committee of the University of Arkansas for 
175 Medical Sciences (UAMS) and the Animal Care and Use Review 
176 Office (ACURO) of the U.S. Army Medical Research and Material 
177 Command (USAMRMC).  

178 BT2-peg2 (9) was administered at a concentration of 11 mg/kg, 
179 which is the molar equivalent of the amount of BT2-peg2 present 
180 in the BT2-peg2-vancomycin conjugate.  BT2-peg2 was 
181 formulated in phosphate buffered saline (PBS) and delivered by 
182 intraperitoneal (IP) injection into each of four Albino Wistar male 
183 rats (200-250 gm, Charles River, Wilmington, MA). 
184 Administration was carried out twice daily for 21 days for a total 
185 of 42 doses, as employed in the study by Karau et al. [14]. Control 
186 rats were administered PBS IP injections twice daily for 21 days. 
187 BT2-peg2-treated and untreated rats were weighed daily 
188 throughout this period. Twelve hours after the last dose, rats were 
189 humanely euthanized using CO2, and blood, kidneys and the right 
190 and left tibia harvested from each rat. Blood was collected via 
191 cardiac puncture and placed into sodium heparin blood collection 
192 tubes for hematology.  Plasma was obtained by centrifugation at 
193 10,000 rpm at room temperature (RT) for 5 min. Samples were 
194 stored at -80oC prior to analysis.  

195 2.4 Histological, biochemical and hematological analysis 

196
197 Kidneys from untreated and BT2-peg2-treated rats were 
198 collected, weighed, observed for abnormalities in size and color, 
199 and fixed in neutralized buffered formalin (NBF) for 24 h prior to 
200 more detailed histological analysis.  Histological analysis of the 
201 kidney was performed using Hematoxylin and Eosin (H&E) and 
202 Periodic acid–Schiff (PAS) stained sections.  The left and right 
203 tibia were cleaned of soft tissues, washed with PBS and weighed. 
204 Right tibia samples were fixed in NBF for 24 h and decalcified 
205 using 10% EDTA (pH 7.0) prior to histological analysis of H&E-
206 stained sections. Plasma and the left tibia were used for 
207 quantitative determination of BT2-peg2 (9) concentrations by 
208 LC/MS/MS, as detailed below.  Hematological analysis of blood 

209 was performed to determine white blood cell (WBC) count.  
210 UV/visible colorimetric analysis was used to determine plasma 
211 creatinine, blood urea nitrogen (BUN) and albumin levels, as 
212 previously described [18-20]. 

213
214 2.5 Preparation of plasma samples for LC/MS/MS analysis of 
215 BT2-peg2 (9) levels 

216 A hundred µL of plasma from untreated and BT2-peg2-treated 
217 rats was spiked with benzophenone (10 µL of a 0.1 µg/mL solution 
218 in acetonitrile) as an internal standard.  Protein precipitation was 
219 performed by adding 400 µL of acetonitrile.  After 30 s of vortex 
220 mixing, the solution was centrifuged at 10,000 rpm for 10 min at 
221 RT.  The supernatant was evaporated to dryness under nitrogen 
222 and each pellet was reconstituted with 60 µL of a 2:1 mixture of 
223 acetonitrile:water. Re-suspended pellets were vortexed, sonicated 
224 for 1 min, and centrifuged at 10,000 rpm for 10 min at RT prior to 
225 analysis by LC/MS/MS, as detailed below.

226
227 2.6 Preparation of bone samples and extraction procedure for 
228 analysis of BT2-peg2 (9)  
229
230 Stainless steel balls (3.5 mm, Next Advance Inc, Troy, NY, 
231 USA) were placed in a 5 ml tube along with the tibia, 0.5 mL 
232 hexane, and 1 mL of water.  Bone samples were homogenized for 
233 3 min using a Bullet Blender Storm 5 homogenizer (Next 
234 Advance, Inc. Troy, NY, USA).  Ten µL (0.1 µg/mL) of 
235 benzophenone was added to 0.2 mL of each bone homogenate as 
236 an internal standard. Samples were vortexed and extracted with 
237 600 µL acetonitrile, followed by the addition of 400 µL water. 
238 Samples were then vortexed for 30 s and centrifuged at RT for 10 
239 min at 10,000 rpm. Supernatants were then processed as described 
240 above for analysis by LC/MS/MS.  

241
242 2.7 LC/MS/MS analysis of BT2-peg2 (9) in plasma and bone 
243 samples 

244
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245 Analysis of BT2-peg2 (9) in plasma and bone samples was 
246 performed using an Agilent LC/MS/MS Triple Quad 6410 
247 instrument (Santa Clara, CA, USA) utilizing positive electrospray 
248 ionization (ESI) in the multiple reaction monitoring (MRM) mode 
249 with optimal ion source settings determined by standards of BT2-
250 peg2 (9), and benzophenone as the internal standard.  A curtain gas 
251 of 20 psi, an ion spray voltage of 4000 V, an ion source gas1/gas2 
252 of 35 psi and a temperature of 300°C were employed in the 
253 collection of chromatographic data.  Chromatographic separation 
254 was carried out on an Alltech Altima C-18 column (150 mm×3.2 
255 mm, 5.0 μm) fitted with an Alltech Altima C-18 guard column (7.5 
256 X 3.0 mm, 5μ, Grace Discovery Sciences, IL, USA).  A gradient 
257 method was used with the mobile phase consisting of water 
258 containing 0.1% v/v formic acid as solvent A and ACN as solvent 
259 B.  The separation was achieved using a gradient of 10 to 90% 
260 solvent B over 3.50 min, which was maintained at 90% B for a 
261 further 3.50 min, and then equilibrated back to the initial 
262 conditions over 3.20 min.  The flow rate was 0.8 mL/min and 
263 injection volume through the auto sampler unit for all the samples 
264 was 5 μL.  BT2-peg2 and the benzophenone internal standard (IS) 
265 exhibited retention times of 3.2 and 5.6 min, respectively.   MRM 
266 transitions monitored were m/z 328.1/166.0 for BT2-peg2, and 
267 m/z 183.1/105.1 and m/z 183.1/77.1 for benzophenone.  

268
269 2.8 Calibration standards 
270
271 Calibration standards for BT2-peg2 in plasma and bone samples 
272 were constructed by spiking 100 µL of drug free plasma or bone 
273 homogenate samples with 10 µL of freshly prepared standard 
274 solutions of BT2-peg2 (0, 1, 10, 20, 40, 100, and 200 ng/mL.  
275 Calibration curves of BT2-peg2 in plasma and bone were 
276 established by plotting the peak area ratios of BT2-peg2 and IS vs. 
277 concentrations of BT2-peg2.  Linear regression equations were 
278 obtained by using the least-squares method.  The calibration 
279 curves of BT2-peg2 in plasma showed excellent linearity between 
280 10-200 ng/mL with correlation coefficient (R2) of 0.975 and 10-
281 200 ng/mL with correlation coefficient of 0.982 for bone.  The 
282 lower limit of detection (LOD) and lower limit of quantitation 
283 (LOQ) values were 1 and 10 ng/mL for plasma and 10-20 ng/mL 
284 for bone, respectively.  

285
286 2.9 Histopathology 
287
288 Kidney and bone samples were fixed in 10% NBF. Bone samples 
289 were decalcified in 10% EDTA buffer, pH 7.0. Tissues were then 
290 placed in cassettes and embedded in paraffin. Samples were then 
291 sectioned at 5 µM and stained with H&E. For kidney sections, the 
292 periodic acid-Schiff (PAS) stain was also used to highlight the 
293 tubular brush border cells. Histologic sections prepared from the 
294 kidneys and right tibia were evaluated microscopically by a 
295 pathologist in a blinded fashion.  

296
297 2.10  Statistical analysis 
298
299 Data are presented as mean ± standard error of the mean (mean ± 
300 SEM).  The data were analyzed for statistical significance using 

301 the unpaired Student’s t-test with Welch’s correction factor for 
302 unequal variances with p ≤ 0.05 as the criterion of significance. 

303 3. Results    

304 The percent change in body weight over the course of 21 days 
305 treatment for the untreated and groups were not statistically 
306 different (p≥0.05, Fig. 1).  The kidneys from the untreated and the 
307 BT2-peg2-treated rats exhibited a deep maroon color and were 
308 indistinguishable visually (Fig. 2), and their size and weight 
309 indicated no significant difference between the two groups (Table 
310 1).  Most importantly, histologic evaluation of the renal sections 
311 from BT2-peg2-treated and untreated rats showed unremarkable 
312 glomeruli, tubules, vessels and interstitium. There were also no 
313 histopathologic features of renal injury, including tubular 
314 dilatation, apical budding, brush border or tubular loss (Fig. 3). In 
315 addition, biochemical results indicated normal values for blood 
316 urea nitrogen (BUN), plasma albumin and creatinine in both the 
317 untreated and BT2-peg2-treated animals (Table 1).

318 There was also no statistical difference in total white blood cell 
319 counts for the untreated and BT2-peg2 treated groups, which 
320 exhibited values of 8.9 ± 0.9 x 103 and 9.3 ± 0.8 x 103/µL, 
321 respectively.  Significant amounts of BT2-peg2 were detected in 
322 the left tibia, while BT2-peg2 was undetectable in plasma (LOD < 
323 1 ng/mL, Table 1). Microscopic examination of the right tibia from 
324 BT2-peg2-treated and untreated rats showed similar features, 
325 including intact cortical and paratrabecular bone with 
326 morphologically unremarkable trilineage hematopoiesis.  There 
327 was no evidence of cellular or stromal injury in either experimental 
328 group (Fig. 4).

329
330 Table 1 

331 Kidney weights, BUN, plasma albumin, creatinine values, and 
332 plasma and bone BT2-peg2 levels after treatment with BT2-peg2 
333 at a dose of 11 mg/kg (the molar equivalent of BT2-peg2 used in 
334 the BT2-peg2-vancomycin study [14]).

Group Untreated BT2-peg2-
treated

Kidney weight (g) 2.5 ± 0.22 2.4 ± 0.35

BUN (mg/dl) 22.1 ± 2.5 23.0 ± 0.9

Albumin (gm/dl) 3.4 ± 0.02 3.5 ± 0.01

Creatinine (mg/dl) 0.5 ± 0.01 0.6 ± 0.01

Plasma (ng/mL) - < 1

Bone (ng/g) - 235.0 ± 96.8

335
336 Fig. 1. Percent body weight change over the 21-day course of 
337 treatment with BT2-peg2 (11 mg/kg twice daily) in Albino Wistar 
338 male rats.
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339
340                Fig. 2. Representative kidneys from untreated and BT2-peg2-treated rats.
341  
342

343
344    Fig. 3. Histological analysis of kidneys as a function of BT2-peg2 treatment. Periodic acid–Schiff (PAS) stained histopathologic 
345 sections from untreated (left) and BT2-peg2-treated kidneys (right). There was no discernible evidence of microscopic 
346 glomerular or renal tubular damage as evidenced by tubular dilatation, apical budding, or brush border and tubular loss. The 
347 absence of demonstrable histopathology was also confirmed by H&E staining (data not shown).
348
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349
350 Fig. 4. Bone histology as a function of BT2-peg2 treatment. Representative images of H&E stained sections of the right tibia are shown 
351 from untreated (left) and BT2-peg2-treated rats. 
352
353

354 4.  Discussion      
355
356 Previous studies employing a rat model of experimental 
357 osteomyelitis provided evidence that BT2-peg2-vancomycin 
358 delivered systemically by intravenous (IV) or intraperitoneal (IP) 
359 injection exhibits greater therapeutic efficacy in the context of 
360 bone than an equivalent dose of vancomycin [14].  However, the 
361 use of BT2-peg2-vancomycin was also associated with a profound 
362 change in pharmacokinetic profile characterized by high plasma 
363 levels of BT2-peg2-vancomycin, decreased animal weight, 
364 increased kidney size, and severe tubulointerstitial nephritis.  
365 Subsequent chemical analysis also confirmed that administration 
366 of BT2-peg2-vancomycin resulted in elevated levels of serum 
367 creatinine and blood urea nitrogen (BUN), and decreased serum 
368 albumin. 

369 It is noteworthy that vancomycin administered via conservative 
370 dosing and/or via more intense dosing (twice/day for 21 days) was 
371 not nephrotoxic in any of the doses and protocols used.  In this 
372 respect it should be noted that nephrotoxicity associated with BT2-
373 peg2-vancomycin was minimized if not eliminated using more 
374 conservative dosing regimens (i.e. every 12 hrs for 3.5 days 
375 followed by once daily every fourth day or once per week), but 
376 these more conservative regimens were not demonstrably 
377 associated with an enhanced therapeutic effect [14]. It should also 
378 be noted that plasma levels of BT2-peg2-vancomycin were 
379 dramatically elevated using the more intensive dosing regimen and 
380 this was not the case with either of the more conservative dosing 
381 regimens [14]. This suggests a direct correlation between high 
382 plasma levels of BT2-peg2-vancomycin and nephrotoxicity.   

383 Since this study was aimed at determining whether BT2-peg2 itself 
384 contributed to the above adverse effects, in order to test this 
385 hypothesis as stringently as possible, we employed the maximum 
386 dosing regimen used by Karau et al. [14], which was twice daily 
387 administration of drug for 21 days.  To this end, we administered 
388 11 mg/kg of BT2-peg2 (which is the molar equivalent of the BT2-
389 peg2 component of BT2-peg2-vancomycin) to rats using the same 
390 dosing regimen (i.e. IP injection twice daily for 21 days) shown to 
391 enhance therapeutic efficacy in the study by Karau et al [14].  

392 As presented in Table 1, we found that plasma levels of BT2-peg2 
393 were below the limit of detection (< 1 ng/mL) despite the clear 
394 accumulation of BT2-peg2 in the bone, indicating that BT2-peg2 

395 is targeting bone tissue. The latter finding is consistent with the 
396 high affinity of BT2-peg2 for hydroxyapatite and an enhanced 
397 tendency to accumulate in bone [17]. Despite vancomycin 
398 antibacterial efficacy against both methicillin-resistant and 
399 methicillin-susceptible S. aureus strains, vancomycin ability to 
400 penetrate bone tissue is limited.  Also, vancomycin exhibits poor 
401 pharmacokinetics that makes it insufficiently bioavailable in bone 
402 tissue, thus limiting its in vivo use for bone infections.  Our 
403 previous studies have sought to optimize vancomycin 
404 bioavailability by conjugating the bone targeting agent BT2-peg2 
405 to deliver vancomycin to the bone as BT2-peg2-vancomycin, a 
406 strategy of potential clinical use in the treatment of bone infection.  
407 We demonstrated that BT2-peg2 can be chemically conjugated to 
408 vancomycin via a modified polyethylene glycol (PEG) linker to 
409 form BT2-peg2-vancomycin, which retains the antibacterial 
410 activity of vancomycin [10, 12, 14]. Previous in vitro studies have 
411 confirmed that the MICs of BT2-peg2-vancomycin against 
412 methicillin-resistant and methicillin-susceptible S. aureus are 
413 comparable to those of vancomycin, and that BT2-peg2-
414 vancomycin binds to hydroxyapatite to a greater extent than 
415 vancomycin [14].  

416
417 In summary, the results from the current study demonstrate that 
418 systemic administration of BT2-peg2 via the IP route is not 
419 associated with any of the nephrotoxic side effects observed in 
420 previous studies employing BT2-peg2-vancomycin [14].  
421 Specifically, there was no statistically significant difference 
422 between the untreated and BT2-peg2-treated experimental groups, 
423 as assessed by weight loss, kidney size and overall morphology, 
424 histopathological changes in the kidney, or changes in blood urea 
425 nitrogen (BUN), albumin or creatinine levels.  All of these results 
426 are consistent with the hypothesis that BT2-peg2 itself was not 
427 responsible for the nephrotoxicity observed in the earlier studies 
428 of Karau et al. [14]. 

429 In addition, a hypothetical assumption, if vancomycin is released, 
430 in vivo from the BT2-peg2-vancomycin conjugate, an equivalent 
431 molar amount of BT2-peg2 would have been also released. Neither 
432 vancomycin nor free BT2-peg2 was released, since the levels of 
433 free vancomycin and/or BT2-peg2 in plasma and bone tissues from 
434 BT2-peg2-vancomycin-treated (molar equivalent dose of 50 
435 mg/kg of vancomycin) rats were undetectable after IV or IP 
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436 treatment with BT2-peg2-vancomycin, indicating either no 
437 hydrolysis of BT2-peg2-vancomycin had occurred or their levels 
438 were not significant or unquantifiable [15].

439 It was suggested by Karau et al. that the high plasma levels of BT2-
440 peg2-vancomycin compared to vancomycin observed with the 
441 high dosing regimen were likely due to the pegylation component 
442 of the BT2-peg2-vancomycin formulation in that pegylation is 
443 known to increase drug half-life, although the possibility that 
444 release of BT2-peg2-vancomycin from the bone into the systemic 
445 circulation also contributed to the high levels observed in plasma 
446 could not be ruled out [14]. 

447 While certainly not definitive, this suggests that the 183-fold 
448 elevated plasma levels of BT2-peg2-vancomycin compared to 
449 vancomycin observed by Karau et al. [14] were due to altered 
450 pharmacokinetic parameters and reduced clearance of BT2-peg2-
451 vancomycin rather than sustained release from the bone.  This is 
452 consistent with our previous PK studies demonstrating that 
453 vancomycin was first detectable in blood 1 hr after administration 
454 and was cleared within 12 hrs [15].  In contrast, plasma BT2-peg2-
455 vancomycin was also first detected at 1 hr, but remained detectable 
456 for at least 168 h, demonstrating a significant decrease in total 
457 clearance (Cltot) from the body [15].  This significant change in the 
458 PK properties of vancomycin when conjugated to BT2-peg2 
459 resulted in a higher plasma concentration and a longer in vivo 
460 exposure to BT2-peg2-vancomycin.  In fact, a decrease of 13.5-
461 fold in Cltot and a 14.7-fold increase in half-life (t1/2) was exhibited 
462 by BT2-peg2-vancomycin compared to vancomycin with for the 
463 former compound producing a 10.8-fold enhancement in the area- 
464 under-the-curve (AUC) for BT2-peg2-vancomycin when 
465 compared to vancomycin [15].  

466 Finally, in this current study we not only confirmed the targeting 
467 efficiency of BT2-peg2 in the context of bone, but also that its 
468 accumulation in bone is not associated with adverse bone 
469 pathology or leukocytosis. Thus, both histological and 
470 hematological results indicate normal bone marrow function. 
471 Overall, we conclude that BT2-peg2 has tremendous potential as a 
472 safe and effective bone targeting agent and that the nephrotoxicity 
473 observed in earlier experiments is in fact a function of its 
474 conjugation to vancomycin, likely owing to prolonged persistence 
475 in the blood. This suggests that BT2-peg2 could be used to enhance 
476 the systemic delivery of antibiotics other than vancomycin to bone. 
477 However, the results we report also emphasize the need to 
478 carefully evaluate dose, PK parameters and potential toxicity of 
479 alternative BT2-peg2 conjugates in addition to their therapeutic 
480 efficacy in the context of bone infection.  
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1H NMR (400 MHz, DMSO-d6): δ 2.94 (t, J = 4.8, Hz, s, 2H, 6′ CH2), 3.63 (m, 4H, 4′,5′ CH2), 
3.73 (m, 2H, 3′, CH2), 3.88 (s, 3H, C6-OCH3), 4.11 (s, 2H, 2′ CH2), 6.54 (d, J = 8.8 Hz, 1H, C5-
H),  8.05 (brs, 2H, NH2),8.15 (d, J = 9.2 Hz, 1H, C4-H), 8.30 (s, 1H,  C1-amide H), 8.35 (s, 1H,  C1 
-amide H), 8.87 (s, 1H, C3-amide H) ppm.  13C NMR (100 MHz, DMSO-d6): δ 38.85, 56.59, 67.12, 
69.90, 70.52, 70.70, 100.70, 102.95, 120.59, 124.66, 154.66, 155.19, 167.93, 172.26 ppm. M/z 
calculated, 328.3370, found: 328.200.
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ABSTRACT: We used a murine model of postsurgical
osteomyelitis (OM) to evaluate the relative virulence of the
Staphylococcus aureus strain LAC and five isogenic variants
that differ in the functional status of saeRS and sarA relative to
each other. LAC and a variant in which saeRS activity is
increased (saeC) were comparably virulent to each other, while
ΔsaeRS, ΔsarA, ΔsaeRS/ΔsarA, and saeC/ΔsarA mutants
were all attenuated to a comparable degree. Phenotypic
comparisons including a mass-based proteomics approach that
allowed us to assess the number and abundance of full-length
proteins suggested that mutation of saeRS attenuates virulence
in our OM model owing primarily to the decreased
production of S. aureus virulence factors, while mutation of
sarA does so owing to protease-mediated degradation of these same virulence factors. This was confirmed by demonstrating that
eliminating protease production restored virulence to a greater extent in a LAC sarA mutant than in the isogenic saeRS mutant.
Irrespective of the mechanism involved, mutation of saeRS or sarA was shown to result in reduced accumulation of virulence
factors of potential importance. Thus, using our proteomics approach we correlated the abundance of specific proteins with
virulence in these six strains and identified 14 proteins that were present in a significantly increased amount (log2 ≥ 5.0) in both
virulent strains by comparison to all four attenuated strains. We examined biofilm formation and virulence in our OM model
using a LAC mutant unable to produce one of these 14 proteins, specifically staphylocoagulase. The results confirmed that
mutation of coa limits biofilm formation and, to a lesser extent, virulence in our OM model, although in both cases the
limitation was reduced by comparison to the isogenic sarA mutant.

KEYWORDS: Staphylococcus aureus, osteomyelitis, virulence factors, biofilm, protease, proteomics

S taphylococcus aureus is the principal cause of osteomyelitis
(OM) and other forms of orthopedic infection including

those associated with the presence of an indwelling prosthesis.
The medical treatment of these infections is complicated by a
compromised localized vasculature, the presence of a biofilm,
and the presence of bacterial variants (e.g., persister cells) with
reduced metabolic activity and consequently increased anti-

biotic tolerance.1 The continued emergence of antibiotic
resistant strains, most notably methicillin-resistant S. aureus
(MRSA), further complicates the success of traditional
antibiotic-based therapies.1 For these reasons, the majority of
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OM cases caused by S. aureus require surgical intervention in
addition to long-term, intensive antibiotic therapy.2 Even after
such intensive medical and surgical intervention the recurrence
rate remains unacceptably high.1 Identifying critical S. aureus
virulence factors, and improving our understanding of how
these factors impact pathogenesis in OM, is key to potentially
finding new therapeutic targets that can be exploited to better
address this clinical problem.
One approach to identifying such virulence factors is to

exploit the impact of regulatory loci in the specific context of
the pathogenesis of OM. Regulatory circuits in S. aureus are
complex and highly interactive, thus allowing the bacterium to
adjust the production of its many virulence factors to diverse
microenvironments within the host.3 In the specific case of
OM, it has been demonstrated that mutation of the
staphylococcal accessory regulator (sarA) or the S. aureus
exoprotein (saeRS) regulatory locus attenuates virulence in a
murine model of postsurgical OM as assessed by both cortical
bone loss and reactive bone (callus) formation.4,5 Mutation of
both loci has also been shown to result in the increased
production of extracellular proteases and decreased accumu-
lation of specific virulence factors including alpha toxin,
phenol-soluble modulins (PSMs) and protein A (Spa).5−9 In
fact, the increased production of extracellular proteases,
specifically aureolysin, has been shown to play a significant
role in defining the attenuation of a LAC saeRS mutant owing
to the decreased accumulation of PSMs.6

Mutation of sarA also results in reduced accumulation of
PSMs owing to protease-mediated degradation, and in fact
mutation of sarA results in a much greater increase in protease
production than mutation of saeRS.7−9 This suggests that
mutation of sarA may attenuate the virulence of LAC to an
even greater extent than mutation of saeRS. However, the
accumulation of any protein is a function of its production vs
its degradation, and our studies suggest that the primary
impact of mutating saeRS on virulence is due to reduced
production of S. aureus virulence factors, while that of mutating
sarA is due to protease-mediated degradation of these
virulence factors.7,8 Thus, the relative impact of these two
regulatory loci in the context of OM remains unknown. To

assess this experimentally, we evaluated the virulence of LAC
and five isogenic derivatives that differ with respect to the
functional status of saeRS and sarA relative to each other.
Comparisons were made using a murine model of postsurgical
OM.4,5 We then took advantage of the results of these studies
to identify and prioritize specific virulence factors of potential
relevance by correlating relative virulence with the accumu-
lation of full-length proteins present in conditioned medium
(CM) from stationary phase cultures of the same strains.

■ RESULTS
Mutation of saeRS or sarA Attenuates the Virulence

of LAC in OM to a Comparable Degree. We previously
generated five derivatives of LAC that vary with respect to the
functional status of saeRS and sarA relative to each other.6,7 To
assess the relative virulence of these strains, we employed a
murine model of postsurgical osteomyelitis.4,5 Briefly, a
unicortical defect was created in the femur of mice. LAC or
one of these five isogenic derivatives was then inoculated
directly into the medullary canal. After 14 days, infected bones
were harvested and analyzed by microcomputed tomography
(μCT). Duplicate samples were also harvested and processed
to determine bacterial burdens in the femur. By comparison to
uninfected mice subjected to the same surgical procedure
(sham), the femurs of all infected mice showed marked callus
formation adjacent to the inoculation site and extending to the
proximal and distal ends of the femur (Figure 1). In sham
mice, the unicortical defect was almost completely sealed,
while this was not the case with any of the infected mice
irrespective of the strain used to initiate the infection.
To quantitatively assess virulence differences between these

strains, μCT images were analyzed to assess relative levels of
callus formation and cortical bone destruction. As assessed
based on both parameters, LAC and its derivative with
increased activation of saeRS (saeC) were comparably virulent
(Figure 2). As previously reported,4,5 mutation of saeRS
(ΔsaeRS) and/or sarA (ΔsarA) resulted in decreased callus
formation and cortical bone destruction. The functional status
of saeRS did not have a statistically significant effect in the sarA
mutant with respect to either of these parameters, but there did

Figure 1. Impact of the functional status of saeRS and sarA in post-traumatic osteomyelitis. A murine model of post-traumatic osteomyelitis was
used to assess the relative virulence of LAC, its sarA mutant (ΔsarA), and isogenic derivatives of each of these strain in which saeRS was either
mutated (Δsae) or exhibited enhanced activity (saeC). Bones were imaged by μCT 14 days after initiation of the infection. The sham was subjected
to the surgical procedure in the absence of infection. Representative images are shown from mice in each experimental group of these seven
experimental groups.
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appear to be a trend suggesting that reactive bone formation
decreased as the combined activity of both sae and sarA
decreased (Figure 2). Similarly, while the difference did not
reach statistical significance, mutation of saeRS appeared to
limit callus formation to a greater extent than mutation of sarA.
In addition to μCT analysis, we also quantified bacterial

burdens in the femur. By comparison to LAC, we did not
observe a statistically significant difference in bacterial burdens
in the femurs of mice infected with the saeC derivative, the
ΔsarA mutant, or the saeC/ΔsarA mutant (Figure 3).
Significantly reduced bacterial burdens were observed in the
femurs of mice infected with the ΔsaeRS mutant. Specifically,
no bacteria were recovered from the femurs of 60% of the mice
infected with this strain. The number of bacteria recovered
from the remaining 40% of these mice ranged from 104 to 105

cfu per femur. The reasons for this variability are unclear.
However, these experiments were done as two independent
biological replicates, and most, but not all, of the mice in which
no viable bacteria were recovered were included in the first
replicate. Nevertheless, these results are consistent with a
previous report that also found that bacterial burdens were
reduced in a LAC Δsae mutant.5 Moreover, no viable bacteria
were recovered from any of the femurs of mice infected with
the ΔsaeRS/ΔsarA double mutant (Figure 3). This suggests
that sarA, which had not been previously examined in this
regard, also contributes to the ability of S. aureus to persist in
the bone as defined by the 14-day postinfection period we
employed and that concomitant mutation of saeRS and sarA
has an additive effect in this regard. Taken together with the
μCT data, our results indicate that saeRS and sarA contribute
to the pathogenesis of OM to a comparable degree.

Correlations between Virulence, Protease Produc-
tion, and Protein Abundance. Mutation of saeRS or sarA
has been shown to result in the increased production of
extracellular proteases, and this has been correlated with
reduced accumulation of specific virulence factors and reduced
virulence.6−8 We confirmed that mutation of saeRS or sarA
results in increased protease activity and that mutation of sarA
has a much greater impact in this regard than mutation of
saeRS (Figure 4). The impact of mutating saeRS and sarA on

protease production was additive in that a statistically
significant difference was observed between the sarA and
saeRS/sarA mutants. Conversely, protease production was
reduced in the ΔsaeC/sarA mutant relative to the isogenic
ΔsarA mutant. Although the difference in virulence between
the ΔsaeC/sarA and sarA mutants did not reach statistical
significance (Figure 2), this is consistent with the trends we
observed in our OM comparisons, and in this case the

Figure 2. Quantitative assessment of reactive bone formation and
cortical bone destruction as a function of saeRS and sarA. Analysis of
μCT images was used to assess reactive new bone formation (top)
and cortical bone destruction (bottom) in each of 5 mice infected
with the indicated strains. Statistical analysis was done by one-way
ANOVA with Dunnett’s correction. Asterisk (*) indicates a significant
difference relative to LAC.

Figure 3. Bacterial burdens in the bone as a function of saeRS and
sarA. Femurs were harvested from mice infected with each of the
indicated strains 14 days after infection. Femurs were flash frozen,
pulverized, and sonicated before removing tissue debris by low speed
centrifugation. Supernatants were then serially diluted and plated on
TSA to determine the number of viable bacteria per femur. Single
asterisk (*) indicates a significant difference relative to LAC. Double
asterisks (**) indicates a statistical significance relative to the ΔsaeRS
mutant.

Figure 4. Impact of saeRS and sarA on protease activity. Overall
protease activity was determined in conditioned medium (CM) from
stationary phase cultures of LAC, its sarA mutant (ΔsarA), and
isogenic derivatives of each in which saeRS was either constitutively
expressed (saeC) or mutated (ΔsaeRS). Protease activity was
determined using a FRET based assay (EnzChek Gelatinase/
Collagenase Assay Kit, Molecular Probes) after incubation for 2 h
(top) or 16 h (bottom). Statistical analysis was done by one-way
ANOVA with Dunnett’s correction. A single asterisk (*) indicates a
significant difference relative to LAC. Double asterisks (**) indicate
statistical significance relative to the sarA mutant.
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difference between the ΔsaeC/sarA and ΔsarA mutants was
statistically significant (Figure 4).
The relative levels of protease production were inversely

correlated with the accumulation of high-molecular weight
proteins as assessed by SDS-PAGE analysis of conditioned
medium (CM) from stationary phase cultures of each of these
strains. CM samples from stationary phase cultures were
chosen because protease production is highest in this growth
phase. We also believe that stationary phase cultures are most
likely to be representative of in vivo growth conditions.
Evidence to support this hypothesis comes from the
observation that protease-deficient mutants have been shown
to be hypervirulent in vivo in diverse animal models of
infection.9,10 The abundance of high molecular weight proteins
was dramatically reduced in CM from the ΔsarA mutant, with
a corresponding increase in the abundance of lower molecular
weight proteins (Figure S1). This was true irrespective of the
functional status of saeRS, although overall protein profiles of
CM from the saeC/ΔsarA and ΔsaeRS/ΔsarA mutants did
differ from each other and from that observed in the isogenic
ΔsarA mutant. This is consistent with the relative level of
protease production in these strains, and it provides an
additional indication that the functional status of saeRS has an
impact on the phenotype of a LAC ΔsarA mutant. In contrast,
the abundance of many proteins, including high molecular
weight proteins, was reduced in CM from a ΔsaeRS mutant,
but the overall distribution of these proteins was largely
unaffected (Figure S1). These observations are consistent with
the hypothesis that mutation of saeRS impacts the abundance
of S. aureus exoproteins primarily at the level of their
production, while mutation of sarA does so primarily at the
level of their accumulation owing to protease-mediated
degradation.
To further examine this hypothesis, we carried out gel-based

proteomic studies employing a novel mass-based approach that
allowed us to focus specifically on spectral counts derived from
full-length proteins to the exclusion of spectral counts derived
from degradation products of those proteins.11 On the basis of
triplicate samples, and irrespective of the abundance of each
protein, we identified an average of 1090 full-length proteins in
CM from LAC and 1007 in CM from its saeC derivative
(Figure 6). An average of 763 (≥70%) of these were detectable
in CM from the ΔsaeRS mutant. In contrast, an average of 145
and 160 full-length proteins (≤15.9%) were detected in CM
from the isogenic ΔsarA and ΔsaeRS/ΔsarA mutants,
respectively. This number was more than doubled to an
average of 349 in the saeC/ΔsarA mutant (Figure 5), likely
owing to increased protein production associated with the saeC

allele.
To assess the abundance of individual proteins, we carried

out an analysis based on total spectral counts derived from full-
length proteins rather than the total number of detectable
proteins. The number of spectral counts was highest in the saeC

derivative (average = 21 356), slightly lower in LAC (18 709)
and decreased progressively through the ΔsaeRS (8485), saeC/
ΔsarA (5478), ΔsarA (3223), and ΔsaeRS/ΔsarA mutants
(1746) (Figure 5). The fact that ≥70% of full-length proteins
that were detectable in LAC and its saeC derivative were also
detectable in the ΔsaeRS mutant, while this proportion was
reduced to ≤45% when comparisons were made based on total
spectral counts, is consistent with the hypothesis that the
primary mechanism by which saeRS impacts exoprotein
accumulation is at the level of production. Similarly, the fact

that the decrease observed with the ΔsarA mutant was
comparable whether assessed by total proteins (≤14%) or
spectral counts (≤17%) is consistent with the hypothesis that
the impact of mutating sarA occurs primarily at the level of
protease-mediated degradation. However, irrespective of the
mechanism responsible, the association between relative
virulence (Figure 2) and the number of spectral counts
derived from full-length proteins (Figure 5) suggests that
defining correlations among these strains between relative
virulence and protein abundance as defined based on spectral
counts derived from full-length proteins has the potential to
identify S. aureus virulence factors that are potentially
important in the pathogenesis of OM.
To this end, we explored two different methods of data

analysis to identify proteins that were increased in abundance
in LAC and its saeC by comparison to all four of the attenuated
strains (ΔsaeRS, saeRSC/ΔsarA, ΔsarA, ΔsaeRS/ΔsarA). In the
first approach, we did individual pairwise comparisons (t test)
between each of the two most virulent strains and each of the
four attenuated strains. Comparisons were made on the basis
of statistical significance (p ≤ 0.05) using a log2 fold-change
(FC) cutoff of ≥2, which corresponds to an absolute FC ≥ 4.
The list of proteins meeting these criteria in each pairwise
comparison was then compared, using Venny 2.1,12 to identify
proteins that were increased in both virulent strains by
comparison to all four attenuated mutants. This resulted in the
identification of a common set of 114 proteins (Figure 6 and
Table S1).
To prioritize among these 114 proteins, we increased the

stringency to a log2 FC ≥ 5, which corresponds to an absolute
FC ≥ 32. This narrowed the list of high priority targets that
differed between virulent and attenuated strains from 114 to
10. To validate these results, we also analyzed the entire

Figure 5. Impact of sarA and saeRS on relative abundance of full-
length proteins. CM from LAC and five derivatives that differ with
respect to the functional status of saeRS and sarA was analyzed in
triplicate using a novel mass-based proteomics approach that allows us
to focus on quantifying only full-length functional proteins.11 The top
panel illustrates the average number of full-length proteins identified
in CM from each strain irrespective of the amount of each protein.
The bottom panel illustrates the average number of spectral counts
obtained from full-length proteins in CM from each strain. Statistical
analysis was done by one-way ANOVA with Dunnett’s correction. A
single asterisk (*) indicates a significant difference relative to LAC.
Double asterisks (**) indicate statistical significance relative to the
sarA mutant.
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proteome data set using the edgeR generalized linear model
quasi-likelihood (glmQLT) method.13,14 This statistical
analysis allowed us to compare spectral counts obtained from
full-length proteins present in CM from the virulent (LAC and
its saeC derivative) vs attenuated (saeC and LAC vs ΔsaeRS,
saeC/ΔsarA, ΔsarA, ΔsaeRS/ΔsarA). Using this approach, we
identified 333 proteins that were significantly increased (p ≤
0.05; log2 FC ≥ 2) in both virulent strains by comparison to all
four attenuated strains (Figure 7 and Table S2). To further
prioritize among these, we then selected those proteins
exhibiting a log2 FC ≥ 5. Using this approach, 11 proteins
were identified that differed in abundance between virulent and
attenuated strains.

The list of proteins prioritized with each analysis method
were similar but not identical. Thus, using both analysis
methods we identified a total of 14 proteins that differed in
abundance by a log2 FC ≥ 5 in both virulent strains vs all four
attenuated strains (Table 1). Of these, 3 were identified using
the pairwise analysis method but not the quasi-likelihood GLM
method (Table 1). Similarly, 4 were identified using the quasi-
likelihood GLM method but not the pairwise analysis method.
The other 7 proteins were identified using both data analysis
methods (Table 1, Figure 7). These 7 proteins were the
fibronectin-binding proteins FnbA and FnbB, Sbi, staph-
ylocoagulase, an FtsK/SpoIII family protein, alanine dehydro-
genase 1, and an uncharacterized putative surface protein
encoded by SAUSA300_0408. All 7 of these were also
identified in our previous study focusing solely on identifying
proteins that are present in reduced amounts in a LAC sarA
mutant owing to protease-mediated degradation,11 an
observation that we believe further validates our experimental
approach. It is also interesting to note that the only two
proteins found to be present at a level log2 FC ≥ 5 in all four
attenuated strains vs both of the more virulent strains were the
extracellular proteases aureolysin and SspA (Figure 7).

Investigating the Role of Staphylocoagulase. As a first
step toward ultimately examining the hypothesis that the
specific proteins identified in our studies play a role in the
pathogenesis of OM, we began the process of generating
mutations in the genes encoding these proteins. We initially
employed transduction from existing mutants in the Nebraska
Transposon Mutant Library (NTML),15 and among the first of
our successful transductions was the mutation in the gene
encoding staphylocoagulase (coa). We chose to move forward
with these mutants based on previous reports suggesting that
coagulase plays an important role in immune evasion, biofilm
formation16 and osteoblast physiology.17 We confirmed that all
7 LAC Δcoa mutants generated by transduction from the
NTML coa mutant exhibited a reduced capacity to form a
biofilm by comparison to LAC, albeit to a lesser extent than
was observed in the isogenic sarA mutant (Figure 8). We also
assessed the relative virulence of one of these Δcoa mutants in
our OM model, and while trends were evident with respect to
a reduction in both new bone formation and cortical bone

Figure 6. Venn diagram indicating overlap between proteins present in conditioned medium from LAC and its saeRS and sarA mutants.
Conditioned medium (CM) from three independent stationary phase cultures of each strain were resolved by SDS-PAGE and stained with
Coomassie Blue (Figure S1). The number of proteins identified as significantly differing (p ≤ 0.05; log2 FC ≥ 2) between both of the virulent
strains (saeC and LAC) compared to each attenuated strain are shown.

Figure 7. Differential protein accumulation in virulent versus
attenuated strains. Volcano plot showing the log2 fold change (x-
axis) and −log10 FDR-adjusted p-value (y-axis) of each protein
identified in each strain. Inner vertical lines indicate a log2 fold change
of 2.0. Outer vertical lines indicate a log2 fold change of 5.0. Proteins
that were not found to differ significantly (as defined by an FDR
corrected p-value ≥0.05 and a fold change ≤2) between virulent and
attenuated strains using the quasi-likelihood analysis method are
shown as open circles. Proteins in which the abundance was
statistically significant (p ≤ 0.05) and the log2 fold change ≥2.0 but
≤5.0 as defined by both data analysis methods are shown in black.
Proteins in which the log2 fold change was ≥5.0 as defined by at least
one data analysis method are shown in gray. The 7 proteins identified
as present in significantly increased amounts in both virulent strains
by comparison to all four attenuated strains by both analysis methods
are labeled in the upper right quadrant.
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destruction, neither of these differences were found to be
statistically significant by comparison to LAC (Figure 8).
Investigating Potential Mechanisms of Attenuation

Associated with Mutation of saeRS and/or sarA. The
pathogenesis of OM is complex and incompletely understood,
but two phenotypes that have been implicated as important
contributing factors are biofilm formation and cytotoxicity for
osteoblast and/or osteoclasts.6,9,18−20 These are difficult
phenotypes to assess directly in vivo, but they can be readily
assessed in vitro. Thus, we examined each of these to
determine whether the impact of saeRS and sarA on these
phenotypes could be correlated with relative virulence. As
previously demonstrated,6,7 we found that mutation of sarA
limited biofilm formation to a much greater extent than

mutation of saeRS, and this was true irrespective of the
functional status of saeRS (Figure 9). However, biofilm

formation was increased to a statistically significant extent in
the saeC/ΔsarA mutant relative to the ΔsarA and ΔsaeRS/
ΔsarA mutants. Similar trends were observed in the context of
osteoblast and osteoclast cytotoxicity. Specifically, CM from
stationary phase cultures of LAC, its saeC derivative, and its
ΔsaeRS mutant were comparably cytotoxic for both cell types,
while mutation of sarA largely eliminated this cytotoxicity
(Figure 10).
A primary reason we carried out these in vitro studies was to

determine whether any of these phenotypes could be
definitively correlated with differences in virulence we
observed in our OM model. If so, this would greatly facilitate
the ability to examine a large number of potential targets prior
to proceeding to in vivo analysis. However, while biofilm
formation and cytotoxicity were significantly reduced in 3 of
the 4 attenuated strains, neither was significantly reduced in
the ΔsaeRS mutant. One possible explanation for this is that
the magnitude of the impact of mutating sarA on protease
production as assessed under in vitro conditions is sufficient to
be apparent in the context of biofilm formation and
cytotoxicity, while the impact of mutating saeRS on protease
production is not. However, this does not preclude the

Table 1. Proteins Selected as Priority Targets for Further Studies

protein gene accession number localization molecular weight (kDa) method

Immunoglobulin-binding protein sbi sbi SBI_STAA3 unknown 50 both
Staphylocoagulase coa A0A0H2XHP9_STAA3 extracellular 69 both
Fibronectin binding protein B fnbB A0A0H2XKG3_STAA3 cell wall 104 both
Alanine dehydrogenase 1 ald1 DHA1_STAA3 cytoplasmic 40 both
FtsK/SpolllE family protein SAUSA300_1687 A0A0H2XK12_STAA3 membrane 145 both
Fibronectin-binding protein A fnbA FNBA_STAA3 cell wall 112 both
Putative surface protein SAUSA300_0408 A0A0H2XJZ9_STAA3 unknown 57 both
Uncharacterized leukocidin-like protein 2 SAUSA300_1975 LUKL2_STAA3 extracellular 40 pairwise
Uncharacterized leukocidin-like protein 1 SAUSA300_1974 LUKL1_STAA3 extracellular 39 pairwise
Putative staphylocoagulase SAUSA300_0773 A0A0H2XEN7_STAA3 extracellular 59 pairwise
Transcriptional regulatory protein WalR walR WALR_STAA3 cytoplasmic 27 GLM
Uncharacterized protein SAUSA300_0198 A0A0H2XFU2_STAA3 unknown 36 GLM
Serine protease HtrA-like SAUSA300_0923 HTRAL_STAA3 unknown 86 GLM
Protein RecA recA A0A0H2XFW9_STAA3 cytoplasmic 35 GLM

Figure 8. Impact of staphylocoagulase on biofilm formation and
osteomyelitis. The top panel illustrates the relative levels of biofilm
formation in LAC, its isogenic sarA mutant, and each of 7
independently generated LAC coa mutants. Assays were performed
in 3 replicates and the average observed with LAC set to 100%. All
other results are shown relative to this value. The bottom panel
illustrates quantitative assessment of reactive bone formation (left)
and cortical bone destruction (right) in ΔsarA and Δcoa mutants
relative to the LAC parent strain. Statistical analysis was done by one-
way ANOVA with Dunnett’s correction. A single asterisk (*)
indicates a significant difference relative to LAC. Double asterisks
(**) indicate statistical significance relative to the ΔsarA mutant.

Figure 9. Impact of the functional status of saeRS and sarA on biofilm
formation. Biofilm formation was assessed in each of the indicated
strains. Assays were performed in 6 replicates and the average
observed with LAC set to 100%. All other results, including each of
the 6 individual LAC replicates, are shown relative to this value.
Statistical analysis was done by one-way ANOVA with Dunnett’s
correction. A single asterisk (*) indicates a significant difference
relative to LAC. Double asterisks (**) indicate statistical significance
relative to the ΔsarA and ΔsaeRS/ΔsarA mutants.
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possibility that mutation of saeRS has a greater impact in vivo
in the specific microenvironment of bone.
The alternative explanation is that the mechanism by which

mutation of saeRS attenuates virulence differs by comparison
to the mechanism by which mutation of sarA attenuates
virulence. On the basis of this possibility, we extended our
analysis to identify proteins that were present in increased
amounts in a LAC ΔsarA mutant relative to a ΔsaeRS mutant
and vice versa. Relatively few proteins were present in
increased amounts in a ΔsarA mutant by comparison to a
ΔsaeRS mutant, but among these were all six of the spl-
encoded proteases (Figure 11). This is consistent with our

previous reports demonstrating that these proteases are present
in reduced amounts in a ΔsaeRS mutant but increased
amounts in an isogenic ΔsarA mutant.7 In contrast, we
identified 91 proteins that were present in an increased amount
in a ΔsaeRS mutant by comparison to a ΔsarA mutant (Figure
11, Table S3).
Of these, 36 were present in equivalent amounts in CM from

the ΔsaeRS mutant and LAC, thus suggesting that Spl-
mediated degradation may be a limiting factor in the
accumulation of these proteins in a ΔsarA mutant. This also
suggests that these proteases, or specific targets of these
proteases that are present in decreased amounts in CM from a
ΔsarA mutant, may contribute to biofilm formation and/or
cytotoxicity for osteoblasts and osteoclasts as assessed under in
vitro conditions. The remaining 55 proteins were present in
decreased amounts in the ΔsaeRS mutant relative to LAC and
its saeC derivative. This leaves open the possibility that they
contribute to the attenuation of both the ΔsaeRS and ΔsarA
mutants in our murine OM model, but are unlikely to
contribute to the attenuation of the ΔsaeRS mutant and not
the ΔsarA mutant.
Finally, to further examine the hypothesis that mutation of

saeRS limits virulence in our OM model owing primarily to its
impact on protein production, while sarA does so owing
primary to its impact on protease production and the
degradation of S. aureus proteins, we generated derivatives of
LAC and each of these mutants with a limited capacity to
produce extracellular proteases. Specifically, protease-deficient
derivatives of LAC and its sarA mutant were unable to produce
aureolysin, ScpA, SspA, SspB, or any of the spl-encoded
proteases, while the saeRS mutant retained the capacity to
produce the spl-encoded proteases. However, as discussed
above, mutation of saeRS does not result in the increased
production of these proteases. Eliminating protease production
restored biofilm formation and cytotoxicity in the ΔsarA
mutant, but had little impact in the ΔsaeRS mutant (Figure
12). This was also true in a LAC ΔsaeRS/ΔsarA mutant.
Moreover, as evidenced by visual assessment of μCT images,
eliminating protease production restored virulence to a greater
extent in the ΔsarA mutant than in the ΔsaeRS mutant, and
enhanced the virulence of LAC itself (Figure 13). In fact, the
increased virulence observed in the protease-deficient deriva-
tives of LAC and its ΔsarA mutant resulted in broken bones to
an extent that precluded accurate quantitative analysis of these
μCT images.

■ DISCUSSION
Osteomyelitis is a relatively infrequent form of S. aureus
infection, but it is one that presents a unique clinical problem
that demands an equally unique, multidisciplinary clinical
approach.18 This also applies to infections associated with
indwelling orthopedic devices, and in this respect, it is
important to recognize that the number of such infections is
predicted to increase dramatically in the immediate future.
Indeed, it has been estimated that the number of periprosthetic
joint infections associated with total hip and knee arthroplasty
in the United States will surpass 60 000 by 2020 at an annual
cost that will exceed $1.62 billion.19 This makes it imperative
to develop prophylactic and therapeutic strategies that can be
used to combat these infections either alone or as a means of
enhancing the efficacy of conventional antibiotic therapy.
The studies we report are based on the scientific premise

that a key component required for the development of such

Figure 10. Impact of the functional status of saeRS and sarA on
osteoblast and osteoclast cytotoxicity. Conditioned medium (CM)
from stationary phase cultures of the indicated strains were added to
monolayers of osteoblast (MC3T3-E1) or osteoclast-like cell lines
(RAW264.7) and incubated at 37 °C for 24 h. Cell viability was then
determined using a Live/Dead assay kit (Molecular Probes) in which
mean fluorescence intensity (MFI) is an indication of cell viability.
Statistical analysis was done by one-way ANOVA with Dunnett’s
correction. A single asterisk (*) indicates a significant difference
relative to LAC. Double asterisks (**) indicate statistical significance
relative to the ΔsarA and ΔsaeRS/ΔsarA mutants.

Figure 11. Differential protein accumulation in ΔsaeRS and ΔsarA
mutants. Volcano plot showing the log2 fold change (x-axis) and
−log10 FDR-adjusted p-value (y-axis) of each protein identified in
each strain. Inner vertical lines indicate a log2 fold change of 2.0.
Outer vertical lines indicate a log2 fold change of 5.0. Proteins that
were not found to differ significantly between the ΔsaeRS and ΔsarA
mutants as defined by an FDR corrected p-value ≥0.05 and a fold
change ≤2 are shown as open circles. Proteins in which the
abundance was statistically significant (p ≤ 0.05) and the log2 fold
change ≥2.0 but ≤5.0 are shown in black. Proteins in which the log2
fold change was ≥5.0 are shown in gray.
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strategies is a clear understanding of the pathogenesis of
orthopedic infections that takes into consideration the specific
microenvironment of bone. In this respect it is important to
note that S. aureus is overwhelmingly the primary clinical
concern based on both the frequency and severity of the
infections caused by this bacterial pathogen.18,20 It has been
demonstrated that expression of sarA and saeRS is increased
during the acute and chronic phases of osteomyelitis,21,22 and
previous reports have demonstrated that mutation of saeRS or
sarA attenuates virulence in a murine model of postsurgical
OM.4,5 This accounts for our experimental focus on these
regulatory loci in this report.
In addition, the attenuation of a LAC ΔsaeRS mutant has

been correlated with the increased production of extracellular
proteases, specifically aureolysin, and the resulting decrease in
the accumulation of phenol-soluble modulins (PSMs),
although this could not fully explain the attenuation of a
LAC ΔsaeRS mutant.4,5 As demonstrated in previous
reports,7,23 and confirmed in the studies reported here,
mutation of sarA results in a much greater increase in protease
production than mutation of saeRS. This suggests that
mutation of sarA would attenuate virulence in OM even by
comparison to a ΔsaeRS mutant.
To address this, we took advantage of our previous studies

demonstrating that mutation of saeRS or sarA attenuates
virulence to a comparable degree in a murine bacteremia
model6 to define the relative virulence of LAC and five
isogenic derivatives that differ with respect to the functional
status of saeRS and sarA in a murine model of postsurgical
OM. The results demonstrated that mutation of saeRS or sarA
also attenuates virulence in this model to a comparable degree
(Figure 2). The attenuation observed with the LAC ΔsarA
mutant was reversed to a limited extent in the saeC/sarA
mutant, but the difference was not statistically significant in the

Figure 12. Impact of protease production in ΔsarA and ΔsaeRS
mutants in vitro. Biofilm formation (top) and osteoblast cytotoxicity
(bottom) were assessed in each of the indicated strains (+) and their
protease-deficient derivatives (−). Biofilm assays were performed in 6
replicates and the average observed with LAC set to 100%. All other
results, including each of the 6 individual LAC replicates, are shown
relative to this value. Cell viability was determined using a Live/Dead
assay kit (Molecular Probes) in which mean fluorescence intensity
(MFI) is an indication of cell viability. Statistical analysis was done by
one-way ANOVA with Dunnett’s correction. A single asterisk (*)
indicates a significant difference relative to LAC. Double asterisks
(**) indicate statistical significance relative to the ΔsarA and ΔsaeRS/
ΔsarA mutants.

Figure 13. Impact of protease production in ΔsarA and ΔsaeRS mutants in vivo. A murine model of post-traumatic osteomyelitis was used to assess
the relative virulence of LAC, its ΔsarA and Δsae mutants, and protease-deficient derivatives of each strain (Δprotease). All images from all mice in
each experimental group are shown for comparison along with the percentage of femurs from all animals within each group in which the femur was
broken.
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context of either μCT analysis or bacteriological burdens in the
femur. Mutation of saeRS did have a greater impact than
mutation of sarA on bacterial burdens in the femur (Figure 3).
However, mutation of saeRS and sarA had an additive effect in
this regard, thus suggesting that both loci contribute to the
ability of S. aureus to colonize and persist in the bone.
Although mutation of saeRS and mutation of sarA had a

comparable impact on virulence but not on protease
production, the accumulation of any protein is a function of
its production vs its degradation. Indeed, we previously
proposed that the primary impact of mutating saeRS on the
virulence of S. aureus is mediated at the level of virulence factor
production while that of mutating sarA is mediated at the level
of the protease-mediated degradation of these virulence
factors. The results we report here provide further support
for this hypothesis. Specifically, mutation of saeRS resulted in a
protein profile that included the majority of proteins present in
LAC and its saeC derivative, albeit in reduced amounts, while
the protein profile of the isogenic ΔsarA mutant was
characterized by a lack of high-molecular weight proteins
(Figure S1). However, differences in the relative impact of
extracellular proteases in a ΔsarA mutant vs a ΔsaeRS mutant
do not preclude the possibility that mutation of these loci
impacts the accumulation of an overlapping set of proteins that
are relevant in the pathogenesis of OM. Indeed, there are
reports describing transcriptional changes associated with
OM,21,22 but the results we report suggest that a better
approach would be to consider virulence differences in the
context of protein accumulation rather than transcriptional
changes alone.
To address this, we utilized a novel mass-based proteomic

approach recently developed and validated in our laboratories
that allows us to focus on spectral counts derived from full-
length proteins to the exclusion those derived from
degradation products of those proteins.11 The results
confirmed that the accumulation of full-length proteins is
significantly reduced in all four of the strains found to be
attenuated in our murine OM model compared to the virulent
strains LAC and its saeC derivative (Figure 5). Using a
stringent cutoff of a log2 fold-change of ≥5.0 (absolute fold-
change ≥32) and each of two data analysis methods, we
identified 14 proteins that were more abundant in both
virulent strains by comparison to all four attenuated strains
(Table 1, Figure 7). This suggests to us that these proteins are
of potential interest in the pathogenesis of OM. However, we
are not suggesting that these 14 proteins are the only proteins
of potential interest. For instance, staphylococcal protein A
(Spa) was not included among the priority list of 14 proteins,
and it has been implicated in the pathogenesis of OM.24−28

Moreover, the abundance of Spa was reduced to a statistically
significant extent in all four attenuated strains (Figure S2) and
did not meet the highly stringent standards we chose to
employ only because of its relatively high abundance in the
ΔsaeRS mutant. Thus, it could be argued that these standards
are too stringent. However, we believe that the methods we
employed are appropriate in that they increase the likelihood
of identifying high-priority targets that warrant further
examination. In fact, we used two different data analysis
methods to further increase the stringency of our approach,
and this reduced this group of high-priority targets from 14 to
7 based on the fact that they were identified using both
methods.

Included among these 7 proteins were the fibronectin-
binding proteins FnbA and FnbB. This is potentially relevant
in that these proteins have been implicated in biofilm
formation, which is a key component of many types of
S. aureus infection including OM29−31 An FtsK/SpoIII family
protein was also identified using both analysis methods. The
other two proteins included in the list of 7 that were identified
by both analysis methods were an uncharacterized putative
surface protein (SAUSA300_0408), which was also identified
in a previous report focusing solely on the role of saeRS OM,5

and alanine dehydrogenase 1. The latter is a cytoplasmic
protein, but this does not preclude the possibility that it may
act as a “moonlighting” virulence factor, particularly given that
other dehydrogenases have been reported to moonlight on the
cell surface promoting adhesion to extracellular matrix
proteins.
Also included were the immunoglobulin binding protein Sbi

and staphylocoagulase, both of which have been implicated as
important components of immune evasion.32−38 Other reports
have concluded that coagulase production contributes to
biofilm formation16 and, at least as assessed under in vitro
conditions, osteoblast physiology and bone destruction.17 As
further validation of our experimental approach, we demon-
strated that LAC Δcoa mutants have a reduced capacity to
form a biofilm and exhibit a modest reduction in virulence in
our OM model (Figure 8). The fact that mutation of coa had
less impact on biofilm formation and virulence in our OM
model than mutation of sarA is not unexpected given that
mutation of sarA limits the accumulation of many S. aureus
proteins of potential relevance. This was also true with respect
to osteoblast and osteoclast cytotoxicity, which was signifi-
cantly reduced in a sarA mutant but not in a coa mutant
(Figure S3). Nevertheless, these results suggest that coagulase
does play a role in OM as previously suggested.16,17 They also
suggest that the impact of mutating saeRS or sarA on the
pathogenesis of OM is likely to be multifactorial.
From a mechanistic point of view, there are two

considerations that we tried to take into account. The first is
whether we could identify any in vitro phenotypes that could
be directly correlated with virulence. This was based on the
hope such phenotypes could be used to further prioritize
S. aureus proteins of potential interest before pursuing in vivo
studies. However, while there were clear correlations, none of
the in vitro phenotypes we examined could be definitively
correlated with relative virulence. This includes protease
production, biofilm formation and cytotoxicity for osteoblasts
and osteoclasts. The second consideration is the manner by
which mutation of saeRS and sarA limits virulence in our OM
model, and in this respect we believe the results we report
provide further support for the hypothesis that mutation of
saeRS does so by limiting the production of important
virulence factors, while sarA does so by limiting their
accumulation owing to the increased production of extrac-
ellular proteases. Thus, in effect mutation of saeRS vs sarA
represent two distinct means to the same end, that being
reduced virulence in the specific clinical context of
osteomyelitis.
This is consistent with the observation that eliminating

protease production restored virulence in the ΔsarA mutant to
a greater extent than was observed in the isogenic ΔsaeRS
mutant (Figure 13). In fact, eliminating the production of
extracellular proteases in the ΔsarA mutant and even in LAC
itself enhanced virulence in our OM model to an extent to
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which the proportion fractured bones precluded accurate
quantitative μCT analysis (Figure 13). However, protein
production vs degradation are not mutually exclusive functions,
and this does not mean that increased protease production is
irrelevant in a LAC ΔsaeRS mutant. Rather, it just suggests that
the relatively modest impact of mutating saeRS on protease
production may be phenotypically apparent only because the
amount of many S. aureus proteins is already limited in the
Δsae mutant. Nevertheless, this does not preclude the
possibility that mutation of saeRS and/or sarA results in the
reduced accumulation of common S. aureus proteins that
contribute to the pathogenesis of OM either alone or in
combination with each other, and we believe the results of the
experiments we report have allowed us to identify and
prioritize specific proteins of interest in this regard.
At the same time, it is also possible that the attenuation of

LAC ΔsarA and ΔsaeRS mutants can be attributed to the
impact of these mutations on different S. aureus proteins, and
the experimental approach we describe would preclude the
identification of such proteins. This possibility prompted us to
make proteomic comparisons between the ΔsarA and ΔsaeRS
mutants themselves (Figure 11). The results confirmed that
the abundance of 91 proteins was elevated in the ΔsaeRS
mutant by comparison to the ΔsarA mutant. However, the
abundance of the majority of these was still reduced by
comparison to LAC itself. The extent to which the abundance
of any given protein must be reduced to have a phenotypic
impact in vivo is not known, thus leaving open the possibility
that the reduced abundance of these proteins contributes to
the attenuation of the ΔsaeRS mutant by comparison to LAC
and its saeC derivative. However, since these 91 proteins were
more abundant in ΔsaeRS than ΔsarA mutants, it seems
unlikely they would contribute to the attenuation of the
ΔsaeRS mutant but not the ΔsarA mutant.
In contrast, very few proteins were present in increased

amounts in the ΔsarA mutant by comparison to the ΔsaeRS
mutant. Interestingly, this did include all six of the spl-encoded
proteases. This is consistent with previous reports demonstrat-
ing that the abundance of these proteases is increased in a
ΔsarA mutant but not in a ΔsaeRS mutant.5,9 This suggests
that specific targets of these proteases, or the proteases
themselves, may contribute to the reduced biofilm formation
and cytotoxicity observed with the ΔsarA mutant as assessed
under in vitro conditions.
Finally, the proteomic approach we described can also be

used to identify S. aureus proteins that are less likely to be
involved in the pathogenesis of OM (Table S4). For instance,
LukD, LukF, and LukS were all present in increased amounts
in a LAC ΔsarA mutant by comparison to the isogenic ΔsaeRS
mutant. The abundance of these proteins in the ΔsaeRS
mutant was comparable to LAC itself. This suggests that these
exotoxins are unlikely to contribute to the attenuation of the
ΔsarA or ΔsaeRS mutants. With respect to LukF and LukS,
this is consistent with the observation that mutation of sarA
also limits virulence in the methicillin-sensitive strain UAMS-
1,4 which does not encode either of these genes.

■ CONCLUSION
The results we report demonstrate that mutation of saeRS or
sarA in the USA300 strain LAC attenuates virulence to a
comparable degree in a murine model of postsurgical OM to a
comparable degree. Our results also support the conclusion
that the primary impact of mutating saeRS is mediated at the

level of protein production, while that of mutating sarA is
mediated at the level of protease-mediated protein degrada-
tion. Irrespective of the underlying mechanism that limits their
accumulation, this opens up the possibility of identifying and
prioritizing S. aureus virulence factors of potential relevance in
the specific context of OM based on a correlation between
their relative abundance in S. aureus strains that are
demonstrably different with respect to virulence in this
important clinical context. Because mutation of saeRS or
sarA impacts the accumulation of a large number of possible
virulence factors, prioritization is a key element of our
approach, and in this regard, we purposefully applied a very
stringent standard in the analysis of our proteomic
comparisons. This accounts for our primary focus on 7
proteins, but it certainly does not preclude the possibility that
other proteins not among this primary group are also
important. Nevertheless, we believe the results we report
clearly indicate that these proteins warrant direct examination
as virulence factors of potential relevance in the pathogenesis
of OM.

■ EXPERIMENTAL SECTION
Ethics Statement. All experiments involving animals were

reviewed and approved by the Institutional Animal Care and
Use Committee of the University of Arkansas for Medical
Sciences and performed according to NIH guidelines, the
Animal Welfare Act, and United States federal law.

Bacterial Strains and Growth Conditions. The bacterial
strains used in this study were previously described.6,39,40

Briefly, an erythromycin-sensitive derivative of the USA300
strain LAC was used as the parent strain from which the
isogenic derivatives saeC, ΔsaeRS, saeC/ΔsarA, ΔsarA, and
ΔsaeRS/ΔsarA were generated. The ΔsaeRS/Δprotease
mutant was made by transduction of the saeRS mutation into
a LAC derivative containing mutations in sspAB, scpA, and the
gene encoding aureolysin (aur). These mutations were
generated using the pKOR derivative pJB38 for sspAB and
scpA and the pKOR1::aur construct for aur. The ΔsarA/
Δprotease mutant was made by transduction of the sarA
mutation20 into a LAC derivative unable to produce these
same proteases as well as those encoded by the spl operon.40

Strains were maintained at −80 °C in tryptic soy broth (TSB)
containing 25% (v/v) glycerol. For each experiment, strains
were retrieved from cold storage by plating on tryptic soy
agar41 with appropriate antibiotic selection. Antibiotics used
were erythromycin (5 μg/mL), tetracycline (5 μg/mL),
kanamycin (50 μg/mL), and neomycin (50 μg/mL).

Murine Model of Osteomyelitis. Induction of OM was
done as previously described.5,6 Briefly, 6−8 week-old C57BL/
6 female mice were anesthetized and an incision made in the
right hind limb to expose the femur. Using a precision needle, a
unicortical defect was created at the midfemur. The intra-
medullary canal was inoculated via the unicortical defect with 2
μL of a bacterial suspension containing 1 × 106 cells harvested
from midexponential phase (OD560 = 1.0) cultures. Muscle and
skin were sutured, and the infection allowed to proceed for 14
days. After this time, mice were euthanized and the infected
femurs harvested for microcomputed tomography (μCT)
analysis or quantitation of the bacterial burden.

Microcomputed Tomography (μCT). Image acquisition
and analysis were done according to protocols described
elsewhere with minor modifications.4,5 Briefly, imaging was be
performed with the Skyscan 1174 X-ray Microtomograph
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(Bruker, Kontich, Belgium) using an isotropic voxel size of 6.7
μm, an X-ray voltage of 50 kV (800 μA) and a 0.25 mm
aluminum filter. Reconstruction was carried out using the
Skyscan Nrecon software. The reconstructed cross-sectional
slices were processed using the Skyscan CT-analyzer software
as follows: first, bone tissue was isolated from the soft tissue
and background using a global thresholding (low = 85; high =
255). Using the bone-including binarized images a semi-
automated protocol was run to delineate regions of interest
where the reactive new bone (callus) was isolated from the
cortical bone (this protocol is a morphological escalator that
separates the reactive bone structures using multiple rounds of
opening and closing of gaps using increasing preset diameters
for each round). The resulting images were loaded as ROI and
corrected by drawing inclusive or exclusive contours on the
periosteal surface to keep only and strictly the cortical bone.
Using these defined ROI, the volume of cortical bone was
calculated, and the amount of cortical bone destruction
estimated by subtracting the value obtained from each bone
from the average obtained from sham operated bones
inoculated with PBS. New bone formation was quantified
using the subtractive ROI function on the previously
delineated cortical bone-including ROI images and calculating
the bone volume included in the newly defined ROI. Statistical
analysis of data from each experimental group was done by
one-way ANOVA with Dunnett’s correction. Separate
comparisons were made with all strains relative to LAC or to
its ΔsarA mutant. A p-value ≤0.05 was considered statistically
significant.
Bacterial Burdens in the Femur. Bacterial loads in each

femur were determined as previously reported.5 Briefly, femurs
were separated from surrounding soft tissue, frozen in liquid
nitrogen, and homogenized. Homogenized bones were
resuspended in 1 mL PBS. Subsequently, homogenates were
sonicated, vortexed, serially diluted and plated on TSB
solidified with 1.5% agar. Colony forming units (cfu) were
counted and differences between groups of mice assessed using
a one-way analysis of variance (ANOVA) model. Briefly, cfu
data was logarithmically transformed prior to analysis. For
samples with no bacterial counts, a number near 1 was added
to each cfu value before the transformation was applied.
Contrasts were defined to assess the comparisons of interest.
Adjustments for multiple comparisons were made using
simultaneous general linear hypothesis testing procedures.42

Adjusted p-values ≤0.05 were considered significant. Analyses
were done using R (version 3.4.3, R Foundation for Statistical
Computing, Vienna, Austria). Multiple comparison procedures
were implemented using the R library multcomp.
Extracellular Protease Activity. Overnight cultures

grown in 5.0 mL of TSB without antibiotic selection were
standardized relative to each other based on optical density
(OD560 = 10) and cells removed by centrifugation. Super-
natants were then filter sterilized (0.2 μm) to obtain
conditioned media (CM). Protease activity in these samples
was assessed using the EnzChek Gelatinase/Collagenase Assay
Kit (Thermo). Fluorescence was measured after 2 and 16 h of
incubation. Statistical analysis was done by one-way ANOVA
with Dunnett’s correction. Separate comparisons were made
with all strains relative to LAC or to its ΔsarA mutant. A p-
value ≤0.05 was considered statistically significant.
Biofilm Formation. These assays were done as previously

described.43 Briefly, overnight cultures grown in biofilm media
(TSB supplemented with glucose and sodium chloride)

without antibiotic selection were standardized (OD540 =
0.05) and inoculated into a microtiter plate where the wells
were coated with human plasma proteins before-
hand.6,7,23,41,43,44 Biofilm formation was then assessed after
24 h. Statistical analysis was done by one-way ANOVA with
Dunnett’s correction. Separate comparisons were made with all
strains relative to LAC or to its ΔsarA mutant. A p-value ≤0.05
was considered statistically significant.

Cytotoxicity Assay. These assays were done according to
a previously reported protocol.4 Briefly, MC3T3-E1 and RAW
264.7 cells were seeded into black 96 well microtiter plates
with a clear bottom at densities of 10 000 and 50 000 cells/
well, respectively. After 24 h the media was replaced with a 1:1
mixture of cell media and CM standardized as described above
(OD540 = 10). Plates were incubated for 24 h. Cytotoxicity was
determined using the LIVE/DEAD Viability/Cytotoxicity Kit
for mammalian cells (Thermo Fisher Scientific). Statistical
analysis was done by one-way ANOVA with Dunnett’s
correction. Separate comparisons were made with all strains
relative to LAC or to its ΔsarA mutant. A p-value ≤0.05 was
considered statistically significant.

Exoprotein Profile Analysis. Assessment of the secreted
proteome was performed in triplicate as previously described.11

Briefly, an equal volume of standardized CM from each sample
was resolved by one-dimensional SDS-PAGE and visualized by
Coomassie-staining. Each gel lane was sliced into 24 equiv
bands of 2 mm each. Gel bands were destained, reduced,
alkylated, dehydrated, and trypsin digested. Acidified tryptic
peptides were separated using reverse phase UPLC. Eluted
peptides were ionized by electrospray (2.15 kV) followed by
MS/MS analysis using higher-energy collisional dissociation
(HCD) on an Orbitrap Fusion Tribrid mass spectrometer
(Thermo) in top-speed data-dependent mode. MS/MS data
were acquired using the ion trap analyzer and proteins were
identified by database search using Mascot (Matrix Science,
version 2.5.1) against the USA300 S. aureus database (2653
entries, GenBank accession JTJK01000002). A decoy database
(based on the reverse of the protein sequences) was used in
the search to calculate the FDR for the search algorithm.
Scaffold (Proteome Software) was used to verify MS/MS
based peptide and protein identifications (FDR < 1%;
identified peptides ≥ 2). Total spectral counts for each
replicate were exported from Scaffold into Microsoft Excel and
R for further analysis.
Data analysis was done as previously described.11 Briefly,

spectral count data collected from wild-type was used to locate
the gel band with the maximum spectral count for a given
protein. Spectral count observed in this band were added to
spectral count observed in the gel bands immediately above
and below to obtain total spectral count in a 3-band
continuous window corresponding to the overall spectral
peak for each full-length protein. A counts matrix for all
samples including each of the replicates was generated based
on this 3-band window. For the first analysis method the
spectral count for each identified protein in each of the virulent
strains was compared to the spectral count in each of the
attenuated strains using two tailed t tests. Proteins with p >
0.05 were filtered out from each comparison. For the proteins
with p ≤ 0.05, the fold change was determined, first with a
cutoff of log2 FC ≥ 2 and, then with a cutoff of log2 FC ≥ 5.
The resulting lists of the proteins meeting these criteria in each
pairwise comparison were then compared using Venny
(version 2.1) to identify commonalities and differences
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between each set of comparisons. For the second analysis
method, the spectral counts were imported into R for statistical
analysis using the EdgeR Bioconductor package.13,14 The
spectral counts were normalized using Trimmed Mean of M-
values (TMM) prior to performing the generalized linear
model quasi-likelihood ratio test. Data visualization images
were generated using R studio.
Mutation of coa. The mutated coa gene was moved to

LAC via transduction from a donor strain obtained from the
Nebraska Transposon Mutant Library (NTML)15 through BEI
Resources (Manassas, VA; http://www.beiresources.org). The
isogenic LAC Δcoa mutants were validated with a PCR
validated by PCR using primers specific for the coa gene (5′
GCTAGGCGCATTAGCAGTTG and 3′ TCGTAACTCT-
TTCGCGTGCT). These oligos bind to sites flanking the
transposon insertion site. The genetic background of these
mutants was also verified with a PCR specific for the small
cryptic plasmid present in LAC and absent in the plasmid
curated LAC derivative strain, JE2, in which the NTML was
generated (data not shown). The primers used for this PCR
were 5′ CCGAGGCTCAACGTCAATAA, 3′ GCAGT-
TGGTGGGAACTACAA.
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ABSTRACT 39 

The staphylococcal accessory regulator (sarA) plays an important role in Staphylococcus 40 

aureus infections including osteomyelitis, and the msaABCR operon has been implicated as an 41 

important factor in modulating expression of sarA. Thus, we investigated the contribution of 42 

msaABCR to sarA-associated phenotypes in the S. aureus clinical isolates LAC and UAMS-1. 43 

Mutation of msaABCR resulted in reduced production of SarA and a reduced capacity to form a 44 

biofilm in both strains. Biofilm formation was enhanced in a LAC msa mutant by restoring the 45 

production of SarA, but this was not true in a UAMS-1 msa mutant. Similarly, extracellular 46 

protease production was increased in a LAC msa mutant but not a UAMS-1 msa mutant. This 47 

difference was reflected in the accumulation and distribution of secreted virulence factors and in 48 

the impact of extracellular proteases on biofilm formation in a LAC msa mutant. Most 49 

importantly, it was reflected in the relative impact of mutating msa as assessed in a murine 50 

osteomyelitis model, which had a significant impact in LAC but not in UAMS-1. In contrast, 51 

mutation of sarA had a greater impact on all of these in vitro and in vivo phenotypes by 52 

comparison to mutation of msaABCR, and it did so in both LAC and UAMS-1. These results 53 

suggest that, at least in osteomyelitis, it would be therapeutically preferable to target sarA rather 54 

than msaABCR to achieve the desired clinical result, particularly in the context of divergent 55 

clinical isolates of S. aureus.  56 
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INTRODUCTION 57 

Mutation of the staphylococcal accessory regulator (sarA) attenuates the virulence of 58 

divergent clinical isolates of Staphylococcus aureus in animal models of bacteremia, post-59 

surgical osteomyelitis, and infective endocarditis (1-3). It also limits biofilm formation in vitro and 60 

in vivo to a degree that can be correlated with increased antibiotic susceptibility (2, 4-6). The 61 

effector molecule of the sarA regulatory system is a 15 kDa protein that has been shown to 62 

impact the production of multiple S. aureus virulence factors at a transcriptional level and by 63 

modulating the stability of mRNA (7-12). We have also demonstrated that an important factor 64 

contributing to the reduced virulence of sarA mutants, and their reduced capacity to form a 65 

biofilm, is the increased production of extracellular proteases and resulting decrease in the 66 

accumulation of multiple S. aureus proteins including both surface-associated and extracellular 67 

virulence factors (1, 13-17).  68 

Thus, the sarA regulatory locus impacts both the production and the accumulation of S. 69 

aureus virulence factors, and this collectively makes an important contribution to diverse 70 

phenotypes that contribute to pathogenesis. This makes sarA a potential therapeutic target, and 71 

efforts have been made to exploit sarA in this regard (17-19). However, S. aureus regulatory 72 

circuits are complex and highly interactive (20), and mutation of other S. aureus regulatory loci 73 

within this circuit has also been shown to increase protease production to a degree that limits 74 

biofilm formation (21-25).  75 

Among these other loci is msa (modulator of sarA), mutation of which was originally 76 

reported to limit the expression of sarA and the production of SarA itself (26). The msa gene 77 

was identified in the 8325-4 strain RN6390 by a transposon insertion in the open-reading frame 78 

SA1233 as designated in the N315 genome, but it was subsequently shown to be part of a four-79 

gene operon now designated msaABCR (27). Genes within the msa operon encode a putative 80 

protein (MsaA) with no known function, a DNA binding protein (MsaB) shown to act as a 81 

transcription factor that regulates expression of numerous genes, and genes encoding a 82 
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regulatory RNA (msaC) and an antisense RNA (msaR) complementary to msaB (27). As would 83 

be expected based on the phenotypes of sarA mutants (3, 4, 13, 15, 16, 28) and the role of 84 

msaABCR in enhancing expression of sarA, mutation of msaABCR (hereinafter referred to as 85 

msa) has been correlated with increased protease production and a decreased capacity to form 86 

a biofilm (25, 27, 29).  87 

Mutation of msa was also reported to result in decreased expression of the accessory gene 88 

regulator (agr) in the 8325-4 strain RN6390 but to have the opposite effect in the clinical isolate 89 

UAMS-1 (26). Expression levels of the well-characterized agr-regulated genes encoding alpha 90 

toxin (hla) and protein A (spa) also differed between these two strains, while expression of the 91 

genes encoding aureolysin (aur) and SspA (sspA) were increased in both strains. Differences 92 

between these two strains have also been observed in the phenotype of their isogenic sarA 93 

mutants (30-31). Such reports are not surprising given that RN6390 has a mutation in rsbU that 94 

impacts the sigB regulatory pathway (32), which has also been shown to impact expression of 95 

both agr and sarA as well as protease production (33-34). However, significant differences also 96 

exist among clinical isolates, and to date, such strain-dependent differences have not been 97 

adequately investigated. Thus, the overall impact of msa in divergent clinical isolates, and the 98 

extent to which it is dependent on its interaction with sarA, remains unclear. In this report, we 99 

addressed these issues by generating msa, sarA, and msa/sarA mutants in the methicillin-100 

resistant USA300 strain LAC and the methicillin-sensitive USA200 strain UAMS-1, and 101 

assessed the impact these mutations had on well-defined phenotypes associated with their 102 

isogenic sarA mutants. 103 

RESULTS AND DISCUSSION 104 

Impact of msa on sarA expression. Using an anti-SarA antibody (35), we first assessed 105 

the production of SarA in msa mutants generated in LAC and UAMS-1 by western blot. 106 

Experiments were done using whole cell lysates prepared from equal numbers of CFU 107 

harvested from cultures in the mid-, late-, and post-exponential growth phases. The results were 108 
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comparable in both strains (Fig. 1) and confirmed that mutation of msa results in reduced 109 

production of SarA, particularly during the mid- and late-exponential growth phases. However, 110 

while the differences in the abundance of SarA were in most cases statistically significant, they 111 

were also modest in that the amount of SarA present in lysates prepared from LAC and UAMS-112 

1 msa mutants was consistently >50% of that observed in the isogenic parent strain irrespective 113 

of growth stage. This is consistent with transcriptional analysis, which demonstrated that 114 

mutation of msa results in a modest but statistically significant decrease in the level of sarA 115 

transcript in both LAC and UAMS-1 by comparison to the isogenic parent strain (Table 1). 116 

These studies also confirmed that this transcriptional phenotype could be genetically 117 

complemented. These results are consistent with the hypothesis that msa functions upstream to 118 

modulate the expression of SarA. 119 

Impact of msa on biofilm formation. Thus, the important question becomes whether the 120 

reduction in the amount of SarA observed in msa mutants is phenotypically relevant. One of the 121 

primary phenotypes that defines sarA mutants in divergent clinical isolates, including LAC and 122 

UAMS-1, is the reduced capacity to form a biofilm (36). Using a well-established microtiter plate 123 

assay (28), we confirmed that mutation of msa limits biofilm formation in both LAC and UAMS-1, 124 

but to a limited extent by comparison to the isogenic sarA mutants (Fig. 2). The relative impact 125 

of mutating msa vs. sarA was confirmed by demonstrating that concomitant mutation of both 126 

msa and sarA limited biofilm formation to a level comparable to that observed in the isogenic 127 

sarA mutant and well below that observed in the corresponding msa mutant (Suppl. Fig. 1). 128 

These results are also consistent with the hypothesis that msa is upstream of SarA and the 129 

observation that mutation of msa had only a modest impact on the accumulation of SarA, but 130 

they also suggest that the reduced amount of SarA observed in msa mutants is phenotypically 131 

relevant in the context of biofilm formation.  132 

If this is true, then restoring the production of SarA in an msa mutant should restore biofilm 133 

formation. To investigate this, we introduced the same plasmid (pSARA) used to genetically 134 
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complement the sarA mutation into an msa mutant. Western blot analysis confirmed that the 135 

accumulation of SarA was restored in both LAC and UAMS-1 msa mutants (Fig. 3). Introducing 136 

pSARA also restored biofilm formation in a LAC msa mutant but not in a UAMS-1 msa mutant 137 

(Fig. 2). The reasons for this strain-dependent difference are unclear, but these results suggest 138 

that msa limits biofilm formation in UAMS-1 owing to a sarA-independent regulatory effect. 139 

Impact of msa on protease production. To investigate the mechanistic basis for these 140 

biofilm phenotypes, we examined the relative impact of mutating sarA and msa on the 141 

production of extracellular proteases. This was based on our previous demonstration that the 142 

increased production of extracellular proteases plays a key role in defining the biofilm-deficient 143 

phenotype of S. aureus sarA mutants (1). In LAC, mutation of msa resulted in a statistically 144 

significant increase in overall protease activity as assessed using both casein- and gelatin-145 

based FRET assays, although the impact was more evident in the casein-based assay than the 146 

gelatin-based assay (Fig. 4). This was not true in a LAC sarA mutant, where the impact of 147 

mutating sarA on protease production was readily evident in both assays (Fig. 4). Additionally, 148 

restoring SarA production in a LAC msa mutant decreased protease production, in the case of 149 

the casein-based assay to wild-type levels. As might be expected based on the relative 150 

sensitivity of the two assays, this was most evident when assessed using the casein-based 151 

assay. However, mutation of msa in UAMS-1 did not have a significant impact on overall 152 

protease activity as assessed using either casein- or gelatin-based FRET assays (Fig. 4). As in 153 

LAC, mutation of sarA in UAMS-1 resulted in a statistically-significant increase in protease 154 

production in both protease assays. These results are also consistent with the hypothesis that 155 

the impact of mutating msa on biofilm formation in UAMS-1 occurs via a sarA-independent 156 

regulatory effect. 157 

This strain-dependent difference was also apparent in assays employing gfp transcriptional 158 

reporter constructs generated with the promoters from each of the genes and/or operons 159 

encoding S. aureus extracellular proteases (aur, splA-F, sspABC and scpAB). Specifically, 160 
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expression levels from all four reporters were significantly increased in a LAC msa mutant, but 161 

not to the level observed in the isogenic sarA mutant (Fig. 5). In contrast, fluorescence was not 162 

increased to a significant extent in a UAMS-1 msa mutant with any reporter other than the 163 

scp::gfp, and even then, the increase was modest by comparison to fluorescence levels 164 

observed with the same reporter in the LAC msa mutant and with all four reporters in the 165 

UAMS-1 sarA mutant (Fig. 5). These results suggest that the strain-dependent impact of msa on 166 

protease production is mediated at a transcriptional level.  167 

These results also suggest the possibility of a cause-and-effect relationship between 168 

increased protease production and decreased biofilm formation in a LAC msa mutant. Indeed, 169 

there was an inverse and proportional relationship between protease production and biofilm 170 

formation in LAC and its isogenic sarA, msa, and sarA/msa mutants (Suppl. Fig. 2). However, 171 

this inverse relationship was not apparent in a UAMS-1 msa mutant. Mutation of msa in LAC 172 

also resulted in the decreased accumulation of both Hla and extracellular protein A (eSpa) (Fig. 173 

6). In contrast, in UAMS-1, which does not produce Hla, the accumulation of eSpa was greatly 174 

reduced in a sarA mutant, but not in the isogenic msa mutant. The reduced accumulation of 175 

eSpa observed in a LAC msa mutant was reversed by eliminating the production of extracellular 176 

proteases, while in a UAMS-1 msa mutant, the abundance of eSpa was not affected by the 177 

inability to produce these proteases (Fig. 6).  178 

These results demonstrate that mutating msa results in a significant increase in protease 179 

production in LAC but not in UAMS-1. SDS-PAGE analysis of conditioned medium (CM) from 180 

overnight cultures confirmed the decreased accumulation of high molecular weight (HMW) 181 

proteins in a LAC msa mutant, and that this was reversed by eliminating the production of 182 

extracellular proteases (Fig. 7). As would be expected based on the results discussed above, 183 

this effect was not apparent in a UAMS-1 msa mutant. In contrast, mutation of sarA limited the 184 

accumulation of HMW proteins in CM in both LAC and UAMS-1, and in both cases this was 185 

reversed by eliminating the ability of these mutants to produce extracellular proteases (Fig. 7). 186 
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Impact of msa on PIA production. To examine other possibilities, we assessed the 187 

production of the polysaccharide intracellular adhesion (PIA) in msa and sarA mutants. PIA is 188 

known to contribute to biofilm formation, and it has been suggested that it plays a particularly 189 

important role in methicillin-sensitive strains like UAMS-1 (37). However, we were unable to 190 

detect PIA above background levels in LAC, UAMS-1, or their isogenic sarA and msa mutants 191 

(Suppl. Fig. 3). 192 

Impact of msa on extracellular nuclease. Extracellular DNA and the production of 193 

extracellular nucleases have also been implicated in biofilm formation in both methicillin-194 

resistant and methicillin-sensitive strains (38). S. aureus produces at least two nucleases, one 195 

of which (Nuc1) is a secreted extracellular protein while the other (Nuc2) remains bound to the 196 

cell surface (39). Mutation of sarA in UAMS-1 has been shown to result in the increased 197 

production of these nucleases, and at least under in vitro conditions, this has been shown to 198 

limit biofilm formation (40). Based on this, we examined the impact of mutating msa on nuclease 199 

production with a specific focus on the Nuc1 extracellular nuclease. This was facilitated by the 200 

availability of an anti-Nuc1 antibody (16), which allowed us to investigate this issue using 201 

western blots of CM harvested from overnight cultures of each strain. It is important to recognize 202 

that Nuc1 is produced in two forms, the smaller of which (NucA) is proteolytically derived from 203 

the larger (NucB), and both of which are enzymatically active (41).  204 

Relative to the parent strain, Nuc1 was present in increased amounts in a UAMS-1 sarA 205 

mutant, and all of the Nuc1 present that could be detected by western blot was present in the 206 

smaller NucA form (Fig. 8). This suggests that the increased production of extracellular 207 

proteases in a UAMS-1 sarA mutant can be correlated with the absence of NucB. This was 208 

confirmed in western blots with CM from a sarA mutant unable to produce these proteases, in 209 

which case all of the Nuc1 detected was in the NucB form. Moreover, the overall abundance of 210 

Nuc1 was increased in the protease-deficient UAMS-1 sarA mutant by comparison to the sarA 211 

mutant (Fig. 8). The abundance of Nuc1 was also increased in a UAMS-1 msa mutant, and in 212 
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this case both NucA and NucB were detectable by western blot. While the overall amount of 213 

Nuc1 was not increased in a protease-deficient UAMS-1 msa mutant, all of the Nuc1 present 214 

was in the larger NucB form. This could be interpreted to suggest that mutation of msa does 215 

result in an increase in protease production in UAMS-1 that is phenotypically apparent, but we 216 

believe this would be an over-interpretation in that, unlike the isogenic protease-deficient sarA 217 

mutant, the amount of Nuc1 did not increase appreciably in the UAMS-1 protease-deficient msa 218 

mutant (Fig. 8). 219 

The increased abundance of Nuc1 observed in a UAMS-1 sarA mutant was not apparent in 220 

a LAC sarA mutant, but it was apparent in the isogenic msa mutant (Fig. 8). Unlike the UAMS-1 221 

msa mutant, all of the Nuc1 detectable by western blot in the LAC msa mutant was present in 222 

the smaller NucA form. This is consistent with the observation that mutating msa had a 223 

significant impact on protease production in LAC but not in UAMS-1. As with the UAMS-1 224 

protease-deficient sarA and msa mutants, only NucB could be detected in CM from the 225 

protease-deficient LAC sarA and msa mutants (Fig. 8). As with a UAMS-1 msa mutant, 226 

eliminating protease production in a LAC msa mutant limited proteolytic processing of Nuc1, but 227 

did not appreciably alter the overall amount. In contrast, the abundance of NucB was also 228 

enhanced in a protease-deficient LAC sarA mutant by comparison to the isogenic sarA mutant 229 

itself. These results demonstrate that the production of Nuc1 is increased in LAC and UAMS-1 230 

sarA and msa mutants. They also indicate that the abundance of Nuc1 is limited by increased 231 

protease production in sarA mutants generated in both strains, but that this is not the case even 232 

in a LAC msa mutants. However, the impact of msa on protease production was still evident in a 233 

LAC msa mutant in that all of the Nuc1 present was present in the smaller NucA form (Fig. 8). 234 

Impact of protease and nuclease production on biofilm formation. Given these 235 

overlapping protease and nuclease phenotypes, we directly examined the impact of eliminating 236 

the production of extracellular proteases or Nuc1 on the biofilm-deficient phenotype of LAC and 237 

UAMS-1 sarA and msa mutants. In both strains, eliminating the ability to produce extracellular 238 
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proteases enhanced biofilm formation in both sarA and msa mutants to levels comparable to 239 

those observed in the isogenic parent strain (Fig. 9). This could be interpreted to suggest that 240 

the increased production of extracellular proteases limits biofilm formation in msa mutants, even 241 

in UAMS-1. However, it is important to note that eliminating protease production also enhanced 242 

biofilm formation in UAMS-1 itself to a greater extent than in LAC (Fig. 9). In fact, the increase in 243 

biofilm formation observed in a protease-deficient derivative of UAMS-1 was comparable to that 244 

observed in the UAMS-1 msa mutant, and this was not the case in the same derivatives of LAC. 245 

Thus, we believe these results are also consistent with the conclusion that the increased 246 

production of extracellular protease production limits biofilm formation in a LAC msa mutant but 247 

not in a UAMS-1 msa mutant. 248 

Biofilm formation was also enhanced in LAC and UAMS-1 msa mutants unable to produce 249 

Nuc1, but once again, these results must be interpreted with caution because eliminating the 250 

production of Nuc1 also enhanced biofilm formation in the LAC and UAMS-1 parent strains (Fig. 251 

9). As with protease production, the increase in biofilm formation observed in the nuclease-252 

deficient UAMS-1 msa mutant was less than that observed in the nuclease-deficient LAC msa 253 

mutant, and this was reflected in the relative impact of eliminating Nuc1 production on biofilm 254 

formation (Fig. 9). In contrast, eliminating the production of Nuc1 did have a significant impact 255 

on biofilm formation in a UAMS-1 sarA mutant, but not in a LAC sarA mutant (Fig. 9). This is 256 

consistent with the observation that mutation of msa resulted in an increase in the abundance of 257 

Nuc1 in a UAMS-1 sarA mutant but not in a LAC sarA mutant, although as previously discussed 258 

protease production was shown to limit the abundance and processing of Nuc1 in sarA mutants 259 

generated in both strains. 260 

Impact of msa on staphyloxanthin production. All of the results discussed above are 261 

consistent with a model in which msa functions upstream to enhance the production of SarA, 262 

but also demonstrate that the impact of mutating msa on sarA-associated phenotypes is strain 263 

dependent. There are also reports that mutation of msa in LAC has also been implicated in 264 
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phenotypes that have not been previously associated with sarA. One of these is that mutation of 265 

msa in LAC has been reported to result in the reduced production of staphyloxanthin (27), which 266 

has been implicated as an important virulence factor in S. aureus (42). We examined this in 267 

LAC and UAMS-1 sarA and msa mutants, and the results confirmed that mutation of msa in 268 

LAC results in a statistically significant reduction in the production of staphyloxanthin (Fig. 10) 269 

and consequently reduced pigmentation of colonies on agar plates (data not shown). 270 

Importantly, unlike the relative impact of mutating sarA and msa on biofilm formation and 271 

protease production, the impact of mutating msa exceeded that of mutating sarA in this regard, 272 

thus suggesting that the impact of mutating msa on staphyloxanthin production is primarily 273 

independent of its impact on sarA. In UAMS-1 the results of these assays provided an even 274 

more striking contrast. Specifically, staphyloxanthin production was increased in a UAMS-1 sarA 275 

mutant but decreased in the isogenic msa mutant (Fig. 10). Although the decrease observed in 276 

a UAMS-1 msa mutant was not statistically significant, this contrast nevertheless makes it 277 

evident that the impact of mutating msa on staphyloxanthin production in UAMS-1 is 278 

independent of its impact on sarA.  279 

Impact of msa in osteomyelitis. The results discussed above provide insight into the 280 

impact of msa on sarA-associated phenotypes in divergent clinical isolates of S. aureus. 281 

However, they also suggest, specifically with respect to our staphyloxanthin assays, that msa 282 

serves regulatory functions that are independent of its impact on sarA. Moreover, all of these 283 

results are based on in vitro assays that do not necessarily reflect the unique microenvironment 284 

of the bone. Thus, we wanted to directly assess the relative contribution of msa and sarA to 285 

virulence in our murine osteomyelitis model (3, 43). As previously reported (3), mutation of sarA 286 

limited virulence in both strains as assessed based on reactive bone formation and cortical bone 287 

destruction, although in this experiment the reduction in cortical bone destruction observed with 288 

the UAMS-1 sarA mutant did not reach statistical significance (Fig. 11). By comparison, 289 

mutation of msa had only a modest impact on virulence in LAC, particularly in the context of 290 
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cortical bone destruction, and it had no significant impact in UAMS-1 in either reactive bone 291 

formation or cortical bone destruction. 292 

CONCLUSIONS 293 

Most reports describing the impact of S. aureus regulatory loci on clinically relevant 294 

phenotypes, including virulence, are based on examination of single loci in a single strain, and 295 

this makes it difficult to reach conclusions regarding the relative potential of different regulatory 296 

loci as therapeutic targets. We have attempted to address this by directly comparing different 297 

regulatory mutants generated in divergent clinical isolates of S. aureus using both in vitro and in 298 

vivo assays (3, 4, 44). The results of these studies have led us to focus on sarA and to 299 

hypothesize that a primary factor contributing to the impact of mutating sarA on virulence and 300 

virulence-associated phenotypes is the increased production of extracellular proteases and the 301 

limitation this imposes on the accumulation of both surface-associated and extracellular 302 

virulence factors (1,16). To date, we have not included the msaABCR operon in these studies, 303 

and it is important to do so given that msa has been shown to function upstream of sarA and to 304 

impact sarA-associated phenotypes including biofilm formation and protease production (25-27, 305 

29). This raises the possibility that msa could also be a viable therapeutic target. Experimentally 306 

addressing this possibility was the focus of the experiments we report. However, the results we 307 

report lead us to conclude that this is not the case for two reasons. First, even in the genetically 308 

and phenotypically divergent clinical isolates LAC and UAMS-1, the impact of mutating msa on 309 

biofilm formation and virulence in our osteomyelitis model is limited by comparison to that of 310 

mutating sarA. Second, the relative impact of mutating msa differed between these two strains 311 

with respect to both of these phenotypes. This emphasizes the need for direct comparative 312 

studies like those we report, particularly given the complexity of S. aureus regulatory circuits 313 

and the diversity among S. aureus strains as represented by the USA300 isolate LAC and the 314 

USA200 strain UAMS-1.  315 

MATERIALS AND METHODS 316 
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Bacterial strains and growth conditions. The strains used in these experiments are 317 

summarized in Tables 1 and 2. LAC and UAMS-1 mutants produced during the course of this 318 

work were generated by Φ11-mediated transduction from existing mutants (1, 4, 13, 15, 27, 34, 319 

44-53). Protease reporter plasmids were also introduced into the designated mutants by Φ11-320 

mediated transduction (23). All strains were maintained at −80°C in tryptic soy broth (TSB) 321 

containing 25% (v/v) glycerol. For each experiment, strains under study were retrieved from cold 322 

storage by plating on tryptic soy agar (TSA) with appropriate antibiotic selection. Antibiotics 323 

were incorporated into the culture media as appropriate at the following concentrations: 324 

chloramphenicol, 10 μg ml-1; kanamycin, 50 μg ml-1; and neomycin, 50 μg ml-1; erythromycin, 10 325 

μg ml-1; spectinomycin, 1 mg ml-1; or tetracycline 5 μg ml-1. Kanamycin and neomycin were 326 

always used together to avoid selection of spontaneously resistant strains.  327 

Preparation of S. aureus conditioned media. To prepare conditioned medium (CM), 328 

cultures of each strain were grown overnight (16 hr) in TSB at 37oC with constant shaking. The 329 

optical density at 560 nm (OD560) of each culture was determined and fresh TSB added to 330 

standardize each culture to an equivalent optical density. Cells were then removed by 331 

centrifugation and CM prepared by filter-sterilization. Samples were stored at -80oC until used. 332 

Preparation of whole-cell lysates. Whole cell lysates were prepared as previously 333 

described with minor modification (45). Briefly, strains were cultured at 37oC in TSB with 334 

constant shaking and a medium-to-flask ratio of 0.5. Bacterial cells from a volume of each 335 

culture calculated to obtain an equivalent number of cells were harvested by centrifugation at an 336 

OD560 of approximately 1.5, 4.0, and 10.0, which correspond to the mid‐exponential, late‐337 

exponential, and post‐exponential growth phases, respectively. Cells were washed with sterile 338 

phosphate-buffered saline (PBS) and re-suspended in 750 μl of TEG buffer (25 mM Tris‐HCl, 339 

pH 8.0, 25 mM EGTA). Cell suspensions were stored at -20oC until all samples had been 340 

collected, at which point samples were thawed on ice, transferred to Fastprep Lysing Matrix B 341 

tubes, and lysed in a FastPrep®-24 benchtop homogenizer (MP Biomedicals) using two 40 sec 342 
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intervals at a rate of 6.0 m/sec interrupted by a 5 min interval in which the homogenates were 343 

chilled on ice. After centrifugation at 15,000 x g for 10 min at 4oC, supernatants were harvested 344 

and stored at -80oC. 345 

Western blotting. SarA western blots were done with an anti-SarA antibody and 346 

appropriate secondary antibodies as previously described (1, 15, 16). Western blots included at 347 

least two biological replicates. Densitometric values were obtained with a Bio-Rad 348 

ChemiDocMP Imaging System and Image Lab Software (Bio-Rad Laboratories). 349 

RNA isolation and real-time qPCR. Overnight cultures of S. aureus were diluted 1:10 350 

times in fresh TSB and incubated at 37°C with shaking (200 rpm) for 2 hr. The cells were then 351 

normalized to an OD600 of 0.05 in 25 ml TSB in 125 ml conical flask and incubated at 37°C with 352 

shaking (200 rpm). The cells were collected at mid-exponential growth phase. Total RNA was 353 

isolated from cells using a Qiagen RNeasy Maxi column (Qiagen), as previously described (27). 354 

The quality of total RNA was determined by Nanodrop spectrometer readings and 1 μg RNA 355 

was used to synthesize cDNA using iScript™ Reverse Transcription Supermix for RT-qPCR 356 

(Biorad). RT-qPCR was done using iTaq™ Universal SYBR® Green Supermix (Biorad) as 357 

described previously (27). The constitutively expressed gyrase A (gyrA) gene was used as an 358 

endogenous control gene and was included in all experiments. The following primer sequences 359 

were used to measure sarA expression: RT-sarA-F TTTGCTTCAGTGATTCGTTTATTTACTC 360 

and RT-sarA-R GTAATGAGCATGATGAAAGAACTGTATT. Analysis of expression of each 361 

gene was done based on at least three biological replicates. 362 

Static in vitro biofilm assay. Biofilm formation was assessed in vitro using a microtiter 363 

plate assay as previously described (28). Briefly, sterile 96-well microtiter plates were coated 364 

with 100 μl of 20% carbonate/bicarbonate–reconstituted human plasma (Sigma) and incubated 365 

overnight at 4oC. Bacterial cultures were grown overnight in TSB supplemented with 3% sodium 366 

chloride and 0.5% glucose (biofilm medium, BFM) at 37°C. Cultures were standardized to an 367 

OD560 = 0.05 in fresh BFM. Plasma was gently aspirated, and the microtiter plate inoculated with 368 
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200 μl of standardized culture per well. The plate was incubated statically overnight at 37°C. 369 

Wells were gently washed three times with 200 μl PBS, fixed with 200 μl 100% EtOH, stained 370 

with 200 μl Gram’s crystal violet, and finally washed three times with 250 μl PBS. The stain was 371 

eluted with 100 μl 100% EtOH for 10 min, the eluent diluted into a new 96-well plate, and the 372 

absorbance was measured at 595 nm with a FLUOstar Omega microplate reader (BMG 373 

Labtech). 374 

Total protease activity. Total protease activity of CM was assessed using the FRET-375 

based Protease Fluorescent Detection Kit (Sigma) and the EnzChek® Gelatinase/Collagenase 376 

Assay Kit (ThermoFisher Scientific), both according to the manufacturer instructions.  377 

Protease reporter assay. Stains carrying each protease reporter (pCM13, pCM15, 378 

pCM16, or pCM35) were cultured in TSB overnight as detailed above. Cultures were then 379 

standardized to an OD560 of 10.0. 200 μl of each standardized culture was then aliquoted in 380 

triplicate into a black clear-bottomed 96-well plate and the mean fluorescence intensity (MFI) 381 

measured with a FLUOstar Omega microplate reader (excitation: 485 nm, emission: 520 nm) 382 

(BMG Labtech).  383 

PIA immunoblot. Production of the polysaccharide intercellular adhesion (PIA) was 384 

assessed as previously described with minor modifications (44). Specifically, cultures were 385 

grown overnight in BFM. After standardization to OD560 of 5.0, cells were harvested by 386 

centrifugation and re-suspended in 60 μl 0.5 M EDTA. Cell suspensions were boiled for 5 min 387 

followed by centrifugation (14,000 x g for 2 min). 40 μl of the supernatant was then incubated for 388 

30 min at 48oC with 1 μl proteinase K (10 mg/ml) at 48°C. 20 μl of Tris-buffered saline (20 mM 389 

Tris-HCl, 150 mM NaCl [pH 7.4]) was added to each sample, which was then stored at −20°C. 390 

For analysis, 2 μl of each sample was spotted directly to a dry nitrocellulose membrane and PIA 391 

detected using an anti-PIA antibody as previously described (44). 392 

Characterization of exoprotein profiles. Exoprotein profiles were examined as previously 393 

described (1). CM harvested as described above was resolved by SDS-PAGE using 4-12% 394 
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gradient Novex Bis-Tris Plus gels (Life Technologies). Proteins were visualized by staining with 395 

SimplyBlueTM SafeStain (Life Technologies). Images were obtained using a Bio-Rad 396 

ChemiDocMP Imaging System (Bio-Rad Laboratories).  397 

Staphyloxanthin production. The relative production of staphyloxanthin was assessed 398 

using bacterial cells harvested from overnight cultures as previously described (27). Briefly, cells 399 

were harvested and standardized to an OD560 = 10.0 and washed twice with sterile water. Cells 400 

were then re-suspended in 1.0 ml of 100% methanol and heated at 55°C for 5 min with 401 

occasional vortexing. The cells were removed by centrifugation at 15,000 × g for 1 min and 100 402 

μl of supernatant into a 96-well microtiter plate in triplicate. Absorbance values were read on a 403 

FLUOstar Omega microplate reader (BMG Labtech) at a 465 nm and background corrected with 404 

a methanol blank. 405 

Murine model of post-traumatic osteomyelitis. The murine model of acute posttraumatic 406 

osteomyelitis model was performed as previously described (43). Prior to surgery, 8-10 week 407 

old C57BL/6 mice received 2.0 mg/kg of body weight meloxicam via subcutaneous injection and 408 

were then anesthetized with isoflurane for the duration of the surgery. For each mouse, an 409 

incision was made above the right hind limb. The periosteum was pulled apart with forceps and 410 

using a 21-gauge Precision Glide needle (Becton Dickinson), a 1-mm uni-cortical bone defect 411 

was made at the lateral mid-shaft of the femur. A bacterial inoculum of 1 × 106 CFU in 2 μl of 412 

PBS was delivered into the intramedullary canal. The periosteum and skin were then closed 413 

with sutures, and the mice were allowed to recover from anesthesia. Infection was allowed to 414 

proceed for 14 days thereafter, at which time the mice were euthanized and the right femur was 415 

removed and subjected to micro-computed tomography (micro-CT) analysis. All experiments 416 

involving animals were reviewed and approved by the Institutional Animal Care and Use 417 

Committee of the University of Arkansas for Medical Sciences and were performed according to 418 

NIH guidelines, the Animal Welfare Act, and U.S. federal law. 419 
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Micro-computed tomography. The analysis of cortical bone destruction and new bone 420 

formation was performed using micro-CT imaging with a Skyscan 1174 micro-CT (Bruker), and 421 

scans were analyzed using the manufacturer's analytical software. Briefly, axial images of each 422 

femur were acquired at a resolution of 6.7 μm at 50 kV and 800 μA through a 0.25-mm 423 

aluminum filter. Bones were visualized using a scout scan and then scanned in three sections 424 

as an oversize scan to image the entire femoral length. The volume of cortical bone was 425 

isolated in a semi-automated process per the manufacturer's instruction. Briefly, cortical bone 426 

was isolated from soft tissue and the background by global thresholding (low threshold, 89; high 427 

threshold, 255). The processes of opening, closing, dilation, erosion, and de-speckling were 428 

configured using the bones from sham-treated controls to separate the new bone from the 429 

existing cortical bone, and a task list was created to apply the same process and values to all 430 

bones in the data set. After processing of the bones using the task list, the volume of interest 431 

(VOI) was corrected by drawing inclusive or exclusive contours on the periosteal surface. 432 

Cortical bone destruction analysis consisted of approximately 1,800 slices between anatomical 433 

landmarks at opposing ends of the femur. Destruction was determined by subtraction of the 434 

volume of infected bones from the average bone volume from sham-treated controls. Reactive 435 

new bone formation was assessed by first isolating the region of interest (ROI) that contained 436 

only the original cortical bone (as described above). After cortical bone isolation, the new bone 437 

volume was determined by subtraction of the cortical bone volume from the total bone volume. 438 

All calculations were performed on the basis of direct voxel counts. 439 

Statistical analysis. To allow for statistical comparison across biological and experimental 440 

replicates, the results obtained for each experimental replicate with each strain were averaged 441 

across all biological replicates. For densitometric analyses of western blots, protease assays, 442 

biofilm assays and pigmentation assays, results observed with the isogenic wild-type strain 443 

were set to 1.0, and these averages were then plotted relative to the results observed with this 444 

strain. For protease reporter assays and µCT analysis, absolute values were plotted for all 445 
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replicates obtained with each strain. Analysis of variance (ANOVA) models with Dunnett’s post-446 

test adjustment was used to assess statistical significance. P-values ≤ 0.05 were considered to 447 

be statistically significant. Statistical analyses were performed using the statistical programming 448 

language R version 3.3.3 (Vienna, Austria), SAS 9.4 (Cary, NC) and GraphPad Prism 5.0 (La 449 

Jolla, CA). 450 
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 636 

 637 

FIGURE LEGENDS 638 

Fig. 1. Impact of msa on the accumulation of SarA. SarA accumulation was 639 

assessed by western blot of whole cell lysates prepared from mid-, late- or post-640 

exponential phase cultures of LAC, UAMS-1 (U1), and their isogenic msa and sarA 641 

mutants. Bar charts illustrate densitometry based on two biological replicates. 642 

Densitometry results from samples prepared from each parent strain using cells 643 

obtained at each growth phase were standardized to OD
560

 = 10. Error bars indicate 644 

standard error of the mean. Single asterisk indicates statistical significance relative to 645 
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the isogenic parent strain. Double asterisks indicate statistical significance relative to 646 

the isogenic sarA mutant.  647 

 648 

Fig. 2. Impact of msa and sarA on biofilm formation. Biofilm formation was assessed 649 

with the LAC, UAMS-1, their sarA and msa mutants, as well as mutants complemented 650 

with sarA (S) or msa (M). Bar chart represents cumulative results from at least two 651 

biological replicates, each of which included five experimental replicates. Error bars 652 

indicate standard error of the mean. Single asterisk indicates statistical significance 653 

relative to the isogenic parent strain. Double asterisks indicate statistical significance 654 

relative to the isogenic sarA mutant.  655 

 656 

Fig. 3. SarA accumulation in sarA- and msa-complemented mutants. SarA 657 

accumulation was assessed by western blot of whole cell lysates prepared from mid-658 

exponential phase cultures of LAC, UAMS-1, their sarA and msa mutants, as well as 659 

mutants complemented with sarA (S) or msa (M). Bar charts illustrate densitometry 660 

based on at least two experimental replicates. Densitometry was performed using 661 

samples prepared from cells obtained at mid-exponential growth phase (standardized to 662 

OD560 = 1.5). Error bars indicate standard error of the mean. Single asterisk indicates 663 

statistical significance relative to the isogenic parent strain. Double asterisks indicate 664 

statistical significance relative to the isogenic sarA mutant. 665 

 666 

Fig. 4. Impact of msa and sarA on protease production. Protease activity in 667 

conditioned medium (CM) was assessed with LAC, UAMS-1, their sarA and msa 668 

mutants, as well as mutants complemented with sarA (S) or msa (M). Protease activity 669 
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was assessed using a FITC-casein cleavage hydrolysis assay (left) and an FITC-gelatin 670 

cleavage hydrolysis assay (right). Results are reported as mean fluorescence values 671 

(MFI) ± the standard error of the mean. Bar charts are representative of results from at 672 

least two biological replicates, each of which included three experimental replicates. 673 

Error bars indicate standard error of the mean. Single asterisk indicates statistical 674 

significance relative to the isogenic parent strain. Double asterisks indicate statistical 675 

significance relative to the isogenic sarA mutant.  676 

 677 

Fig. 5. Impact of msa and sarA on protease gene expression. Reporter constructs 678 

were generated using the promoters from each of the four genes/operons encoding 679 

extracellular proteases and the gene encoding green fluorescent protein (gfp). Each 680 

construct was introduced into LAC, UAMS-1, and their isogenic sarA and msa mutants. 681 

Mean fluorescence intensity (MFI) was assessed after overnight cultures were 682 

standardized to an OD
560

 = 10. Bars represent average MFI ± standard error of the 683 

mean from each of two independent biological replicates, each of which included three 684 

experimental replicates. Statistical analysis was done independently for each strain and 685 

each reporter. Single asterisk indicates statistical significance compared to the isogenic 686 

parent strain. Double asterisk indicate statistical significance compared to the isogenic 687 

sarA mutant.  688 

 689 

Fig. 6. Impact of extracellular proteases on accumulation of specific proteins. The 690 

abundance of alpha toxin (Hla) and extracellular protein A (eSpa) was assessed by 691 

western blot of CM obtained from stationary phase cultures of LAC and UAMS-1, their 692 

sarA and msa mutants, and isogenic derivatives of each strain unable to produce 693 
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extracellular proteases (prot). Purified Spa and Hla was included as positive controls. 694 

CM from LAC spa and hla mutants were included as negative controls. 695 

 696 

Fig. 7. Impact of sarA and msa on accumulation of extracellular proteins. 697 

Extracellular protein profiles were assessed by SDS-PAGE analysis of CM obtained 698 

from stationary phase cultures of LAC, UAMS-1, their sarA and msa mutants, and 699 

isogenic derivatives of each strain unable to produce extracellular proteases (prot).  700 

 701 

Fig. 8. Impact of proteases on Nuc1 production and processing in sarA and msa 702 

mutants. The amount of extracellular nuclease was assessed by western blot using CM 703 

from LAC, UAMS-1, their isogenic sarA and msa mutants, sarA (S) or msa (M) 704 

complemented variants, and isogenic derivatives of regulatory mutants unable to 705 

produce extracellular proteases (prot). A UAMS-1 nuc1 (nuc) mutant was included as a 706 

negative control in both blots. 707 

 708 

Fig. 9. Impact of extracellular proteases and nucleases on biofilm formation in 709 

msa and sarA mutants. Biofilm formation was assessed with LAC, UAMS-1, their sarA 710 

and msa mutants, and isogenic derivatives of each strain unable to produce either 711 

extracellular proteases (prot, top) or the extracellular nuclease Nuc1 (nuc, bottom). Bar 712 

chart indicates cumulative results from at least two biological replicates, each of which 713 

included five experimental replicates. Error bars indicate standard error of the mean. 714 

Single asterisk indicates statistical significance relative to the isogenic parent strain. 715 

Double asterisks indicate statistical significance relative to the isogenic sarA mutant. 716 

Triple asterisks indicate statistical significance relative to the isogenic msa mutant.  717 
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 718 

Fig. 10. Staphyloxanthin production in sarA and msa mutants. Pigment was 719 

extracted from standardized samples of bacteria grown to stationary phase and 720 

measured at an absorbance of 465 nm. Bar charts represent cumulative results from at 721 

least four biological replicates, each of which included three experimental replicates. 722 

Error bars indicate standard error of the mean. Single asterisk indicates statistical 723 

significance relative to the isogenic parent strain. Double asterisks indicate values that 724 

are statistically significant relative to the isogenic sarA mutants. 725 

 726 

Fig. 11. Impact of sarA and msa on the virulence of LAC and UAMS-1 in an 727 

osteomyelitis model. Images were analyzed for cortical bone destruction and reactive 728 

(new) bone formation in C57BL/6 mice infected with LAC, UAMS-1, or their isogenic 729 

sarA and msa mutants. Values are presented as volumes relative to mock-infected mice 730 

which underwent the surgical procedure but were injected only with sterile PBS. At least 731 

ten mice were analyzed for each mutant or respective parent strain. Single asterisk 732 

indicates statistical significance relative to the isogenic parent strain. Double asterisks 733 

indicate statistical significance relative to the isogenic sarA mutant. 734 

 735 

TABLE 1. sarA expression at mid-exponential growth phase 736 

Strain Expression compared to WT 

LAC ΔmsaABCR 0.493   0.01 

LAC ΔmsaABCR, pCN34::msaABCR 0.984   0.0168 

UAMS-1 ΔmsaABCR 0.753  0.016 

UAMS-1 ΔmsaABCR, pCN34::msaABCR 0.875  0.019 

 737 

TABLE 2. LAC S. aureus strains used in this study. 738 
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  739 

a

 Variant of the clinical isolate LAC which has been cured of the erythromycin resistance 740 

plasmid as previously described (1). 741 

 742 

Table 3. UAMS-1 S. aureus strains used in this study. 743 

Strain Genotype References 

UAMS-2279a Wild type 1 

UAMS-2294 sarA::kan/neo 1 

UAMS-4001 sarA::kan/neo, pSARA 1 

UAMS-4520 ΔmsaABCR 27 

UAMS-4521 ΔmsaABCR, pCN34::msaABCR 27 

UAMS-4601 ΔmsaABCR, pSARA This work 

UAMS-4545 ΔmsaABCR, sarA::kan/neo This work 

UAMS-4222 Wild type, pCM13 (aur::sgfp) 23 

UAMS-4223 sarA::kan/neo, pCM13 (aur::sgfp) This work 

UAMS-4537 ΔmsaABCR, pCM13 (aur::sgfp) This work 

UAMS-4226 Wild type, pCM15 (spl::sgfp) 23 

UAMS-4227 sarA::kan/neo, pCM15 (spl::sgfp) This work 

UAMS-4538 ΔmsaABCR, pCM15 (spl::sgfp) This work 

UAMS-4230 Wild type, pCM16 (ssp::sgfp) 23 

UAMS-4231 sarA::kan/neo, pCM16 (ssp::sgfp) This work 

UAMS-4539 ΔmsaABCR, pCM16 (ssp::sgfp) This work 

UAMS-4234 Wild type, pCM35 (scp::sgfp) 23 

UAMS-4235 sarA::kan/neo, pCM35 (scp::sgfp) This work 

UAMS-4446 spa::erm 34 

UAMS-4552 hla::erm 52 

UAMS-4540 ΔmsaABCR, pCM35 (scp::sgfp) This work 

UAMS-3001 Δaur, ΔsspAB, ΔscpA, spl::erm 47 

UAMS-3002 sarA::kan/neo, Δaur, ΔsspAB, ΔscpA, spl::erm 1 

UAMS-4557 ΔmsaABCR; Δaur, ΔsspAB, ΔscpA, spl::erm This work 

UAMS-2280 nuc::ltrB 41 

UAMS-2295 sarA::kan/neo, nuc::ltrB This work 

UAMS-4582 ΔmsaABCR, nuc::ltrB This work 

Strain Genotype References 
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  744 

UAMS-1 Wild type 48 

UAMS-929 sarA::kan/neo 30 

UAMS-969 sarA::kan/neo, pSARA::cat 30 

UAMS-4499 ΔmsaABCR 46 

UAMS-4500 ΔmsaABCR, pCN34::msaABCR 46 

UAMS-4603 ΔmsaABCR, pSARA This work 

UAMS-4549 ΔmsaABCR; sarA::kan/neo  This work 

UAMS-4220 Wild type, pCM13 (aur::sgfp) This work 

UAMS-4221 sarA::kan/neo, pCM13 (aur::sgfp) This work 

UAMS-4541 ΔmsaABCR, pCM13 (aur::sgfp) This work 

UAMS-4224 Wild type, pCM15 (spl::sgfp) This work 

UAMS-4225 sarA::kan/neo, pCM15 (spl::sgfp) This work 

UAMS-4542 ΔmsaABCR, pCM15 (spl::sgfp) This work 

UAMS-4228 Wild type, pCM16 (ssp::sgfp) This work 

UAMS-4229 sarA::kan/neo, pCM16 (ssp::sgfp) This work 

UAMS-4543 ΔmsaABCR, pCM16 (ssp::sgfp) This work 

UAMS-4232 Wild type, pCM35 (scp::sgfp) This work 

UAMS-4233 sarA::kan/neo, pCM35 (scp::sgfp) This work 

UAMS-4544 ΔmsaABCR, pCM35 (scp::sgfp) This work 

UAMS-321 ica::tet 49 

UAMS-1624 codY::ermC 50 

UAMS-4412 xerC::erm 51 

UAMS-1471 Δnuc 13 

UAMS-1477 sarA::kan/neo, Δnuc 13 

UAMS-4556 ΔmsaABCR, Δnuc This work 

UAMS-4574 Δaur, ΔsspAB, scpA::tet This work 

UAMS-4578 sarA::kan/neo, Δaur, ΔsspAB, scpA::tet This work 

UAMS-4583 ΔmsaABCR, Δaur, ΔsspAB, scpA::tet This work 
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ABSTRACT: Biofilm-associated implant-related bone and joint infections are clinically important due to the extensive morbidity, cost of
care and socioeconomic burden that they cause. Research in the field of biofilms has expanded in the past two decades, however, there
is still an immense knowledge gap related to many clinical challenges of these biofilm-associated infections. This subject was assigned
to the Biofilm Workgroup during the second International Consensus Meeting on Musculoskeletal Infection held in Philadelphia USA
(ICM 2018) (https://icmphilly.com). The main objective of the Biofilm Workgroup was to prepare a consensus document based on a
review of the literature, prepared responses, discussion, and vote on thirteen biofilm related questions. The Workgroup commenced
discussing and refining responses prepared before the meeting on day one using Delphi methodology, followed by a tally of responses
using an anonymized voting system on the second day of ICM 2018. The Working group derived consensus on information about
biofilms deemed relevant to clinical practice, pertaining to: (1) surface modifications to prevent/inhibit biofilm formation; (2) therapies
to prevent and treat biofilm infections; (3) polymicrobial biofilms; (4) diagnostics to detect active and dormant biofilm in patients; (5)
methods to establish minimal biofilm eradication concentration for biofilm bacteria; and (6) novel anti-infectives that are effective
against biofilm bacteria. It was also noted that biomedical research funding agencies and the pharmaceutical industry should recognize
these areas as priorities. � 2019 Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop Res

Keywords: biofilm; International Consensus Meeting; musculoskeletal infection; periprosthetic joint infection; surgical site infection;
osteomyelitis

Around two thirds of all human infections are believed
to be biofilm related. Biofilm-associated implant-
related bone and joint infections, or biofilm-associated
musculoskeletal (MSK) infections, are clinically impor-
tant due to the extensive morbidity, cost of care, and
socioeconomic burden that they cause.1–3 A biofilm can
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be described as a complex and well-structured aggre-
gation of microorganisms, of single or multiple species.
Biofilms are found adherent to biotic (host tissue) and
abiotic (implant/biomaterial) surfaces, or as floating
aggregates, all of which are encased in a self-produced
matrix of polymeric substances. Biofilm thickness can
vary between a single cell layer to thick, three
dimensional communities with columns and channels.
Biofilms are tolerant to antimicrobials and evade the
host immune system. Biofilm formation is central to
the pathogenesis of implant-related infections which
develop after microorganisms, bacteria or fungi, attach
to the protein conditioned surface. All the materials
used in orthopaedic implants are vulnerable to attach-
ment of biofilm forming bacteria. Bacterial attachment
is known to occur intraoperatively, post operatively,
and on a delayed basis. The propensity for biofilm
formation at any of these time points places implants
at risk for surgical site infections (SSIs). Following
attachment there is a stepwise progression of biofilm
formation and maturation leading to an established
infection.

Biofilm associated infection is one of the most
common causes for failure of orthopaedic implants.
Clinically, biofilm-associated infections can exist innoc-
uously with few symptoms or signs.4 With currently
available diagnostic tests, clinical diagnosis can be
challenging unless dispersed microorganism are viru-
lent enough to incite a host response. Diagnostically,
the sensitivity of conventional microbiologic culture
methods can be low, due to the inability of micro-
organisms to propagate in the sessile phenotype.
Failure to isolate and identify the pathogen is not only
associated with challenges in antimicrobial manage-
ment, but also can lead to continuation of the infection
and failure following revision surgery, and lead to a
falsely low incidence of implant-related infections.
Surgical debridement is an important part of treat-
ment. Many times the debridement is intralesional,
making it difficult for the surgeon to be certain
removal of biofilm is complete and biofilm fragments
remaining in the surgical site have the potential to
propagate the infection.5–8

Although research in the field of biofilms has
expanded in the past two decades, there is still an
immense knowledge gap related to many clinical
aspects of biofilm-associated infections. Given this,
and the great clinical and financial impact of biofilm
infections, this subject was assigned to the Biofilm
Workgroup during the second International Consensus
Meeting on Musculoskeletal Infection held in Philadel-
phia USA, July 25–27, 2018 (ICM 2018) (https://
icmphilly.com).

METHODOLOGY
The main objective of ICM 2018 was to bring together
experts in MSK infections from around the world to assimi-
late the best available data on management of patients
afflicted with implant-related, bone and joint infections

(MSK Infections), including SSI and Periprosthetic Joint
Infections (PJI), to ultimately derive a consensus document
(https://icmphilly.com). The first step, led by ICM 2018 co-
chairs, Drs. Javad Parvizi and Thorsten Gehrke, was to
identify and recruit 869 MSK infection experts from 92
countries. These experts agreed to serve as delegates tasked
to identify the controversies and challenges related to
prevention, diagnosis, and treatment of MSK infection, then
seek consensus on those issues using Delphi methodology,9

which have emerged as a critical tool by which thought
leaders debate all existing knowledge to derive “general
agreement” in response to clinical care driven questions. The
complete details for the Delphi methods and timelines of the
13 specific steps used to complete the 2018 ICM have been
published.10 All of the consensus questions, voting responses
and additional information on the 2018 ICM are available
online (https://icmphilly.com), or on the iOS and Android App
(ICMPHILLY). Only delegates with an established expertise
in the field of MSK infection were invited. These distin-
guished delegates generated 652 questions addressing clini-
cal issues related to MSK infection. These questions were
grouped into 18 clinical and basic science areas, each
addressed by separate workgroups, including a workgroup to
address issues related to biofilms. Over 24 months, each
question was assigned to two or more delegates to prepare
responses. Response preparation consisted of a systematic
literature review, data summary and an independent narra-
tive response written from the perspective and experience of
each authoring delegate. These responses were reviewed by a
facilitator and combined into a single document. The com-
piled response was then edited by both authors to an agreed
response to be posted to the ICM web site for review and
comment by all 869 delegates. The authoring delegates then
refined their responses based on the comments in prepara-
tion for discussion and voting at the in-person meeting that
was held on July 25th–27th 2018, in Philadelphia, USA. The
controversial questions and responses were discussed and
further edited on the initial day of the meeting. The
delegates who attended the meeting in person then voted to:
(1) agree; (2) disagree; or (3) abstain, on each response
during the latter 2 days of the meeting, following Delphi
methodology9 and the voting results were rated as: A) Simple
majority (50.1–59%); No Consensus; b) Majority (60–65%);
Weak Consensus; c) Super Majority (66–99%); Strong Con-
sensus; and d) Unanimous (100%): Unanimous Consensus.

Among the 18 work groups there was one made up of the
28 authors of this consensus document dedicated to biofilms.
This group consisted of biofilm experts from backgrounds
including both basic and clinical science in microbiology,
immunology, biomedical engineering, infectious diseases, and
orthopaedic surgery. The biofilm workgroup was tasked with
discussion, response editing and voting on the thirteen
biofilm related questions that were deemed to be relevant to
clinical practice. While the majority of the responses to the
ICM questions were focused with the intent to provide
clinical recommendation for prevention, diagnosis or treat-
ment, the biofilm responses were more basic science in
nature, given as informative narratives without clinical
recommendations.

The Workgroup emphasizes that consensus was reached
without compulsion, undue influential power or expressive-
ness, inability to comprehend another course of action, or
impatience with the process of debate. Discussion was
carried out in a moderated open forum were everyone had
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opportunity to study the wording of the questions and
responses, review the available evidence and voice their
opinion before voting occurred. Below is a summary of the 13
biofilm related questions, responses and/or recommendations
with HTML links to a downloadable PDFs for each question,
response, consensus, and post-meeting rationale.

RESULTS
The Biofilm Workgroup’s response to the 13 questions
is summarized in Table 1, which covers biofilm
microbiology, life cycle, structure, quorum sensing,
susceptibility to host immune response and antimicro-
bials, and novel therapy technologies. All of the
questions and responses were considered with an eye
to identifying opportunities for clinical intervention,
either now or in the future. The vast majority of the
data were basic science in nature with minimal low-
level clinical outcome data in isolated areas, making
responses to the questions narrative opinions about
the current state of knowledge. These narrative
responses are felt to be foundational to clinical judge-
ment for management of MSK infections rather than
clinical recommendations. We provide an interpretive
discussion of the responses. The strength of evidence
assigned to each response is based on the collective
judgement of the Workgroup about the scientific
validity of the data because reports on basic scientific
data cannot be categorized by the Level of Evidence
methodology used for clinical data. High level clinical
outcomes data were not available to address any of the
13 questions. Thus, the audience is encouraged to read
the rationale for each question in the ICM 2018
document (https://icmphilly.com) to gain a deeper
understanding of the available data.

Question one addresses the life cycle of Biofilms,
and Question four addresses the timeline of biofilm
maturation. These are relevant because diagnosis and
treatment options vary by the presence and maturity
of biofilms. With biofilm maturity comes the inability
to identify bacteria within biofilms using conventional
culture and susceptibility testing, and these mature
biofilms are resilient to treatment. The life cycle of
biofilm is a complex continuum progressing through
four stages: (1) attachment; (2) accumulation; (3)
maturation; and (4) dispersal, over a time period that
ranges from minutes to hours in vitro, and days to
weeks or longer in vivo.11 Biofilms can mature before
they present diagnosable findings, because it is the
host response to bacteria outside of biofilms that leads
to clinical symptoms, physical findings, and positive
diagnostic tests. This limits the opportunity to inter-
vene before the biofilm is established. Currently, there
is no clinical research available to determine whether
the timescale in the development of biofilm formation
differs markedly between bacterial species. In vitro
experiments and in vivo animal studies find that
progression of biofilms is mediated by the interplay of
a number of microbial, host, and environmental
factors. These factors can be different across microbial

species and even across strains within species. The
timeline for biofilm formation may not correlate with
the onset of infection symptoms; therefore the concept
of acute or chronic biofilm-associated MSK infection is
likely to be less pertinent for management decisions
than previously thought.

Questions two, Question five and Question ten
address surface properties that favor attachment and
progression to established biofilm. The available data
are mostly basic science in nature from in vitro experi-
ments and in vivo animal studies, with limited clinical
data on iodine surface modification. There is strong
consensus that bacterial attachment can occur on
essentially all prosthetic and injured or immune
compromised biological surfaces, including surfaces of
antimicrobial loaded bone cement (ALBC) spacers
utilized to locally deliver antimicrobials when treating
MSK infection patients during two-stage treatment
plans.12,13 ALBC surfaces, which are physically favor-
able for bacterial attachment, can support the growth
of either the original pathogen(s), or a secondary
pathogen(s) not present in the initial infection. As the
antimicrobial load in ALBC is released, the surround-
ing antimicrobial levels fall below the minimal inhibi-
tory concentration (MIC), and thus the surfaces
become susceptible to microbial colonization. Addition-
ally, antimicrobial levels can remain sub-therapeutic
for years, which increases the risk for the emergence
of microorganisms that are resistant to the incorpo-
rated antimicrobial(s), although this has not been
realized in clinical practice. The physicochemical prop-
erties of materials/implants that are known to affect
the time required and robustness of the established
biofilms include surface chemistry, surface charge,
hydrophilicity/hydrophobicity, micro/nano-topography,
and porosity.14–17 Biofilm formation is affected by
surface properties and bacterial attachment to abiotic
surfaces is an inherent capability of MSK pathogens.
In vitro experiments and in vivo animal models have
found that modification of implant surface can de-
crease bacterial adherence, and thus decrease biofilm
formation leading investigators to seek physico-chemi-
cal surface modifications and coatings to inhibiting
bacterial adhesion to theoretically decrease the risk of
infection without limiting osseointegration.18 The ideal
implant surface modification should have a long dura-
tion of anti-infective effect, mechanical stability, and
host biocompatibility.19–21 An innovative technology
using iodine to produce porous anodic oxide implant
surfaces with the antiseptic properties of iodine was
studied in a prospective uncontrolled cohort study for
both prophylaxis in high risk patients, and for treat-
ment in confirmed MSK infection cases.22 Confirma-
tory reports on subsets of these patients with hip
replacement implants or fixator pins reported no hip
implant infections and decreased pin tract infections
respectively.23,24

Nano-particulate silver is an example of a surface
modification that offers short term protection with
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Table 1. Biofilm Related Questions, Responses or Recommendations as Well as Level of Agreement by the Working
Group (for Supporting Information: https://www.ors.org/icm-2018-biofilm-workgroup/)

Questions Response or recommendation
Level of
Evidence Delegate Vote

QUESTION 1: What is the life cycle of
biofilm and the mechanism of its
maturation?

A biofilm may be defined as a microbe-
derived sessile community
characterized by organisms that are
attached to a substratum, interface,
or each other, are embedded in a
matrix of extracellular polymeric
substance, and exhibit an altered
phenotype with respect to growth,
gene expression, and protein
production. The biofilm infection
life cycle generally follows the steps
of attachment (interaction between
bacteria and the implant),
accumulation (interactions between
bacterial cells), maturation
(formation of a viable 3D structure),
and dispersion/detachment (release
from the biofilm). The life cycle of
biofilm is variable depending on the
organism involved. There are
characteristics in the life cycle of
biofilm formation. These include,
attachment, proliferation/
accumulation/maturation, and
dispersal. Biofilm can either be
found as adherent to a surface or as
floating aggregates.

Strong (this
is a

scientific
review)

Agree: 100%, Disagree:
0%, Abstain: 0%
(Unanimous,
Strongest Consensus)

QUESTION 2: What surface properties
favor biofilm formation?

The attachment of bacteria to implant
and biological surfaces is a complex
process, starting with the initial
conditioning film. Roughness,
hydrophobicity/hydrophilicity,
porosity, pore topology, and other
surface conditions are the key
factors for microbial adhesion.
Because of the huge variety of these
factors, most of the studies directed
at bacterial attachment to the
implant surface were limited to
specific surface conditions since it is
difficult to examine the plethora of
parameters concomitantly. There
are variable conclusions among the
available basic science and animal
studies relevant to this topic, many
of which will be described in greater
detail below. Bacteria can form
biofilm on almost all prosthetic
surfaces and biological surfaces. To
date, this consensus group knows of
no surface that is inimicable to the
growth of biofilm in vivo.

Strong Agree: 100%, Disagree:
0%, Abstain: 0%
(Unanimous,
Strongest Consensus)

QUESTION 3: Is the biofilm on
orthopaedic implant surface permeable
to neutrophils and macrophages in
vivo? Are these innate immune cells

A mature bacterial biofilm has limited
permeability to neutrophils and
macrophages. Those that get
through are clinically ineffective at

Strong Agree: 100%, Disagree:
0%, Abstain: 0%
(Unanimous,
Strongest Consensus)
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Table 1. (Continued)

Questions Response or recommendation
Level of
Evidence Delegate Vote

(meaning any macrophages or
neutrophils) capable of engulfing and
killing bacteria?

eradicating biofilm bacteria. While
neutrophils and macrophages are
capable of engulfing and killing
planktonic bacteria, they are not
innately capable of effectively
engulfing and killing sessile
bacteria in biofilm.

QUESTION 4: Does the timescale of
biofilm formation differ between
bacterial species? If so, what is the
timescale for common causative
organisms?

Currently, there is no clinical
research available to answer
whether the timescale in the
development of biofilm formation
differs between bacterial species. In
vitro studies show high variability
in biofilm formation based on
bacterial strains and conditions.
Animal studies have demonstrated
rapid (minutes to hours) biofilm
formation. The group notes that the
timeline of biofilm formation may
not correlate with the onset of
infection symptoms.

Strong Agree: 100%, Disagree:
0%, Abstain: 0%
(Unanimous,
Strongest Consensus)

QUESTION 5: Do bacteria form biofilm
on the surface of cement spacer in a
similar fashion to a metallic implant?

Yes. While the vast majority of studies
have been in vitro, there is clinical
evidence that majority of bacteria
are able to form biofilm on the
surface of cement spacer.

Strong Agree: 100%, Disagree:
0%, Abstain: 0%
(Unanimous,
Strongest Consensus)

QUESTION 6: Does Mycobacterium
tuberculosis form a biofilm on implants?

Few data from experimental in vitro
and in vivo studies and a limited
number of case reports indicate that
M. tuberculosis has a slow, albeit
significant, ability to form biofilm
on metal surfaces. The group
suggests that management of M.
tuberculosis implant-related
infections should be treated using
the same principles as that of other
implant-related infections.

Strong Agree: 100%, Disagree:
0%, Abstain: 0%
(Unanimous,
Strongest Consensus)

QUESTION 7: What is the role of the
microbial synergy in polymicrobial
infections?

In polymicrobial infections, a complex
environment may be formed in
which microbiological interactions
exist between microorganisms.
Scientific evidence exists to show
that combinations of bacterial
species may exist whereby these
can protect each other from
antibiotic action via the exchange of
virulence and antibiotic resistance
genes, and this may be evident in
adverse outcomes for polymicrobial
orthopaedic implant-related
infections. It is also probable that
polymicrobial infections may be
more likely in patients with poor
immunity and tissue healing.

Strong Agree: 100%, Disagree:
0%, Abstain: 0%
(Unanimous,
Strongest Consensus)

QUESTION 8: Is the mapping of biofilm
to a particular component or anatomical
location an important consideration in

At present, mapping of biofilms is only
possible in the laboratory, not in the
clinical setting. Therefore, it is of

Consensus Agree: 100%, Disagree:
0%, Abstain: 0%
(Unanimous,
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Table 1. (Continued)

Questions Response or recommendation
Level of
Evidence Delegate Vote

management of implant related
infections?

unknown clinical importance in
relation to management of implant-
related infections.

Strongest Consensus)

QUESTION 9: Is there evidence that
interference with bacterial
communication by blocking quorum
sensing molecules can minimize biofilm
formation in vivo?

In vivo animal studies have
demonstrated that interference
with quorum sensing signals/
molecules in some infections leads
to decreased biofilm formation.
There are contradictory results in
Staphylococcus species. However,
there are no clinical studies
demonstrating this phenomenon.

Limited Agree: 100%, Disagree:
0%, Abstain: 0%
(Unanimous,
Strongest Consensus)

QUESTION 10: Can a biomaterial
surface be modified to dispel bacterial
adherence and biofilms? What are the
potential concerns in modifying implant
surfaces to combat biofilms?

The purpose of the surface
modification is to decrease
perioperative bacterial adherence
and thus prevent biofilm formation.
This has been shown in in vitro
studies and in vivo animal models.
There have been numerous
strategies devised to alter surfaces.
Such modified surfaces may
interfere with the expected
osseointegration, mechanical
stability, and long-term implant
survivability. The duration of long-
term anti-infective effects are
unknown. To date, no positive in
vitro effect has been translated into
a clinical setting.

Consensus Agree: 100%, Disagree:
0%, Abstain: 0%
(Unanimous,
Strongest Consensus)

QUESTION 11: What is the relevance of
Minimum Inhibitory Concentration
(MIC) of infecting organisms in biofilm-
mediated chronic infection?

The use of Minimum Inhibitory
Concentration (MIC) is limited to
(1) defining antibiotics that the
microorganism is susceptible to in
its planktonic state but cannot be
used to guide treatment of biofilm-
based bacteria, and (2) selecting
long-term suppressive antibiotic
regimens where eradication of
infection is not anticipated.
Alternative measures of antibiotic
efficacy specifically in the context of
biofilm-associated infection should
be developed and validated.

Strong Agree: 100%, Disagree:
0%, Abstain: 0%
(Unanimous,
Strongest Consensus)

QUESTION 12: What is the Minimum
Biofilm Eradication Concentration
(MBEC) of anti-infective agents?

The minimum biofilm eradication
concentration (MBEC) of
antimicrobial agents is a measure of
in vitro antibiotic susceptibility of
biofilm producing infective
organisms. It is dependent on the
surface, medium and the exposure
period to an antimicrobial agent.
There are no standardized
measurement parameters for
MBEC. MBEC is currently a
research laboratory value and lacks
clinical availability. In the group’s
opinion, there is value in developing

Consensus Agree: 100%, Disagree:
0%, Abstain: 0%
(Unanimous,
Strongest Consensus)
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some limited local antimicrobial activity in the fluid or
tissue adjacent to the surface. However clinical data
on silver surface modifications of urinary, vascular,
and peritoneal catheters, vascular grafts and heart
valves, have not reported on biofilm formation, and
these technologies have not been applied to orthopae-
dic devices.25 To date, no surface modification found to
have a positive in vitro effect has been translated into
the clinical setting. Clinical studies are required to
determine the long-term impact and outcomes of
modified surface properties on biofilm formation in
human patients.

Question three addresses biofilm susceptibility to
host phagocytosis. While neutrophils and macrophages
(10–20mm) have the ability to access the surface and
enter the channels of a mature biofilm (100mm),26

they are not able to access biofilm encased
microorganisms.12,13,27–38 When a fragment of biofilm
is small enough, phagocytes can engulf it, but they are
not able to destroy the bacteria.39–42 Phagocytized
sessile bacteria can persist in peri-implant tissue in
vitro, and in the tissues of patients with intravenous
catheters colonized by a variety of bacteria.43,44 Staph-
ylococcus aureus has recently been shown to invade
the osteocytic-canalicular network of cortical bone and
to reside within osteoblasts where accessibility to
phagocytes is limited.45,46 However, after bacteria are
dispersed from biofilms they progressively transform
into planktonic phenotypes that are more susceptible
to antimicrobials, and have surface properties that are

detectable by phagocytes, and are subject to phagocytic
killing.

Question six addresses the biofilm forming capa-
bilities of Mycobacterium tuberculosis.

While there are bacteria that do not appear to form
biofilms, essentially all bacteria that cause implant-
related infections form biofilms including Mycobacter-
iaceae. The work group only addressed the data
related to Mycobacterium tuberculosis, not the faster
growing non-tuberculous mycobacteria (NTMB). Thus,
the consensus statements for infections related to M.
tuberculosis cannot be extrapolated to infections re-
lated to NTMB. In vitro experiments find that M.
tuberculosis can form biofilm on metal surfaces; albeit
less than on Polymethylmethacrylate (PMMA), and
less than is formed by Staphylococci spp. Based on in
vivo studies and clinical case reports biofilms in TB
infections may contribute to casseous necrosis.47–49

Although no data from clinical trials exist to address
this question, the Workgroup felt that the published
scientific data are strong enough to warrant consensus
opinion on the clinical implications for management of
implant-related infections caused by M. tuberculosis.
Accordingly, we recommend that the fundamental
principles for implant-related infections caused by
other biofilm forming bacteria should also be followed
for M. tuberculosis. One of the delegates who was
not present for the discussion and voting points out
that eradication of implant related infections, due to
“susceptible” M. tuberculosis, is possible with

Table 1. (Continued)

Questions Response or recommendation
Level of
Evidence Delegate Vote

a clinically-validated MBEC assay.
QUESTION 13: Do bacteriophages have
a role in treating multidrug-resistant
PJI?

Unknown. Although some preclinical
and clinical studies have
demonstrated a good safety profile
as well as promising therapeutic
effects using bacteriophages for
treating bone and joint infections,
further clinical research using
bacteriophage therapy in patients
with multidrug-resistant PJI is
required. There are known
obstacles to bacteriophage therapy,
including the fact that
bacteriophages are neutralized in
serum and relevant pathogens
contain CRISPR/cas9 immunity
against bacteriophage. Phages are
usually bacterial strain specific;
thus, a cocktail of different
bacteriophage lineages may be
necessary to effectively treat
biofilm-mediated infections.

Consensus Agree: 100%, Disagree:
0%, Abstain: 0%
(Unanimous,
Strongest Consensus)
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chemotherapy alone,50 and that depending on the
anatomic or functional deficiencies, surgical interven-
tion can be performed at a later time point (e.g., weeks
to months after initiating anti-TB treatment). This
success may be attributed to weak biofilm formation
by M. tuberculosis and/or, to anti-biofilm properties of
the anti-TB agents. The decision of when or if to
proceed with surgical debridement for biofilm associ-
ated implant related TB infections may best be made
in collaboration with an infectious disease specialist
experienced in management of extremity TB infec-
tions, taking into consideration each patient’s response
to chemotherapy.

Question seven assesses the role of microbial
synergy, which means that different species (e.g.,
aerobic and anaerobic microbes) collaborate to cause
disease that neither pathogen could achieve alone.
Patients with polymicrobial biofilm-associated MSK
infections are more challenging to treat due to the
need for broad spectrum antimicrobial coverage. The
reason could be multifactorial, including microbial
synergy.4,51,52 These microbial interactions include
cross feeding, quorum sensing, exchange of virulence
genes, and exchange of antimicrobial resistance genes,
making infection eradication more challenging in clini-
cal practice.

Question eight asks a clinical question about the
importance of mapping the location of the biofilm
within a patient for management of biofilm-associated
MSK infections. Because biofilm eradication requires
physical removal, the extent and location of the biofilm
is technically important. However there was strong
consensus that there are no clinical methods available
to actually identify biofilm before or during surgical
debridement. While advanced imaging has been used
to spatially locate areas of active infection with good
resolution, neither 99mTc WBC SPECT-CT with con-
cordant 99mTc sulphur colloid marrow map,53,54 nor
PET-CT, specifically identify biofilm. Targeted imaging
methods which utilize binding of imaging agents to
bacteria also do not distinguish between planktonic
and sessile bacteria, and it is unknown if these
techniques identify dormant cells such as persister
cells.55 Optical imaging using fluorescence (fluorescein,
indocyanine green, and IRDye-800CW) has the poten-
tial for identifying microbes on or near a surface.
While optical imaging techniques are possible in
surgical wounds, none have emerged from the re-
search setting for clinical use.55 Optical dyes (DMMB
1,9-dimethyl methylene blue) can be used to stain the
biofilm matrix, but this has yet to gain acceptance for
clinical use. There is a major capability gap for these
technologies between research and clinical use, which
prevents mapping biofilms to specific anatomic sites or
a particular implant component/location in clinical
practice.

Question nine evaluates in vivo data on blocking
quorum sensing to minimize biofilm formation. While
the majority of the data are in vitro, there are some in

vivo animal studies that have found that interference
with quorum sensing signals/molecules can lead to
decreased biofilm formation.56 The workgroup is not
aware of any anti-quorum sensing strategies that are
available for clinical use, and confirmed that there are
no clinical studies investigating the effectiveness of
this strategy.

Question 11 and Question 12 address antimicro-
bial susceptibility of microorganisms in both biofilm-
associated and non-biofilm-associated states. The
Workgroup identified the need to emphasize the differ-
ence in antimicrobial susceptibility between micro-
organisms in their planktonic form, and the same
microorganisms in their biofilm-associated sessile
form, noting that biofilm associated phenotypes are
hundreds to thousands of times less susceptible to
antimicrobials than their free floating planktonic
counterparts. This critically important observation is
fundamental to the understanding that the MIC used
to quantify antimicrobial susceptibility for non-biofilm
associated microorganisms has no role in determining
the antimicrobial susceptibility of microorganisms in
biofilms. There are established validated methodolo-
gies for determining MICs, but not for determination
of susceptibility of biofilm-associated bacteria.57–59

Determining antimicrobial susceptibility of bacteria
within biofilm is not easy. Clinicians need an as yet
clinically unavailable test that measures antimicrobial
efficacy such as minimum biofilm eradication concen-
tration (MBEC), minimum biofilm bactericidal concen-
tration (MBBC), or minimum biofilm inhibitory
concentration (MBIC). Because host defenses have
limited ability to kill persister cells within biofilm, a
measure of total eradication of the bacteria in the
biofilm (MBEC) is favored over methods that measure
inhibition of bacterial replication (MBIC), but do not
kill the persisters. It was noted that the MBEC assays
used in research are not standardized, and that MBEC
values for each individual bacteria/antimicrobial pair
are dependent on the surface that the biofilm is
attached to and the duration the biofilm is exposed to
the antimicrobial. Clinically-validated assays of anti-
microbial susceptibility (MBEC) are needed to provide
guidance for local antimicrobial therapy in biofilm-
associated orthopaedic infections. During its early
accumulation phase, a growing biofilm has less resis-
tance to antimicrobial therapy than a fully mature
biofilm with microorganisms that are quiescent meta-
bolically and not replicating. This relative preservation
of antimicrobial susceptibility during the early phase
of biofilm formation has led to failed efforts to treat
early phase orthopaedic infections without surgical
intervention.60

bacteriophages in treatment of multidrug-resistant
PJI. There are several encouraging strategies emerg-
ing as potential therapeutic modalities against bio-
films, including immunotherapy, nanoparticles with
antibacterial effects and antimicrobial peptides along
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with bacteriophage therapy. The Workgroup discussed
the role of bacteriophages in treatment of biofilm-
associated implant infections. While this concept is
over a century old, currently there is insufficient
clinical experience to recommend its use. Moreover,
the Workgroup identified several obstacles that have
the potential to challenge the scientific premise of
phage therapy for treating MSK infections including:
(1) phages are neutralized in human serum, although
this may depend on the route of the phage therapy
and requires more evaluation of clinical efficacy;61 (2)
phages are strain specific leading to the need for a
cocktail of phages to cover all possible bacteria in the
biofilm; and (3) CRISPR Cas9 immunity engenders
most bacterial pathogens evolutionarily resistance to
phages.62 While phage therapy costs around $2,000–
20,000 USD, and can require more than one round of
treatment, this cost is in line with or less than other
biologic pharmaceuticals, and is less than surgical
debridement. In vivo animal studies are required to
identify parameters for clinical trials.

DISCUSSION
The ICM 2018 engaged 869 international experts
using the Delphi method to reach consensus on 652
issues related to management of patients with MSK
infections, which was the largest orthopaedic consen-
sus meeting in history. However, despite its major
strengths, size, scope, and inclusiveness, it is recog-
nized that the Delphi method has some inherent
weaknesses. First, and greatest among these weak-
nesses, is the need to follow the process. While the
entire ICM 2018 included a large number of individu-
als that addressed an expansive docket of questions,
which could be at risk for distraction and fatigue
among the delegates, the Biofilm Workgroup was a
functional size (28) that addressed 13 questions. All
those present actively and respectfully participated in
the discussion, while two facilitators effectively en-
sured that all voices were heard and unhampered by
more dominant participants, resulting in a comprehen-
sive vetting of each question. However, the ICM design
did not allow for anonymous discussion, which could
have impeded free expression by some if it was in a
less collegial environment. Second, in scientific areas
that are advancing rapidly such as biofilm microbiol-
ogy, a degree of scientific uncertainty and unknowns
can be expected. In the case of the 13 biofilm questions
it was possible to find common ground based on strong
scientific data. Third, inherent to the Delphi method,
participants considering questions outside their area
of expertise could reach an incorrect consensus with a
high level of confidence based on lack of knowledge.
The participants in the Biofilm Workgroup included
the world leaders in all areas of biofilm science that
were covered by the 13 questions posed to them. Thus,
it is unlikely there was consensus reached based on
lack of knowledge. And finally, the Delphi method is
best for addressing single scalar topics. When complex

interdependent areas of knowledge such as medicine
and biology are considered, the possibility exists that a
consensus is impossible, even when some established
knowledge exists, or that conflicting consensuses are
arrived at by different groups considering similar
questions. The Biofilm Workgroup was very precise in
refining the wording of the questions and responses to
avoid these pitfalls.

As knowledge about biofilms expands and related
strategies enter clinical practice the Workgroup
expects new questions will arise, and the responses to
the current questions will advance justifying clinical
recommendations in the future. We anticipate another
ICM in the future to update the consensuses from ICM
2018.

CONCLUSION
It is anticipated that the data, rationale and response
for each question, while not a specific clinical recom-
mendation, will provide caregivers a higher level of
understanding of the pathophysiology they are treat-
ing, which can lead to better clinical judgement in the
absence of high level clinical outcomes data. Studies
dedicated to advance our understanding of biofilms
and their role in human implant-related infections are
urgently required for better diagnosis and eradication
strategies. Consensus was reached on currently avail-
able data on biofilms deemed relevant to clinical
practice and pertained to: (1) surface modifications
that prevent/inhibit biofilm formation; (2) therapies to
prevent and treat biofilm infections; (3) polymicrobial
biofilms; (4) diagnostics to detect active and dormant
biofilm in patients; (5) methods to determine antimi-
crobial susceptibility of biofilm associated bacteria;
and (6) novel anti-infectives that are effective against
biofilm associated bacteria. It is also noted that
biomedical research funding agencies and the pharma-
ceutical industry should recognize these areas as
priorities.
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ABSTRACT
Staphylococcus aureus causes acute and chronic forms of infection, the latter often associated with
formation of a biofilm. It has previously been demonstrated that mutation of atl, codY, rot, sarA, and
sigB limits biofilm formation in the USA300 strain LAC while mutation of agr, fur, and mgrA has the
opposite effect. Here we used a murine sepsis model to assess the impact of these same loci in
acute infection. Mutation of agr, atl, and fur had no impact on virulence, while mutation of mgrA
and rot increased virulence. In contrast, mutation of codY, sarA, and sigB significantly attenuated
virulence. Mutation of sigB resulted in reduced accumulation of AgrA and SarA, while mutation of
sarA resulted in reduced accumulation of AgrA, but this cannot account for the reduced virulence of
sarA or sigB mutants because the isogenic agr mutant was not attenuated. Indeed, as assessed by
accumulation of alpha toxin and protein A, all of the mutants we examined exhibited unique
phenotypes by comparison to an agr mutant and to each other. Attenuation of the sarA, sigB and
codY mutants was correlated with increased production of extracellular proteases and global
changes in extracellular protein profiles. These results suggest that the inability to repress the
production of extracellular proteases plays a key role in attenuating the virulence of S. aureus in
acute as well as chronic, biofilm-associated infections, thus opening up the possibility that
strategies aimed at the de-repression of protease production could be used to broad therapeutic
advantage. They also suggest that the impact of codY, sarA, and sigB on protease production occurs
via an agr-independent mechanism.
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regulatory mutations; SarA;
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Introduction

The production of Staphylococcus aureus virulence fac-
tors is modulated by a complex and highly interactive
regulatory circuit.1 This affords the bacterium tremen-
dous flexibility with respect to its ability to respond to
changing conditions within the host including the influ-
ence of an ongoing host immune response.2-4 This flexi-
bility is reflected in the ability of S. aureus to cause a
diverse array of infections. In general, these can be char-
acterized as acute infections, the clinical characteristics
of which are often defined by toxin production, and
chronic infections, the clinical characteristics of which
are often associated with formation of a biofilm.5 To
some extent a general theme of the overall S. aureus reg-

ulatory circuitry is to modulate the production of specific
virulence factors that contribute to these alternative
forms of infection.6 A primary example is the accessory
gene regulator (agr), expression of which limits biofilm
formation but at the same time promotes toxin
production.7,8

The treatment of all forms of S. aureus infection is
complicated by the persistent emergence of antibiotic
resistant strains, which accounts for its inclusion among
the ESKAPE pathogens.9 The treatment of chronic bio-
film-associated infections is further complicated by the
presence of the biofilm itself, which confers a therapeuti-
cally-relevant level of intrinsic resistance to conventional
antibiotics and host defenses.10 This has created an
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urgent need for new antibiotics that are both effective
against the most problematic antibiotic-resistant strains
and retain a therapeutically-relevant level of efficacy in
the context of a biofilm. New antibiotics have been and
continue to be developed,11 but given the remarkable
intrinsic resistance conferred by the presence of a bio-
film, accomplishing both of these goals has proven to be
a formidable task.12

This has led to the suggestion that strategies targeting
S. aureus regulatory circuits and/or specific virulence fac-
tors produced under the control of these circuits could be
used to therapeutic benefit either alone or in combina-
tion with conventional antibiotics.13,14 Our approach has
been to investigate the regulatory basis for biofilm for-
mation itself, the goal being to identify those regulatory
loci that offer the greatest opportunity for therapeutic
intervention. These efforts have led us to focus on the
staphylococcal accessory regulator (sarA), mutation of
which limits biofilm formation to a greater extent than
mutation of any other regulatory locus we have exam-
ined.15 Moreover, this limitation can be correlated with
increased antibiotic susceptibility in biofilm-associated
infections caused by diverse strains of S. aureus including
methicillin-resistant strains.16 This suggests that inhibi-
tors of sarA expression and/or function could be used to
therapeutic advantage in the context of biofilm-associ-
ated S. aureus infections.

However, biofilms are highly dynamic structures in
which changes in gene expression promote the develop-
ment, maturation, and ultimately the dissemination of
bacterial cells from the biofilm, at which point they can
enter the systemic circulation and cause infection at sec-
ondary sites.17,18 Thus, inhibition of sarA as a means of
limiting biofilm formation could have the adverse conse-
quence of promoting acute, systemic infection. Con-
versely, inhibitors of agr expression and/or function may
be of therapeutic benefit in the context of acute infection,
but could also have the adverse consequence of promot-
ing chronic, biofilm-associated infection. Indeed, agr-
defective strains are often isolated from patients suffering
from diverse forms of infection, perhaps owing at least in
part to the advantage gained by the intrinsic antibiotic
resistance afforded to the bacterium in the context of a
biofilm.19 Moreover, one report that examined the clini-
cal history of 814 patients with S. aureus sepsis found
that agr dysfunction was associated with a statistically
significant increase in mortality.20

Such results emphasize the need to consider the contri-
bution of individual regulatory loci in diverse forms of S.
aureus infection. To this end, we also examined the role
of sarA in acute models of S. aureus infection, and the
results confirmed that sarA mutants are attenuated in
murine models of bacteremia and acute, post-traumatic

osteomyelitis.21-23 This suggests that sarAmay be a viable
therapeutic target in diverse forms of S. aureus infection.
However, many other regulatory loci have also been
shown to impact various forms of infection.1 Defining the
relative impact of these loci in diverse forms of S. aureus
infection is difficult because most reports focused on indi-
vidual regulatory loci in the context of a single form of S.
aureus infection. This precludes the ability to determine
which of these loci offer the greatest therapeutic promise
in diverse forms of S. aureus infection. We have begun to
address this by making direct comparisons between regu-
latory loci in the context of biofilm-associated infec-
tion,15,16 but we have not done so in the context of acute
infection. Thus, in this report we extended previous
experiments focusing on regulatory loci that impact bio-
film-associated infection to directly assess the relative
impact of these same regulatory loci on virulence in a
murine bacteremia model of acute S. aureus infection.

Results

Owing to its current prominence as a cause of S. aureus
infection,24-26 the experiments we report were done with
a derivative of the USA300 strain LAC cured of its resi-
dent erythromycin-resistance plasmid.23 We initially
focused on isogenic derivatives of this strain with muta-
tions in codY, fur, mgrA, sarA, and sigB. These regulatory
loci were chosen to allow direct comparisons with the
results observed in previous biofilm studies in which
mutation of these same loci was shown to either enhance
(fur, mgrA) or limit (codY, sarA and sigB) biofilm forma-
tion.7,15,16 We also included a rot mutant based on a
recent report concluding that mutation of rot limits bio-
film formation in LAC.27 Strains were introduced into
NIH-Swiss mice by tail vein injection of 5 £ 107 colony-
forming units (cfu) as previously described.23 Over the
7 day period of this experiment, this resulted in the death
of 60% of mice infected with the LAC parent strain
(Fig. 1). The mutants evaluated in this experiment were
found to fall into one of three groups, with mutation of
fur having no statistically significant effect on virulence,
mutation of codY, sarA, and sigB significantly attenuat-
ing virulence, and mutation of mgrA and rot resulting in
a significant increase in virulence relative to LAC
(Fig. 1). These results were consistent with our studies
examining the relative capacity of these mutants to
escape the bloodstream and colonize soft tissues. Specifi-
cally, mutation of codY, sarA, and sigB attenuated viru-
lence as assessed based on colony counts in the spleen
(Fig. 2A), heart (Fig. 2B), and peripheral blood (Fig. 2C).
Results observed in the kidney were less discriminatory
in that the only significant difference was that between
LAC and its isogenic sarAmutant (Fig. 2D).
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To investigate the mechanistic basis for the virulence
phenotypes we observed, we performed western blots of
whole cell lysates using antibodies targeting AgrA and
SarA as previously described.23 Mutation of sarA and
sigB resulted in a significant decrease in the accumula-
tion of AgrA (Fig. 3A), which is the response regulator
of the two component quorum-sensing system encoded
by agr.28 Additionally, mutation of sigB resulted in a sig-
nificant decrease in the accumulation of SarA (Fig. 3B).
This suggests that the decreased virulence observed with
the sarA and sigBmutants may be at least partially attrib-
utable to the impact of these mutations on expression of
agr. However, comparison of agr, sarA, and sigB mutants
revealed that all three had distinct phenotypes as defined

by the relative accumulation of alpha toxin and protein
A (Spa), which are prototype virulence factors known to
be inversely regulated by agr.28 Specifically, as assessed
by western blot of conditioned medium from each strain,
and as expected based on previous reports,28 accumula-
tion of Spa was increased in the LAC agr mutant while
accumulation of alpha toxin was decreased (Fig. 3C and
D). In contrast, accumulation of both Spa and alpha
toxin was decreased in the sarA mutant, while accumula-
tion of Spa was decreased, and accumulation of alpha
toxin increased, in the sigBmutant (Fig. 3C and D).

Additionally, if the attenuation of sarA and sigB
mutants is defined by the impact of these loci on
expression of agr, then it would also be anticipated that
an isogenic agr mutant would be attenuated to a com-
parable degree by comparison to sarA and sigB
mutants. To examine this issue, we used our murine
bacteremia model to compare LAC with its isogenic
agr mutant. Interestingly, we found that mutation of
agr had little impact on virulence (Fig. 4). These results
were surprising given that mutation of agr in LAC as
well as other S. aureus strains has been shown to limit
virulence in animal models of S. aureus infection.29-32

However, most of these models focused on some form
of localized infection, primarily of the skin, and such
models do not necessarily mimic the systemic infection
modeled here. Indeed, Cameron et al. recently exam-
ined a number of clinical isolates of S. aureus and con-
cluded that agr expression was not essential for
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Figure 2. Relative virulence of S. aureus regulatory mutants as assessed by colonization. The number of colony-forming units (cfu) in the (A)
spleen, (B) heart, (C) peripheral blood, and (D) kidney are shown by scatter plot. Numbers above each plot indicate p values for eachmutant
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Figure 3. Relative accumulation of AgrA, SarA, eSpa, and alpha toxin in S. aureus regulatory mutants as assessed by immunoblot
analysis. Representative western blots of cell lysates (A and B) or conditioned medium (C and D) prepared from LAC and the
indicated isogenic mutants were analyzed by western blots using (A) anti-AgrA antibody, (B) anti-SarA antibody, (C) anti-Spa
antibody, or (D) anti-alpha toxin antibody. Graphs indicate cumulative densitometric values obtained from all biological and
experimental replicates. Asterisks indicate statistical significance (p � 0.05) by comparison to values obtained with the LAC par-
ent strain.
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virulence in a murine bacteremia model.33 However,
the more important point in the context of this report
is that this finding, together with the alpha toxin and
Spa results discussed above, effectively rules out the
possibility that the attenuation observed with the LAC
sarA and sigB mutants is a function of their impact on
expression of agr.

While the focus of the experiments we report was on
regulatory loci, we also examined the impact of mutating
atl in this experiment based on the observation that
mutation of atl has been shown by several laboratories,
including our own, to limit biofilm formation.15,34,35

This experiment was complicated by the fact that a char-
acteristic phenotype of atl mutants grown in vitro is the
formation of large aggregates.36 To address this, we first
carried out studies in which the apparent number of col-
ony-forming units (cfu) was assessed before and after
sonication. The number of detectable cfu increased in all
strains after sonication, and in the case of four mutants
(atl, sarA, fur, and rot) the number as assessed before
sonication was significantly lower than the number

observed with the LAC parent strain (Fig. 5A). However,
with the exception of the atlmutant, all of the differences
we observed were well within an order of magnitude
(2.6 £ 109 ¡8.9 £ 109). In contrast, statistical analysis
confirmed that the number of cfu as assessed before
sonication was significantly higher in every strain we
examined by comparison to the atl mutant (Fig. 5A).
These experiments also confirmed that there was no
difference between any of the strains we examined,
including the atlmutant, after sonication.

Based on these results, in vivo analysis of the atl
mutant was done using an inoculum prepared after
sonication. As with agr, mutation of atl was also
found to have no significant impact on overall viru-
lence (Fig. 4). Mutation of atl also had no impact on
the accumulation of AgrA (Fig. 3A) or SarA
(Fig. 3B). Although most studies focusing on the role
of atl in S. aureus pathogenesis have focused on bio-
film formation, the results we observed with the atl
mutant in our bacteremia model are consistent with
those of Takahashi et al., who found that mutation of

Figure 5. Analysis of mutant aggregative phenotypes and their respective production of alpha toxin and Spa. (A) Bars indicate the num-
ber of cfu observed before (grey) and after sonication (black). Single asterisk indicates statistical significance prior to sonication by com-
parison to LAC. Double asterisk indicates statistical significance of the atl mutant by comparison to all other strains prior to sonication.
No significant differences were observed after sonication. (B) Representative western blot of conditioned medium from LAC and the
indicated isogenic mutants using anti-alpha toxin antibody (top). Graph indicates cumulative densitometric values obtained from all bio-
logical and experimental replicates (bottom). (C) Representative western blot of surface protein preparations from LAC and the indicated
isogenic mutants using anti-Spa antibody (top). CT D purified Spa control. Graph indicates cumulative densitometric values obtained
from all biological and experimental replicates (bottom). (D) Representative western blot of conditioned medium from LAC and the indi-
cated isogenic mutants using anti-Spa antibody (top). Graph indicates cumulative densitometric values obtained from all biological and
experimental replicates (bottom). Asterisks in each graph indicate statistical significance (p � 0.05) by comparison to values obtained
with the LAC parent strain.
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atl had no impact on virulence in a murine model of
intraperitoneal infection.36

In contrast to sarA and sigB, mutation of fur and
mgrA resulted in a modest (<2-fold) but statistically sig-
nificant increase in the accumulation of AgrA (Fig. 3A).
However, this was not reflected in the alpha toxin pheno-
type of these mutants in that neither produced alpha
toxin at significantly greater levels than the isogenic LAC
parent strain (Fig. 5B). In contrast, mutation of rot and
sigB resulted in a significant increase in the accumulation
of alpha toxin, while mutation of sarA had the opposite
effect. Indeed, alpha toxin was essentially absent in con-
ditioned medium from LAC agr and sarA mutants
(Fig. 3D). The possibility that the decrease in alpha toxin
observed in the sarA mutant is at least partially attribut-
able to the impact of mutating sarA on agr cannot be
completely discounted, but previous studies from our
laboratory have demonstrated that the accumulation of
alpha toxin can be restored to wild-type levels in a sarA
mutant by eliminating the production of extracellular
proteases.37,38 The relative abundance of alpha toxin in
conditioned media was correlated with virulence in rot
and sarA mutants, with both being increased in a rot
mutant and both being decreased in a sarA mutant, but
this was not the case with the sigB mutant in that the
accumulation of alpha toxin was increased (Fig. 5B)
while overall virulence was decreased (Fig. 1).

We also assessed the impact of each mutation
on the accumulation of protein A (Spa). Because
S. aureus naturally produces Spa in both extracellular
and surface-associated forms, these experiments were
done by western blot of both cell extracts enriched
for surface-associated proteins (sSpa) and extracellu-
lar Spa (eSpa).39,40 With the exception of the mgrA
mutant, the amount of both sSpa (Fig. 5C) and eSpa
(Fig. 5D) was reduced relative to LAC. In contrast,
accumulation of Spa was increased in a LAC mgrA
mutant, particularly when assessed in its extracellular
form (Fig. 5D). These results are consistent with a
previous study demonstrating by RNA-seq that the

amount of spa transcripts was dramatically increased
in a LAC mgrA mutant.41

In western blots done with surface protein-enriched
cell extracts, sSpa was essentially absent in codY, rot,
sarA, and sigB mutants, and present in significantly
reduced amounts atl and fur mutants (Fig. 5C). When
assessed using conditioned medium, eSpa was essentially
absent in every strain except LAC and its agr (Fig. 3C)
and mgrA mutant (Fig. 5D). To the extent that Spa in
both of these forms contributes to the virulence of S.
aureus by promoting immune evasion, its virtual absence
could contribute to the reduced virulence of the codY,
sarA and sigB mutants.42 Conversely, its increased abun-
dance could contribute to the increased virulence of a
LAC mgrA mutant. However, it is difficult to envision
how reduced accumulation of Spa would contribute to
increased virulence of a LAC rotmutant.

As noted above, we focused on alpha toxin and
Spa because they are prototype virulence factors in
the context of the pathogenic versatility of S. aureus
and are differentially regulated by agr relative to each
other.6,43 A number of the loci we examined are also
known to impact expression and/or function of agr.
Although it was not true of the sarA or sigB mutants,
it might therefore be anticipated that mutation of
other regulatory loci would result in alpha toxin and
Spa phenotypes comparable to those observed in the
agr mutant (e.g. increased production of Spa and
decreased production of alpha toxin). However, all of
the mutants we examined exhibited unique alpha
toxin and Spa phenotypes relative to the agr mutant
and relative to each other (Table 1). This provides
support for the hypothesis that the virulence changes
we observed are largely agr-independent. It also
emphasizes the overall complexity of S. aureus regula-
tory circuits and suggests that additional virulence
factors that remain to be identified are involved in
defining the virulence phenotypes of each of these
mutants. Additional studies will be required to iden-
tify these virulence factors, but one clear correlation

Table 1. Summary of phenotypes. Table summarizes whether the accumulation of AgrA, SarA, alpha (a) toxin, Spa, and virulence was
increased, decreased, or unchanged (NC) in each of the indicated LAC regulatory mutants. A dash (-) indicates the indicated protein was
absent. Accumulation of SarA in an agr mutant was not tested (NT).

Mutation AgrA SarA a toxin Spa Virulence

agr — NT Down Up NC
atl NC NC NC Down NC
codY NC NC NC Down Down
fur Up NC NC Down NC
mgrA Up NC NC Up Up
rot NC NC Up Down Up
sarA Down — Down Down Down
sigB Down Down Up Down Down
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we did observe, and one that could potentially be
exploited to help identify such virulence factors, was
that attenuation of the sarA, codY, and sigB mutants
was in all cases correlated with the increased produc-
tion of extracellular proteases and an altered exopro-
tein profile (Fig. 6). Mutation of rot was also
previously shown to result in an increase in protease
production to an extent that could be correlated with
a reduced capacity to form a biofilm, but in our com-
parisons we did not observe a significant increase in
the accumulation of extracellular proteases in the rot
mutant (Fig. 6).27 This is consistent with the observa-
tion that, unlike codY, sarA and sigB mutants, the

LAC rot mutant exhibited increased rather than
decreased virulence (Fig. 1).

Interestingly, mutation of sarA and sigB resulted
in a comparable increase in the overall production
of extracellular proteases (Fig. 6) but had opposite
effects on the accumulation of alpha toxin
(Fig. 3D). One possible explanation that we are
currently exploring is that, while sarA and sigB
repress the overall production of extracellular pro-
teases, they do not repress the production of the
specific protease(s) that degrade alpha toxin to the
same degree. The alternative is that mutation of
sigB has a much greater impact on the production
of alpha toxin than mutation of sarA, thus resulting
in a net increase in the accumulation of alpha toxin
in a LAC sigB mutant despite its increased produc-
tion of extracellular proteases.

Finally, we did not include complementation studies
in our in vivo experiments for two reasons. The first is
the number of mice this would have required would
have been very large given the number of mutants we
examined, particularly since all of our in vivo experi-
ments were repeated at least twice. The second is that
such studies are sometimes inconclusive owing to plas-
mid instability in vivo. However, we did confirm that all
mutations that had a significant impact on Spa and/or
alpha toxin phenotypes could be complemented under
in vitro conditions (Fig. S1).

Discussion

The continuing increase in antibiotic resistance has led
to the suggestion that strategies targeting S. aureus viru-
lence factors and/or the regulatory circuits that control
the production of these virulence factors could be thera-
peutically beneficial.13,44-50 The two S. aureus regulatory
loci that have been explored to the greatest extent as
therapeutic targets are agr and sarA.51-53 These loci inter-
act with each other, with SarA being required for full
expression of agr.54 Although we did not assess this at
the level of gene expression, we did confirm that AgrA is
present in reduced amounts in a LAC sarA mutant.
However, it is also clear that sarA and agr serve indepen-
dent regulatory functions. This is evident in the observa-
tion that mutation of agr enhances biofilm formation
while mutation of sarA has the opposite effect.7,50,55-57

Thus, the therapeutic focus on these loci has generally
been targeted toward different forms of infection, with
agr being proposed as a target for acute, toxin-mediated
diseases and sarA as a target for chronic, biofilm-associ-
ated infections.51,52,58

Our results confirm that mutation of sarA limits the
virulence of LAC in a murine sepsis model to a

Figure 6. Protease activity in LAC regulatory mutants. Top: Total
protease production in LAC and the indicated regulatory
mutants was assessed using a commercially available FITC-
casein cleavage hydrolysis assay. Results are reported as mean
fluorescence values § the standard error of the mean. Asterisks
indicate statistically significant differences (p � 0.05) between
the indicated mutants relative to the results observed with LAC.
As indicated above the graph, individual comparisons also con-
firmed that the amount of total protease activity observed in
the sarA mutant was increased to a statistically significant
extent by comparison to the results observed with both the
sigB and codY mutants and that total protease activity in the
sigB mutant was increased to a statistically significant extent by
comparison to those observed with the codY mutant. Bottom:
Extracellular protein profiles for LAC and each regulatory
mutant were assessed by SDS-PAGE. MW D molecular weight
markers, with the molecular weight in kilodaltons (kDa) of rep-
resentative markers shown to the left.
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significant degree relative to the isogenic parent strain,
but also demonstrate that mutation of codY and sigB
attenuate virulence in this clinical context to a compara-
ble degree. Mutation of these same three loci also limited
the ability of LAC to form a biofilm which suggests that
these loci are all viable therapeutic targets in the context
of both acute and chronic forms of S. aureus infection.15

This is particularly true since mutation of all of these loci
could be correlated with enhanced susceptibility to dap-
tomycin in vivo in a murine catheter model.16 However,
when assessed using ceftaroline, only mutation of sarA
and sigB had a significant effect. This suggests that sarA
or sigB would be preferable therapeutic targets by com-
parison to codY.

Further support for this hypothesis comes from the
observation that, while mutation of codY has been shown
to limit biofilm formation in LAC and other strains of
the USA300 clonal lineage, it has also been shown to
enhance biofilm formation in UAMS-1 and the clinical
isolate SA564.15,59, 60 Interestingly, mutation of codY in
these latter strains was also correlated with increased
expression of agr,59 which would be expected to decrease
rather than increase biofilm formation.7,50,55,57 At pres-
ent, the mechanistic basis for these strain-dependent bio-
film phenotypes is not fully understood, but it has been
suggested that it may be related to the relative contribu-
tion of the polysaccharide intercellular adhesion (PIA) to
biofilm formation in different strains of S. aureus.15,59, 60

There are also conflicting reports regarding the role of
codY in defining the virulence of S. aureus in acute infec-
tions. For instance, our results are consistent with a
report demonstrating that mutation of codY in LAC lim-
ited virulence in a neutropenic murine model of pulmo-
nary infection,61 but they are in contrast to a report
demonstrating that a codY mutant generated in the
USA300 strain 923 exhibited increased virulence in
murine models of skin infection and necrotizing pneu-
monia.62 These disparate results may simply reflect the
use of different animal models and the importance of the
microenvironment in vivo, or perhaps differences
between strains of S. aureus. However, the more impor-
tant point in the context of this report is that, when
viewed collectively, such conflicting reports in the con-
text of both biofilm-associated and acute infection fur-
ther diminish enthusiasm for codY as a therapeutic
target. They also emphasize the need to extend the stud-
ies we report here to include evaluation of these same
loci in alternative animal models and additional strains
of S. aureus.

Similarly, while mutation of sigB in LAC did have a
significant impact on daptomycin susceptibility in the
context of an established biofilm, it did not have a signifi-
cant impact in vivo in the methicillin-sensitive, USA200

strain UAMS-1.16 This would suggest that, in the context
of coverage for diverse clinical isolates of S. aureus, sarA
would be the preferable target even by comparison to
sigB. Moreover, much as with codY, there are conflicting
reports regarding the phenotypic impact of mutating
sigB. For example, Bischoff et al. concluded that muta-
tion of sigB results in decreased levels of sarA expres-
sion.63 In contrast, Cheung et al. concluded that
mutation of sigB in the 8325-4 strain RN6390 results in
increased production of SarA.64 These authors also con-
cluded that this accounts for the increased production of
alpha toxin in a sigB mutant. We did not include studies
assessing gene expression in the context of sarA, but we
did find that the accumulation of SarA is reduced in a
LAC sigB mutant. This suggests that mutation of sigB
and sarA in LAC would result in similar phenotypes,
and in fact we found that this was generally the case.

However, one notable exception to this is that muta-
tion of sarA essentially abolished the accumulation of
alpha toxin while mutation of sigB had the opposite
effect. Despite the fact that both mutants were attenuated
in our sepsis model, this provides further support for the
hypothesis that sarA would be the preferred therapeutic
target by comparison to sigB, particularly when com-
bined with the observation that mutation of sarA limits
biofilm formation to a greater extent than mutation of
sigB.15 At the same time, it has been reported that sigB is
required for intracellular persistence and development of
small colony variants (SCV), both of which are consid-
ered key elements in the development of chronic
S. aureus infections, and that this is not the case with
sarA.65,66 Thus, the possibility that sigB would be the pre-
ferred target in the context of chronic infections cannot
be ruled out without additional experimentation that
includes direct comparisons between these loci in an
appropriate animal model.

From a mechanistic point of view, the increased accu-
mulation of alpha toxin in a LAC sigB mutant is consis-
tent with a report concluding that mutation of sigB
results in increased levels of agr expression.63 To the
extent that rsbU is required for maximum sigB activity,
this is also consistent with the observation that repair of
the rsbU defect in the 8325-4 strain RN6390 resulted in
increased sigB activity and reduced expression of agr.67

Repair of the rsbU defect in RN6390 also resulted in
decreased hemolytic activity, increased production of
Spa, and an increased capacity to form a biofilm,68 all of
which are consistent with decreased levels of agr expres-
sion. Additionally, to the extent that mutation of sigB
would be expected to result in the opposite phenotypes,
they are also consistent with the observation that a LAC
sigB mutant exhibited increased accumulation of alpha
toxin, decreased production of Spa, and a decreased
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capacity to form a biofilm as was observed both here and
in our previous reports.15,16 However, none of these phe-
notypes are consistent with the observation that muta-
tion of sigB in LAC was correlated with decreased
accumulation of AgrA.

One possible explanation for this apparent disparity is
related to the experimental methodologies employed.
Specifically, previous reports focused on agr at a tran-
scriptional level, generally with a specific focus on
RNAIII, while we focused on the accumulation of AgrA.
Indeed, the mechanistic basis by which sigB impacts agr
is unclear,27 and it is possible that mutation of sigB
impacts the production of RNAIII differently than it
does production of AgrA. An alternative possibility is
that the increased production of extracellular proteases
in the LAC sigB mutant results in increased degradation
of AgrA, which would not be apparent in assays focusing
on transcription. Indeed, we previously demonstrated
that the accumulation of AgrA is limited in a sarA
mutant owing to protease-mediated degradation.38

Although it remains to be determined whether this is
also the case in a sigB mutant, the studies we report con-
firm that protease activity is increased in a LAC sigB
mutant to a degree that approaches that observed in an
isogenic sarAmutant.

Irrespective of the mechanism(s) involved, none of
these results can explain the attenuation of a LAC sigB
mutant despite the increased accumulation of alpha
toxin. At the same time, while repair of rsbU in RN6390
was previously reported to result in reduced expression
of agr, it was also correlated with what the authors
described as a “surprising increase in mouse lethality” as
assessed using a bacteremia model.68 To the extent that
repair of rsbU results in increased expression of sigB, this
is consistent with the observation that mutation of sigB
resulted in reduced lethality in the studies we report. The
fact that mutation of sigB limited the accumulation of
AgrA suggests that this attenuation could be at least par-
tially agr-dependent, although as noted above this seems
unlikely given that the isogenic agr mutant was not
attenuated in our model. This was surprising in light of
the many reports demonstrating that agr mutants are
attenuated in animal models of infection.31,69-71 How-
ever, most of these other reports focused on models
other than bacteremia, and it has been shown that serum
apolipoprotein B, including that from mice, binds and
effectively inactivates the quorum-sensing pheromone of
the agr system.72 Additionally, serum lipoproteins have
been shown to inactivate phenol soluble modulins
(PSMs), which have been shown in turn to be a primary
determinant of the virulence of community-associated,
methicillin-resistant S. aureus strains like LAC.22,26,73,74

Thus, one possible explanation for the fact that mutation

of sigB limited virulence in a murine bacteremia model
while mutation of agr did not is that the functionality of
agr and/or PSMs is decreased owing to the presence of
serum lipoproteins. Such a scenario would also suggest
that the attenuation we observed in a LAC sigB is inde-
pendent of its impact on agr expression.

Mutation of rot was previously reported to result in
increased virulence and increased production of both
alpha toxin and extracellular proteases.75 We also
observed increased virulence and increased accumula-
tion of alpha toxin. However, we did not observe a signif-
icant increase in the production of extracellular proteases
in our LAC rot mutant. This suggests that the increased
virulence we observed with a rot mutant is likely due to
changes in the production of important virulence factors
relative to the rate of their protease-mediated degrada-
tion. This is consistent with the observation that rot was
originally identified as a repressor of S. aureus toxin pro-
duction.75 This was subsequently shown to involve an
interaction between the agr-encoded RNAIII and rot
mRNA that limits translation of the latter.76,77 Thus, it
would be anticipated that mutation of agr and mutation
of rot would have opposite effects on virulence. This is
consistent with the observation that mutation of rot
enhanced the virulence of LAC while mutation of agr
did not.

In contrast, our results demonstrating that mutation
of mgrA enhances virulence are not consistent with
reports demonstrating that mutation of mgrA attenuates
virulence in murine models of sepsis and septic arthritis
as well as rabbit models of sepsis and endocarditis.41,78

We have no explanation for this disparity, but would
note that these collective studies were also done using
different strains of S. aureus. Indeed, none of the mgrA
mutants employed in these earlier virulence studies were
generated in LAC. Rather, they were generated in the
commonly-studied S. aureus strain Newman, which has
a recognized mutation in the saeRS regulatory system,68

or in MW2 and 502A.41 Even aside from recognized reg-
ulatory defects like those present in Newman, different
strains of S. aureus exhibit a great deal of genetic and
phenotypic diversity. In fact, a recent report confirmed
that there is as much phenotypic diversity within differ-
ent clonal lineages of S. aureus as there is between these
clonal lineages.79 It is also virtually certain that all strains
of S. aureus carry mutations,68 thus making it essentially
impossible to define a definitive wild-type strain.
Although no specific mutations have been identified in
LAC that we are aware of, this is presumably true of
USA300 strains. Nevertheless, the clinical predominance
of such strains makes them worthy of investigation, and
this is the primary reason we chose LAC for our studies.
Thus, we believe the possibility that the impact of
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mutating mgrA on virulence in acute infection is strain-
dependent diminishes enthusiasm for mgrA as a thera-
peutic target, particularly when viewed in light of the fact
that mutation of mgrA enhances biofilm formation.15,41

While much remains to be explored regarding the vir-
ulence phenotypes of the mutants we examined, one
common phenotype observed with the attenuated codY,
sarA and sigB mutants is that they all produced extracel-
lular proteases at significantly increased levels relative to
LAC. However, the impact of mutating these loci was
not equivalent. Specifically, protease production was
highest in the sarA mutant and decreased progressively
in the sigB and codY mutants, respectively. As discussed
above, mutation of sigB results in increased accumula-
tion of alpha toxin, and to the extent that mutation of
sarA resulted in a greater increase in protease production
than mutation of sigB, one possible explanation for the
disparate alpha toxin phenotypes we observed in LAC
sigB and sarA mutants may be due to the relative impact
of these loci on the production vs. protease-mediated
degradation of alpha toxin. Alternatively, our protease
assays did not allow us to distinguish between the activ-
ity of different proteases, and it is also possible that
mutation of sigB vs. sarA has a differential impact on the
production of specific proteases that contribute to the
degradation of alpha toxin. Nevertheless, the correlation
between the increased production of extracellular pro-
teases and decreased virulence suggests that the inability
to repress the production of extracellular proteases may
play a key role in attenuating the virulence of S. aureus
in acute as well as chronic, biofilm-associated infections.
The observations that mutation of sarA results in a
greater increase in protease production than any other
mutant we have examined, and that this can be corre-
lated with a reduced capacity to cause both acute and
biofilm-associated infections suggests that sarA may be
the best target by which this observation can be exploited
to therapeutic advantage.21,23

Materials and methods

Bacterial strains and growth conditions

The strains used in these experiments are summarized in
Table S1. With the exception of the spa mutant and the
complemented rot mutant, the methods used to generate
and confirm all mutants and the corresponding comple-
mented strains were described in previous reports.15,34,80-82

The Nebraska Transposon Mutant Library (NTML) was
utilized to generate the spa mutant by phage transduction
from the original JE2 mutant into our strain of LAC. The
rot complementation strain was constructed similarly by
transducing a previously described rot complementation

plasmid into the rotmutant.15,83 All strains weremaintained
at ¡80�C in a suspension containing tryptic soy broth
(TSB) and 25% (v/v) glycerol. For each experiment, strains
under study were retrieved from cold storage by plating on
tryptic soy agar (TSA) with appropriate antibiotic selection.
Antibiotics were incorporated into the culture media as
appropriate at the following concentrations: erythromycin,
10 mg ml¡1; chloramphenicol 10 mg ml¡1; tetracycline,
5 mg ml¡1; kanamycin, 50 mg ml¡1; and neomycin, 50 mg
ml¡1; spectinomycin, 1mgml¡1. Kanamycin and neomycin
were always used together to avoid selection of spontane-
ously resistant strains.

Murine bacteremia model

Bacterial strains were retrieved from cold storage and
grown at 378C to stationary phase (16-17 hrs) in TSB
with appropriate antibiotic selection. Cultures were stan-
dardized to an OD560 of 0.05 in TSB without antibiotics
and grown to an OD560 of 1.0. Bacterial cells were har-
vested by centrifugation and separate aliquots were
resuspended in an equal volume of sterile phosphate-
buffered saline (PBS) containing 10% DMSO and 5%
bovine serum albumin (BSA) which were stored at
¡80�C. The number of colony-forming units (cfu) in ali-
quots prepared from each strain was confirmed by plate
count after 20 hrs incubation at 37oC.

The bacteremia model used in this study was previ-
ously described by Zielinska et al. (2012).23 Briefly, the
strains under study were removed from cold storage,
washed with PBS, and standardized in PBS to a cell den-
sity of 5 £ 108 cfu per ml. For each experiment, groups
of ten 5–8 week-old female NIH-Swiss mice were
infected via tail vein injection with 5 £ 107 cfu of LAC
or one of its isogenic mutants. Organs and tissues were
harvested from any mice found dead or which required
compassionate euthanasia; otherwise, tissues were har-
vested at 7 days post-infection. Organs were removed
aseptically and homogenized. Serial dilutions of each
homogenate were then plated on TSA without selection,
and the number of cfus per organ determined following
overnight incubation at 37�C. To rule out the possibility
of contaminants skewing the results, replicate samples
were also plated on CHROMagar (BBLTM, Cat. #
254102/215081). All experiments were repeated at least
twice, with the total number of mice infected with each
strain indicated in the scatter plots.

Western blotting

Samples for western blots and the primary and second-
ary antibodies used were all prepared and used as previ-
ously described.23,38 Western blots included at least two
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biological replicates with at least two experimental repli-
cates of each. Densitometric values were obtained with a
Bio-Rad ChemiDocMP Imaging System and Image Lab
Software (Bio-Rad Laboratories, Inc., Irvine, CA).

Sonication assay

To ensure that the results were not skewed by the impact
of any given mutation on cellular clumping, all strains
were grown in overnight cultures with appropriate selec-
tion and standardized to an OD560 of 10.0 in a volume of
5 ml. Serial dilutions of a 100 ml aliquot were performed
on ice and plated on TSA without selection. The remain-
ing cultures were kept on ice and sonicated (QSonica
S4000, Newtown, CT) for a period of 4 minutes at 6
watts. Serial dilutions were then prepared post-sonica-
tion and plated on TSA. The number of cfu before and
after sonication was determined by plate count after
20 hrs incubation at 37oC.

Characterization of exoprotein profiles

Exoprotein profiles were examined as described by Zie-
linksa et al. (2012).23 Briefly, overnight (16-17 hrs) cul-
tures were standardized to an OD560 of 10.0.
Conditioned medium from each culture was then har-
vested by centrifugation and the supernatant filter steril-
ized. Samples were resolved by SDS-PAGE using 4–12%
gradient Novex Bis-Tris Plus gels (Life Technologies, cat.
# NW04125BOX). Proteins were visualized by staining
with SimplyBlueTM SafeStain (Life Technologies, cat. #
LC6060) and imaging using Bio-Rad ChemiDocMP
Imaging System (Bio-Rad Laboratories, Inc., Irvine, CA).

Total protease activity

Total protease activity was assessed using conditioned
media prepared as described above and the Protease
Fluorescent Detection Kit (Sigma Chemical Co., cat #
PF0100). MFI values for conditioned medium from LAC
were set to a value of 100% activity, with the activity
observed in each mutant shown relative to this value. All
assays included two biological replicates with at least
three experimental replicates of each.

Cell lysis procedure

Bacterial cells from overnight cultures standardized as
described above were harvested by centrifugation and
resuspended in 750 ml of ice-cold TEG buffer (25 mM
Tris at a pH of 8 and 25 mM EGTA). Cell suspensions
were then transferred to 2 ml RNase/DNase free Fast-
prep Lysing Matrix B tubes (MP Biomedicals, cat. #

116911050). Cell suspensions were then lysed in a
FastPrep�-24 benchtop homogenizer (MP Biomedicals,
Solon, OH) for two separate 40 second intervals at a rate
of 6.0 m/sec (interrupted by a 5 minute interval in which
the homogenates were chilled on ice). After centrifuga-
tion at 15,000 X g at 4oC for 10 minutes, supernatants
were aliquoted and stored at -20oC until use.

Preparation of samples for analysis of surface-
associated Spa (sSpa)

To examine relative amounts of sSpa, samples enriched
for surface-associated proteins were prepared as previ-
ously described.23 Here, bacterial cells from overnight
cultures standardized as described above were harvested
by centrifugation. Cell pellets were then resuspended to a
density 1 £ 109 cells per ml. Cells were then washed in
distilled water before resuspending in 200 ml of filter-
sterilized digestion buffer consisting of 100 ml of 1M
Tris-HCl (pH 7.5), 50 ml of 5M NaCl, 675 mg of sucrose,
50 ml of 1M MgCl2, 25 ml of lysostaphin (10 mg/ml),
100 ml mutanolysin (1.25 mg/ml), 5 units of DNase I,
50 ml of 100 mM PMSF, 2.5 ml of 1M benzamidine,
50 ml of 100 mM Na-p-Tosyl-L-arginine methyl ester
hydrochloride (TAME), 25 ml leupeptin (1 mg/ml), and
12.5 ml pepstatin (1 mg/ml). Samples were then brought
to a final volume of 2.5 ml using distilled water. Cell sus-
pensions were then incubated at 37oC for 4 hours. The
lysis reactions were then centrifuged at 6000 X g for
20 minutes at 4oC and the supernatants aliquoted and
stored at -80oC until used for western blot.

Ethics statement

All experiments involving animals were reviewed and
approved by the Institutional Animal Care and Use
Committee of the University of Arkansas for Medical
Sciences and performed according to NIH guidelines,
the Animal Welfare Act, and US Federal law.

Statistical analysis

To allow for statistical comparison across biological and
experimental replicates from all in vitro assays, the
results obtained for each mutant were averaged across all
replicates. This average was then plotted relative to the
results observed with LAC after setting the value
observed with LAC either to 1.0 (western blots) or 100%
(protease assay). Analysis of variance (ANOVA) models
were then used to assess the statistical significance of the
results observed with each mutant relative to LAC (Bon-
ferroni correction). ANOVA methods were also used to
analyze cfu data. Specifically, Dunnett’s procedure was
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used to compare each mutant mean to the mean of LAC.
The cfu data were log10-transformed prior to analysis,
and P-values were calculated using permutation meth-
ods. P-values less than or equal to 0.05 were considered
to be statistically significant. Statistical analyses were per-
formed using the statistical programming language R
version 3.3.3 (Vienna, Austria), SAS 9.4 (Cary, NC) and
GraphPad Prism 5.0 (La Jolla, CA).
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Impact of sarA and Phenol-Soluble Modulins on the Pathogenesis of
Osteomyelitis in Diverse Clinical Isolates of Staphylococcus aureus
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We used a murine model of acute, posttraumatic osteomyelitis to evaluate the virulence of two divergent Staphylococcus aureus
clinical isolates (the USA300 strain LAC and the USA200 strain UAMS-1) and their isogenic sarA mutants. The results confirmed
that both strains caused comparable degrees of osteolysis and reactive new bone formation in the acute phase of osteomyelitis.
Conditioned medium (CM) from stationary-phase cultures of both strains was cytotoxic to cells of established cell lines
(MC3TC-E1 and RAW 264.7 cells), primary murine calvarial osteoblasts, and bone marrow-derived osteoclasts. Both the cyto-
toxicity of CM and the reactive changes in bone were significantly reduced in the isogenic sarA mutants. These results confirm
that sarA is required for the production and/or accumulation of extracellular virulence factors that limit osteoblast and oste-
oclast viability and that thereby promote bone destruction and reactive bone formation during the acute phase of S. aureus os-
teomyelitis. Proteomic analysis confirmed the reduced accumulation of multiple extracellular proteins in the LAC and UAMS-1
sarA mutants. Included among these were the alpha class of phenol-soluble modulins (PSMs), which were previously implicated
as important determinants of osteoblast cytotoxicity and bone destruction and repair processes in osteomyelitis. Mutation of the
corresponding operon reduced the cytotoxicity of CM from both UAMS-1 and LAC cultures for osteoblasts and osteoclasts. It
also significantly reduced both reactive bone formation and cortical bone destruction by CM from LAC cultures. However, this
was not true for CM from cultures of a UAMS-1 psm� mutant, thereby suggesting the involvement of additional virulence factors
in such strains that remain to be identified.

Staphylococcus aureus is a highly versatile pathogen capable of
causing a remarkable array of human infections. One of the

most devastating of these is osteomyelitis, which is extremely dif-
ficult to eradicate without extensive and often repetitive surgical
debridement (1). Indeed, it has been suggested that, as with can-
cer, “remission” is a more appropriate term than “cure” in the
context of osteomyelitis (2). Several factors contribute to this ther-
apeutic recalcitrance, including the inability to diagnose the infec-
tion before it has progressed to a chronic stage in which the local
vasculature is compromised, the formation of a bacterial biofilm
that limits the efficacy of both conventional antibiotics and host
defenses, the emergence of phenotypic variants within the biofilm
(persister cells and small-colony variants) that exhibit metabolic
traits that limit their antibiotic susceptibility, and the ability of the
pathogens involved, including S. aureus, to invade and replicate
within host cells, including osteoblasts (3–9). Collectively, these
factors dictate that the clinical problem of osteomyelitis extends
far beyond acquired resistance and the increasingly limited avail-
ability of effective antibiotics.

Our laboratories have placed a major emphasis on overcoming
this problem by exploring alternative means for early diagnosis (3,
10), developing improved methods for localized antibiotic deliv-
ery for the prevention and treatment of infection (11–14), and
identifying the bacterial factors that contribute to the prominence
of S. aureus as an orthopedic pathogen. With respect to the last
area of exploration, our studies have led us to place a primary
emphasis on the staphylococcal accessory regulator (sarA), muta-
tion of which limits biofilm formation to a greater degree than
mutation of any other regulatory locus that we have examined (11,
15). The negative impact of mutated sarA on biofilm formation is

also apparent in all S. aureus strains that we have examined, other
than those with recognized regulatory defects (16, 17). Moreover,
even in those cases in which a mutation enhanced biofilm forma-
tion, concomitant mutation of sarA reversed this effect (12, 15–
17). We also confirmed that the limited ability of sarA mutants to
form a biofilm can be correlated with increased susceptibility to
diverse functional classes of antibiotics in vivo (18, 19). Addition-
ally, mutation of sarA limits the ability of S. aureus to persist in the
bloodstream and cause secondary infections, including hematog-
enous osteomyelitis (20, 21).

Taken together, these results suggest that sarA is a viable and
perhaps preferred regulatory target in the context of biofilm-as-
sociated infections, including osteomyelitis. However, this con-
clusion must be interpreted with caution. For instance, under in

Received 18 February 2016 Returned for modification 26 March 2016
Accepted 18 June 2016

Accepted manuscript posted online 27 June 2016

Citation Loughran AJ, Gaddy D, Beenken KE, Meeker DG, Morello R, Zhao H,
Byrum SD, Tackett AJ, Cassat JE, Smeltzer MS. 2016. Impact of sarA and phenol-
soluble modulins on the pathogenesis of osteomyelitis in diverse clinical isolates
of Staphylococcus aureus. Infect Immun 84:2586 –2594. doi:10.1128/IAI.00152-16.

Editor: A. Camilli, Tufts University School of Medicine

Address correspondence to Mark S. Smeltzer, smeltzermarks@uams.edu.

* Present address: Dana Gaddy, Veterinary Integrative Biosciences, Texas A&M
University, College Station, Texas, USA.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/IAI.00152-16.

Copyright © 2016, American Society for Microbiology. All Rights Reserved.

crossmark

2586 iai.asm.org September 2016 Volume 84 Number 9Infection and Immunity

 on D
ecem

ber 20, 2019 at U
A

M
S

 Library
http://iai.asm

.org/
D

ow
nloaded from

 

http://dx.doi.org/10.1128/IAI.00152-16
http://dx.doi.org/10.1128/IAI.00152-16
http://dx.doi.org/10.1128/IAI.00152-16
http://crossmark.crossref.org/dialog/?doi=10.1128/IAI.00152-16&domain=pdf&date_stamp=2016-6-27
http://iai.asm.org
http://iai.asm.org/


vitro conditions, the relative impact of sarA versus that of the
saePQRS (saeRS) regulatory locus on biofilm formation was re-
cently shown to be dependent on the medium used to carry out
the biofilm assay (22). Moreover, mutation of saeRS in the
USA300 strain LAC was shown to limit virulence in a murine
model of posttraumatic osteomyelitis owing to the increased pro-
duction of the extracellular protease aureolysin, which results in
the decreased accumulation of phenol-soluble modulins (PSMs)
that would otherwise promote cytotoxicity for osteoblasts and
bone destruction (23). A recent report also demonstrated that,
under the hypoxic conditions encountered in bone, particularly as
the infection progresses to a point that compromises the local
blood supply, the srrAB regulatory locus plays a key role in S.
aureus survival (24). Such results emphasize the complexity of the
disease process in osteomyelitis and the fact that biofilm forma-
tion per se is not the only relevant consideration.

In this respect, it is important to note that the impact of mu-
tating sarA has not been evaluated in the context of bone infection.
It has been demonstrated that, at least under in vitro conditions,
mutation of sarA results in a much greater increase in protease
production than mutation of saeRS (12, 17) and that this can be
correlated with the reduced accumulation of multiple virulence
factors, including PSMs (20). Thus, it would be anticipated that
mutation of sarA would also have a significant impact in this clin-
ical context, but this has not been experimentally determined.
Additionally, studies examining the role of different regulatory
loci in a newly developed murine model of posttraumatic osteo-
myelitis have been limited to date to the USA300 strain LAC,
which produces PSMs at high levels by comparison to many other
strains of S. aureus (25–27). In this report, we address these issues
by using the same murine model to assess the relative virulence of
two genetically and phenotypically divergent strains of S. aureus
and their isogenic sarA and psm mutants.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The S. aureus strains utilized in
this study included a plasmid-cured, erythromycin-sensitive derivative of
methicillin-resistant S. aureus (MRSA) USA300 strain LAC (28), USA200
methicillin-sensitive S. aureus osteomyelitis isolate UAMS-1 (29), and
derivatives of each carrying mutations in sarA or the operon encoding the
alpha class of PSMs (�PSMs). Mutants were generated by phage �11-
mediated transduction from mutants already on hand (19, 20, 23). Mu-
tations in sarA and the psm� operon were genetically complemented using
pSARA and pTX�� as previously described (16, 27). Strains were main-
tained at �80°C in tryptic soy broth (TSB) containing 25% (vol/vol)
glycerol. For analysis, strains were cultured from cold storage by plating
on tryptic soy agar (TSA) with selection with the appropriate antibiotic.
The following antibiotics were used at the indicated concentrations:
chloramphenicol (Cm), 10 �g ml�1; erythromycin (Erm), 10 �g ml�1;
kanamycin (Kan), 50 �g ml�1; neomycin (Neo), 50 �g/ml; and tetracy-
cline (Tet), 5 �g ml�1.

Preparation of conditioned medium. Stationary-phase cultures were
standardized to an optical density at 560 nm of 8.0. Cells were harvested by
centrifugation, and the supernatants were filter sterilized. The culture
medium was combined 1:1 with the appropriate cell culture medium
containing 10% fetal bovine serum (FBS) and added to cell monolayers
for cytotoxicity assays.

Cultivation of primary murine calvarial osteoblasts. Murine pri-
mary calvarial osteoblasts were obtained from 3- to 5-day-old C57BL/6
mouse pups according to standard procedures (30), modified as follows:
whole calvariae were dissected (the periosteum and endosteum were
scraped off with a scalpel) and sequentially digested for 20 min at 37°C in

alpha minimal essential medium (alpha-MEM) containing 0.1 mg/ml col-
lagenase P (Roche), 0.04% trypsin-EDTA, and penicillin-streptomycin
(166 U/ml and 166 �g/ml, respectively). The first 2 fractions of cells were
discarded. Calvariae were further diced with sterile surgical scissors
and digested in 1 ml of alpha-MEM with a double amount of collage-
nase and trypsin-EDTA for 1 h at 37°C with vigorous shaking every 15
to 20 min. Then, 3.75 ml of alpha-MEM containing 15% FBS and
penicillin-streptomycin was added. After 24 h, the osteoblasts were
washed with sterile phosphate-buffered saline (PBS) and expanded
alpha-MEM containing 10% FBS, 2 mM glutamine, and penicillin and
streptomycin (100 �g/ml and 100 �g/ml, respectively) for 2 to 4 days
before passaging. Only early-passage osteoblasts grown in culture me-
dium supplemented with 100 �g/ml of ascorbic acid were used for
cytotoxicity assays.

Cytotoxicity assay. Cytotoxicity assays with primary osteoblasts and
established cell lines were done using the methods described above.
MC3T3-E1 and RAW 264.7 cells were obtained from the American Type
Culture Collection (ATCC) and propagated according to ATCC recom-
mendations. Cells were grown at 37°C in 5% CO2 with the replacement of
medium every 2 or 3 days. For cytotoxicity assays, cells were seeded into
black clear-bottom 96-well tissue culture-grade plates at a density of
10,000 cells per well for MC3T3-E1 cells, 50,000 cells per well for RAW
264.7 cells, or 10,000 cells per well for calvarial osteoblasts. After 24 h, the
growth medium was removed and replaced with medium containing a 1:1
ratio of cell culture complete growth medium and S. aureus conditioned
medium. The monolayers were incubated for an additional 24 h prior to
removal of the medium and assessment of cell viability using calcein-AM
to stain live cells (Thermo Fisher Scientific) according to the manufactur-
er’s specifications. An Omega FLUOstar microplate reader (BMG
Labtech) was used to determine the fluorescent intensity at 517 nm. The
results of the microtiter plate assays were confirmed through fluorescence
microscopy.

Cultivation and TRAP staining of primary osteoclasts. Whole bone
marrow was extracted from the tibia and femurs of one or two 8- to
10-week-old mice. Red blood cells were lysed in buffer (150 mM
NH4Cl, 10 mM KNCO3, 0.1 mM EDTA, pH 7.4) for 5 min at room
temperature. Bone marrow cells (5 � 106) were plated in a 100-mm
petri dish and cultured in alpha-10 medium (alpha-MEM, 10% heat-
inactivated FBS, and PSG [100 U/liter penicillin, 0.1 mg/liter strepto-
mycin, and 2 mM L-glutamine]) containing 1/10 volume of condi-
tioned medium (CM) supernatant from CMG 14-12 cells containing
recombinant macrophage colony-stimulating factor (M-CSF) at 1
�g/ml for 4 to 5 days. Preosteoclasts and osteoclasts were generated by
culturing bone marrow macrophages (BMMs) at a density of 160
BMMs/mm2 in 1/100 vol of CMG 14-12 culture supernatant and 100
ng/ml of recombinant RANKL. To determine cell viability, tartrate-
resistant acid phosphatase (TRAP) staining was used to count the vi-
able cells. BMMs were cultured on a 48-well tissue culture plate in
alpha-10 medium with M-CSF and RANKL for 4 to 5 days. After me-
dium replacement, the cells were treated with S. aureus culture super-
natants diluted 1:1 in complete growth medium. The cells were then fixed
with 4% paraformaldehyde–PBS and TRAP stained with NaK tartrate and
naphthol AS-BI phosphoric acid (Sigma-Aldrich).

Murine model of acute posttraumatic osteomyelitis. The murine
model of acute posttraumatic osteomyelitis model was performed as pre-
viously described (23). Briefly, surgery was performed on the right hind
limb of 8- to 10-week-old female C57BL/6 mice. Prior to surgery, the
mice received 0.1 mg/kg of body weight buprenorphine via subcuta-
neous injection. Anesthesia was then maintained using isoflurane. The
femur was exposed by blunt dissection, and a 1-mm unicortical bone
defect was created at the lateral midshaft of the femur with a 21-gauge
Precision Glide needle (Becton Dickinson). A bacterial inoculum of
1 � 105 CFU in 2 �l was delivered into the intramedullary canal. The
muscle fasciae and skin were then closed with sutures, and the mice
were allowed to recover from anesthesia. Infection was allowed to

Role of sarA in Osteomyelitis

September 2016 Volume 84 Number 9 iai.asm.org 2587Infection and Immunity

 on D
ecem

ber 20, 2019 at U
A

M
S

 Library
http://iai.asm

.org/
D

ow
nloaded from

 

http://iai.asm.org
http://iai.asm.org/


proceed for 14 days, at which time the mice were euthanized and the
right femur was removed and subjected to micro-computed tomogra-
phy (micro-CT) analysis. All experiments involving animals were re-
viewed and approved by the Institutional Animal Care and Use Com-
mittee of the University of Arkansas for Medical Sciences and were
performed according to NIH guidelines, the Animal Welfare Act, and
U.S. federal law.

Micro-computed tomography. The analysis of cortical bone destruc-
tion and new bone formation was performed using micro-CT imaging
with a Skyscan 1174 micro-CT (Bruker), and scans were analyzed using
the manufacturer’s analytical software. Briefly, axial images of each femur
were acquired at a resolution of 6.7 �m at 50 kV and 800 �A through a
0.25-mm aluminum filter. Bones were visualized using a scout scan and then
scanned in three sections as an oversize scan to image the entire femoral
length. The volume of cortical bone was isolated in a semiautomated process
per the manufacturer’s instruction. Briefly, cortical bone was isolated from
soft tissue and the background by global thresholding (low threshold, 89; high
threshold, 255). The processes of opening, closing, dilation, erosion, and
despeckling were configured using the bones from sham-treated controls to
separate the new bone from the existing cortical bone, and a task list was
created to apply the same process and values to all bones in the data set. After
processing of the bones using the task list, the volume of interest (VOI) was
corrected by drawing inclusive or exclusive contours on the periosteal surface.
Cortical bone destruction analysis consisted of 600 slices centered on the
initial surgical bone defect. Destruction was determined by subtraction of the
volume of infected bones from the average bone volume from sham-treated
controls. Reactive new bone formation was assessed by first isolating the re-
gion of interest (ROI) that contained only the original cortical bone (as de-
scribed above). After cortical bone isolation the new bone volume was deter-
mined by subtraction of the original bone volume from the total bone
volume. All calculations were performed on the basis of direct voxel counts.

Proteomic analysis. Assessment of the secreted proteome of both S.
aureus parent strains and their isogenic sarA mutants was performed in
triplicate as previously described (20). Briefly, the lanes of SDS-polyacryl-
amide gels were divided into 20 slices and subjected to in-gel trypsin
digestion. The gel slices were destained in 50% methanol, 100 mM am-
monium bicarbonate, followed by reduction in 10 mM Tris(2-carboxy-
ethyl)phosphine and alkylation in 50 mM iodoacetamide. The gel slices
were then dehydrated in acetonitrile, followed by addition of 100 ng of
sequencing-grade porcine trypsin (Promega, Madison, WI) in 100 mM
ammonium bicarbonate and incubation at 37°C for 12 to 16 h. The pep-
tide products were then acidified in 0.1% formic acid (Fluka, Milwaukee,
WI). Tryptic peptides were analyzed by high-resolution tandem mass
spectrometry (MS/MS) with a Thermo LTQ Orbitrap Velos mass spec-
trometer coupled to a Waters nanoAcquity liquid chromatography (LC)
system. The proteins were identified from the MS/MS spectra by search-
ing the UniprotKB USA300 (LAC) or MRSA252 (UAMS-1) database for
the organism Staphylococcus aureus (2,607 entries) using the Mascot
search engine (Matrix Science, Boston, MA).

Statistical analysis. The results of both in vitro and in vivo experiments
were tested for statistical significance using the Student t test. Compari-
sons were made between the two parent strains or between each parent
strain and its appropriate isogenic mutant. P values of �0.05 were con-
sidered statistically significant.

RESULTS AND DISCUSSION

A primary focus of our laboratories has been on developing alter-
native strategies that can be used to overcome the therapeutic
recalcitrance of orthopedic infections, including osteomyelitis.
Despite the current prominence of hypervirulent isolates of the
USA300 clonal lineage (25), it is imperative that the genetic and
phenotypic diversity of different S. aureus strains be taken into
account in this regard. Based on this, we chose to focus on the
USA300 methicillin-resistant strain LAC and the USA200 methi-
cillin-sensitive isolate UAMS-1, which have been shown to be dis-

tinct with respect to both gene content and overall transcriptional
patterns by comparison to each other (29, 31). Of note is the fact
that LAC and many other USA300 isolates express the acces-
sory gene regulator (agr) at higher levels than strains like
UAMS-1 and, consequently, produce extracellular toxins, in-
cluding phenol-soluble modulins (PSMs), at higher levels (25,
27). At the same time, UAMS-1 (ATCC 49230) has a proven
clinical provenance in the specific context of osteomyelitis,
having been isolated directly from the bone of a patient during
surgical debridement (32).

Thus, we used equivalent numbers (105 CFU) of LAC, UAMS-1,
and their isogenic sarA mutants to infect mice via direct inocula-
tion into the medullary canal via a unicortical defect (23). Femurs
were harvested at 14 days postinfection and subjected to mi-
cro-CT analysis to assess cortical bone destruction and reactive
new bone (callus) formation. Quantitative analysis was based on
reconstructive evaluation of a series of images spanning from the
prominence of the lessor trochanter to the distal femoral growth
plate. This analysis confirmed that infection with either strain
caused osteolysis at and around the site of inoculation and reactive
new bone (callus) formation both proximally and distally to this
site (Fig. 1). The prevalence of both of these phenotypes was ele-
vated in mice infected with LAC by comparison to those infected
with UAMS-1, although these differences were not statistically
significant (Fig. 2).

In LAC, mutation of sarA limited both osteolysis and reactive
new bone formation to a significant degree by comparison to
those in the isogenic parent strain (Fig. 2). In UAMS-1, the impact
of mutating sarA was statistically significant only in the context of
reactive bone formation, with cortical bone destruction being re-
duced, but not to a significant degree. However, these results must
be interpreted with caution, in that the surgical procedure itself
involves the destruction of cortical bone to gain access to the in-
tramedullary canal, thus complicating the analysis by comparison
to that involving new bone formation.

FIG 1 Bone destruction and reactive bone formation in osteomyelitis as a
function of sarA. C57BL/6 mice (n � 5) were infected with LAC, UAMS-1
(U1), or their isogenic sarA mutants (�sarA). Femurs were harvested at 14 days
after inoculation and subjected to micro-CT imaging analysis. Anteroposte-
rior views of infected femurs are shown for comparison. Sham, results for mice
subjected to the surgical procedure and injected with sterile PBS.
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Nevertheless, these results suggest that the virulence factor(s)
produced by S. aureus that contributes to bone remodeling in
osteomyelitis is likely produced in larger amounts by LAC than
UAMS-1 and that mutation of sarA limits the production and/or
accumulation of these virulence factors in both strains. Thus,
while mutation of sarA has been shown to limit biofilm forma-
tion both in vitro and in vivo to a degree that can be correlated
with increased antibiotic susceptibility (15, 18, 19, 33) and to
limit virulence in a murine model of bacteremia that can be
correlated with a reduced capacity to cause hematogenous os-
teomyelitis (20, 21), this is the first demonstration that it also
limits virulence in a relevant model of posttraumatic bone in-
fection and, perhaps more importantly, that it does so in di-
verse clinical isolates.

Bone is a highly dynamic physiological environment in which
constant remodeling occurs in response to biomechanical stresses
and hormonal influences (34, 35). This remodeling process is me-
diated by osteoblasts and osteoclasts, with the first being respon-
sible for new bone formation (ossification) and the second being
responsible for bone resorption prior to osteoblast-mediated os-
sification. Osteocytes are terminally differentiated osteoblasts that
become embedded within lacunae in the mineralized bone matrix;
they extend long cytoplasmic processes through apertures of the
lacunae that form a dense canalicular network inside the bone.
They are the most abundant cell type in the adult skeleton and
form an interconnected network that can coordinate the activity
of osteoblasts and osteoclasts to facilitate bone repair and ulti-
mately maintain its structural integrity (34, 35). Thus, disruption
in the balance of osteoblast versus osteoclast function has the po-
tential to compromise this integrity. For instance, bone destruc-
tion could result from increased osteoclast function or decreased
osteoblast function. Conversely, new bone (callus) formation in
the form of woven bone could result from increased osteoblast
function or decreased osteoclast function.

To investigate whether osteoblasts and osteoclasts are directly
affected by the secreted products of S. aureus, we evaluated the
extent to which conditioned medium (CM) from cultures of LAC,
UAMS-1, and their isogenic sarA mutants impact osteoblast and
osteoclast viability. We chose to focus on CM based on a previous
report demonstrating that the increased production of extracellu-
lar proteases in a LAC saeRS mutant limits the accumulation of
important extracellular virulence factors that contribute to the
bone destruction and repair process (23) and our studies demon-

strating that mutation of sarA results in a greater increase in pro-
tease production than mutation of saeRS (12, 17). We initially
focused on the preosteoblast cell line MC3T3-E1 because these
cells have characteristics similar to those of primary calvarial os-
teoblasts and are derived from C57BL/6 mice, which is the same
mouse strain used for our in vivo experiments. Similarly, we used
the RAW 264.7 macrophage cell line as a surrogate for osteoclasts
because they exhibit characteristics similar to those of bone mar-
row macrophages, the precursors of primary osteoclasts, but as an
established cell line offered the advantage of ready accessibility
and ease of manipulation.

CM from LAC (Fig. 3) and UAMS-1 (Fig. 4) cultures was cyto-
toxic for both MC3T3-E1 and RAW 264.7 cells, and in both strains,
mutation of sarA limited this cytotoxicity. This was also true when the
experiments were repeated using primary calvarial osteoblasts (Fig. 5)
and when the results were assessed on the basis of the number of
TRAP-positive multinucleated, primary bone marrow-derived oste-
oclasts (Fig. 6). When the results were assessed using primary oste-
oclasts, CM from LAC cultures appeared to be more cytotoxic for
primary bone marrow-derived macrophages, although the difference
did not reach statistical significance. The changes observed with each
parent strain and its isogenic sarA mutants were consistent when both
established cell lines and primary cells were used, and this finding is
important, given that cell lines are much easier to maintain and more
amenable to use in experiments. More importantly, these results are
also consistent with the hypothesis that there is a cause-and-effect
relationship between osteoblast and osteoclast cytotoxicity and
bone destruction and repair processes in acute, posttraumatic osteo-
myelitis.

Given the cytotoxicity of CM from both LAC and UAMS-1
cultures for osteoblasts and osteoclasts and the impact of both
strains on bone destruction and repair processes, we examined the
exoprotein profiles of each strain and their isogenic sarA mutants
by in-gel tryptic digestion followed by GeLC-MS/MS. These stud-
ies revealed global differences between both LAC and UAMS-1
and their isogenic sarA mutants (see Table S1 in the supplemental
material). A draft genome sequence of UAMS-1 has been pub-
lished (36), but a fully annotated protein database is not yet avail-
able. Thus, on the basis of our studies demonstrating that they are
closely related strains (31), identification of UAMS-1 proteins was
based on comparisons to MRSA252 proteins. However, it should be
noted that while these two strains are closely related, they are not
identical. For instance, the MRSA252 genome, like that of LAC, does
not encode the toxic shock syndrome toxin 1 (TSST-1) gene (tst),
which is present in UAMS-1 (31).

Nevertheless, several particularly notable differences between
LAC and UAMS-1 were identified (Table 1). For instance, the
analyses confirmed that, unlike LAC, UAMS-1 does not produce
LukD/LukE, the Panton-Valentine leucocidin (PVL), or alpha
toxin, all of which are potentially important virulence factors in
the phenotypes that we observed. However, LukD was present in
increased amounts in a LAC sarA mutant relative to the amounts
in its parent strain, while LukE was detected at very low levels in
both strains (Table 1). Similarly, PVL was also present in increased
amounts in a LAC sarA mutant relative to the amounts in its
isogenic parent strain. This suggests that LukD/LukE or PVL is
unlikely to contribute to the attenuation of a LAC sarA mutant. In
contrast, alpha toxin was present in dramatically reduced
amounts in a LAC sarA mutant (at 	11% of the amount in the
isogenic parent strain). This suggests that alpha toxin could con-

FIG 2 Quantitative analysis of micro-CT imaging. Images were analyzed for
reactive new bone (callus) formation and cortical bone destruction in mice
infected with LAC, UAMS-1 (U1), or their isogenic sarA mutants (�sarA).
Sham, results of the same analysis with mice subjected to the surgical proce-
dure and injected with sterile PBS. *, statistical significance compared to the
results of sham treatment; **, statistical significance compared to the results
for the isogenic parent strain.
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tribute to both the enhanced virulence of LAC relative to that of
UAMS-1 and the reduced virulence of a LAC sarA mutant (24).
However, given its absence in UAMS-1, alpha toxin clearly does
not contribute to the cytotoxicity or bone remodeling that we
observed with this strain.

In general, these proteomics studies also confirmed the find-
ings of our previous experiments (26) demonstrating that PSMs,
specifically, the alpha class of PSMs (�PSMs), are present in in-
creased levels in LAC relative to UAMS-1 and at reduced levels in
both LAC and UAMS-1 sarA mutants relative to the levels in the

FIG 3 Cytotoxicity of LAC assessed using established cell lines. MC3T3-E1 or RAW 264.7 cells were exposed to CM from cultures of LAC, its sarA mutant
(�sarA), and its complemented sarA mutant (�sarAC). Viability was assessed after 24 h using Invitrogen Live calcein-AM staining (top) or fluorescence
microscopy (bottom). The results of calcein-AM staining are reported as the average mean fluorescence intensity (MFI) 
 standard deviation. *, statistical
significance compared to the results observed with the isogenic parent strain; **, statistical significance compared to the results observed with the isogenic sarA
mutant. DMEM, Dulbecco modified Eagle medium.

FIG 4 Cytotoxicity of UAMS-1 assessed using established cell lines. MC3T3-E1 or RAW 264.7 cells were exposed to CM from cultures of UAMS-1 (U1), its sarA mutant
(�sarA), and its complemented sarA mutant (�sarAC). Viability was assessed after 24 h using Invitrogen Live calcein-AM staining (top) or fluorescence microscopy
(bottom). The results of calcein-AM staining are reported as the average mean fluorescence intensity (MFI) 
 standard deviation. *, statistical significance compared to
the results observed with the isogenic parent strain; **, statistical significance compared to the results observed with the isogenic sarA mutant.
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isogenic parent strains (Fig. 7 and Table 1). In fact, in UAMS-1 the
amounts of �2PSM and �3PSM were below the limit of detection
of the assay. Nevertheless, the differences observed between
UAMS-1 and its sarA mutant did reach statistical significance with
respect to �1PSM and �4PSM, and statistically significant differ-
ences were observed between LAC and its sarA mutant with re-
spect to all �PSMs (Fig. 7 and Table 1). These results are consistent
with the results of our previous experiments, in which PSM levels
were measured directly by high-pressure liquid chromatography
(26). Moreover, previous studies employing a mutagenesis ap-
proach in LAC implicated �PSMs as key factors contributing to
osteoblast cytotoxicity and bone remodeling in the same murine
model that we employed in the experiments whose results are
reported here (23).

Based on this, we examined the extent to which these peptides
contribute to the phenotypes that we observed in each parent
strain. In both LAC and UAMS-1, mutation of the operon encod-
ing �PSMs resulted in a significant decrease in cytotoxicity for both
MC3T3-E1 cells and RAW 264.7 cells (Fig. 8). This effect appeared to
be greater for LAC than for UAMS-1, particularly when it was as-
sessed using MC3T3-E1 cells. The cytotoxicity of both LAC and
UAMS-1 �PSM mutants was also significantly reduced when it was
assessed using primary osteoblasts and osteoclasts, and when it was
assessed using calvarial osteoblasts, the impact of eliminating �PSM
production was significantly greater for LAC than for UAMS-1 (Fig.
9). This is consistent with the observation that LAC produces PSMs at
higher levels than UAMS-1 (26). Nevertheless, these results demon-
strate that PSMs play an important role in mediating osteoblast and
osteoclast cytotoxicity even in a strain like UAMS-1 that produces
PSMs at relatively low levels, and they suggest that the reduced accu-

FIG 5 Cytotoxicity of conditioned medium for primary osteoblasts. Primary osteoblast cells were exposed to conditioned CM from cultures of the indicated
strains, and viability was assessed after 24 h using Invitrogen Live calcein-AM staining (top) or fluorescence microscopy (bottom). The results of calcein-AM
staining are reported as the average mean fluorescence intensity (MFI) 
 standard deviation. *, statistical significance compared to the results observed with the
isogenic parent strain.

FIG 6 Cytotoxicity of conditioned medium for primary osteoclasts. Pri-
mary bone marrow-derived murine osteoclasts were exposed to CM from
cultures of the indicated strains. After 12 h, viability was assessed by TRAP
staining, with the graph representing the results of quantitative analysis of
all replicates. (Inset) TRAP-positive multinucleated cells. *, statistical sig-
nificance compared to the results observed with the isogenic parent strain.

TABLE 1 Relative production of select proteins in LAC, UAMS-1, and
their isogenic sarA mutants

Protein

Avg no. of spectral countsa

LAC
LAC sarA
mutant UAMS-1

UAMS-1 sarA
mutant

Alpha toxin 1,019 117 0 0
PVL (LukF) 324 2,292 0 0
PVL (LukS) 229 1,458 0 0
LukD 104 576 0 0
LukE 23 3 0 0
�1PSM 102 15 56 13
�2PSM 32 0 0 0
�3PSM 12 0 0 0
�4PSM 112 5 64 14
Delta toxin 159 40 317 83
Spa 903 1 1,379 29
a Results reflect the average number of spectral counts from triplicate samples as
assessed by GeLC-MS/MS.
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mulation of �PSMs may be a primary factor contributing to the re-
duced virulence of both LAC and UAMS-1 sarA mutants in our
model.

To address this, we used our murine osteomyelitis model to
compare each parent strain and its �PSM mutants. The results
confirmed that eliminating the production of �PSMs in LAC sig-
nificantly reduced both the reactive new bone formation and the
cortical bone destruction observed in this model (Fig. 10). In con-
trast, neither of these parameters was significantly reduced in
the UAMS-1 �PSM mutant in comparison to that in the iso-
genic parent strain. Thus, while these results suggest that PSMs
play some role in the pathogenesis of acute, posttraumatic os-
teomyelitis even in strains like UAMS-1, they likely play a much
more predominant role in defining USA300 strains like LAC. It
is important to note in this regard that while the results ob-
served with sarA mutants in vitro in the context of cytotoxicity
(Fig. 3 to 6) were consistent with those observed in vivo in the
overall context of bone remodeling (Fig. 2), this was not the

case with a UAMS-1 �PSM mutant (Fig. 8 to 10). This may be
due to the fact that PSMs can be inactivated when bound by
host lipoproteins (37), an effect that would presumably be
more evident in a strain like UAMS-1 that produces PSMs at
relatively low levels.

The mechanistic basis for the role of PSMs in the pathogenesis
of osteomyelitis also remains undetermined, but they are known
to act as intracellular toxins that lyse osteoblasts, and this is par-
ticularly true for PSMs from hypervirulent strains of S. aureus, like
LAC (5). PSMs have also been shown to induce the production of
interleukin-8 (27), which in turn can promote osteoclast differen-
tiation and activity (38). Taken together, these would presumably
have the effect of increasing bone destruction by decreasing osteo-
blast activity while increasing osteoclast activity. It is difficult to
envision how either would promote reactive bone formation, but
it is noteworthy that this occurred at distinct sites distal to the
inoculation site (Fig. 1). Together, these factors suggest the possi-
bility that reactive bone formation is a downstream effect arising
from the recruitment of osteoclasts to the site of infection and/or
the systemic inflammatory response.

Finally, while our results demonstrate an important role for PSMs
in the pathogenesis of osteomyelitis in LAC, they also suggest that
other virulence factors play an important role in defining both the
virulence of UAMS-1 and the attenuation of its isogenic sarA mutant.
For instance, the fact that CM from a UAMS-1 �PSM mutant culture
exhibited more cytotoxicity for primary osteoblasts than CM from a
LAC �PSM mutant culture (Fig. 9) suggests that UAMS-1 produces a
potentially relevant cytolytic factor that either is not produced by
LAC or is produced in reduced amounts relative to the amounts in
which it is produced by UAMS-1. Additionally, the fact that a
UAMS-1 sarA mutant was less cytotoxic than a LAC sarA mutant
(Fig. 3 to 6) suggests that the abundance of the relevant factor(s) is
decreased in a UAMS-1 sarA mutant.

One possibility is this regard are superantigens like TSST-1 and
those encoded within the enterotoxin gene cluster (egc), which are
produced by UAMS-1 but not LAC (39). However, while we did
not detect TSST-1 in our proteomics analysis for the reasons dis-
cussed above, mutation of sarA has been shown to result in an
increase in the production of TSST-1, albeit under in vitro condi-
tions (40). One other possibility that does meet these criteria is
protein A (Spa), which is present in both cell-associated and ex-

FIG 7 �PSM levels assessed by GeLC-MS/MS. Black bars, amounts of the
indicated PSMs produced by LAC or UAMS-1; gray bars, amounts of the
indicated PSMs produced by the isogenic sarA mutants. *, statistically signifi-
cant difference for the indicated peptide compared to the amount of the same
peptide observed in the isogenic parent strain.

FIG 8 Cytotoxicity in established cell lines as a function of PSM produc-
tion. MC3T3-E1 or RAW 264.7 cells were exposed to CM from cultures of
LAC, UAMS-1 (U1), their isogenic �psm mutants (�psm�), and comple-
mented psm mutants (�psm�

C). Viability was assessed after 24 h using
Invitrogen Live calcein-AM staining. Results of calcein-AM staining are
reported as the average mean fluorescence intensity (MFI) 
 standard
deviation. *, statistical significance compared to the results observed with
the isogenic parent strain; **, statistical significance compared to the re-
sults observed with the isogenic psm mutant.

FIG 9 Impact of PSMs on cytotoxicity for primary osteoblasts and osteoclasts.
Primary osteoblast cells were exposed to CM from cultures of the indicated
strains. Viability was assessed after 24 h using Invitrogen Live calcein-AM
staining. (Left) The results of calcein-AM staining are reported as the average
mean fluorescence intensity (MFI) 
 standard deviation. (Right) Primary
bone marrow-derived murine osteoclasts were exposed to CM from cultures
of the indicated strains. After 12 h, viability was assessed by TRAP staining,
with the graph representing the results of quantitative analysis of all replicates.
*, statistical significance compared to the results observed with the isogenic
parent strain in both cell types.
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tracellular forms (41, 42) and was previously shown to bind to
preosteoblastic cells via tumor necrosis factor alpha receptor 1,
resulting in apoptosis and, ultimately, bone loss (43). Thus, pro-
tein A was present in increased amounts in UAMS-1 relative to the
amounts in LAC (Spa in Table 1) and could have contributed to
the virulence of UAMS-1, and elimination of PSM production in
UAMS-1 had comparatively little impact in this model. The fact
that the accumulation of Spa was reduced in a UAMS-1 sarA mu-
tant could also account for why mutation of sarA had a compara-
ble impact in both strains. At the same time, the generated sarA
mutants of both strains still caused bone destruction and new
bone formation to a degree that exceeded that observed with the
sham-treated controls (Fig. 2). This is potentially important be-
cause it implicates virulence factors whose abundance is not im-
pacted by mutation of sarA at the level of either their production
or their accumulation.
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