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The major role of sarA in limiting Staphylococcus aureus extracellular protease
production in vitro is correlated with decreased virulence in diverse clinical

isolates in osteomyelitis
Mara J. Campbell

, Karen E. Beenken, Aura M. Ramirez#, and Mark S. Smeltzer

Department of Microbiology and Immunology, University of Arkansas for Medical Sciences, Little Rock, AR, USA

ABSTRACT

We previously demonstrated that MgrA, SarA, SarR, SarS, SarZ, and Rot bind at least three of the
four promoters associated with genes encoding primary extracellular proteases in Staphylococcus
aureus (Aur, ScpA, SspA/SspB, SplA-F). We also showed that mutation of sarA results in a greater
increase in protease production, and decrease in biofilm formation, than mutation of the loci
encoding any of these other proteins. However, these conclusions were based on in vitro studies.
Thus, the goal of the experiments reported here was to determine the relative impact of the
regulatory loci encoding these proteins in vivo. To this end, we compared the virulence of mgrA,
sarA, sarR, sarS, sarZ, and rot mutants in a murine osteomyelitis model. Mutants were generated in
the methicillin-resistant USA300 strain LAC and the methicillin-sensitive USA200 strain UAMS-1,
which was isolated directly from the bone of an osteomyelitis patient during surgical debride-
ment. Mutation of mgrA and rot limited virulence to a statistically significant extent in UAMS-1,
but not in LAC, while the sarA mutant exhibited reduced virulence in both strains. The reduced
virulence of the sarA mutant was correlated with reduced cytotoxicity for osteoblasts and
osteoclasts, reduced biofilm formation, and reduced sensitivity to the antimicrobial peptide
indolicidin, all of which were directly attributable to increased protease production in both LAC
and UAMS-1. These results illustrate the importance of considering diverse clinical isolates when
evaluating the impact of regulatory mutations on virulence and demonstrate the significance of
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Introduction

Although many bacterial pathogens have been aetiolo
gically associated with osteomyelitis, Staphylococcus aureus
is overwhelmingly the most common cause and the patho-
gen that causes the most damage to the bone and surround-
ing tissues [1-3] Osteomyelitis is a uniquely problematic
form of S. aureus infection owing to its complex pathology
and intrinsic resistance to conventional antibiotic therapy
[4,5]. One reason for this intrinsic resistance is that most
infections are not diagnosed until they have progressed to
a chronic stage in which the bone and vasculature at the site
of infection has been compromised, thus limiting systemic
antibiotic delivery [2,6]. Moreover, a key characteristic of
osteomyelitis is formation of a biofilm, which confers
a therapeutically relevant level of intrinsic resistance to all
antibiotics at both an aggregate and cellular level [7-9].
S. aureus can also invade, survive, and even replicate inside
osteoblasts and osteoclasts, thus providing further protec-
tion from antibiotics and host defences [10-13]. As a result,

the effective treatment of osteomyelitis requires
a multidisciplinary approach that includes long-term sys-
temic antibiotic therapy and surgical debridement, often
accompanied by some form of local, matrix-based antibio-
tic delivery directly to the site of infection [5,6,14,15]. Even
after such intensive medical and surgical intervention, the
recurrence rate in highly complex cases can be as high as
20-30%, often resulting in amputation [4,6,8,16].
Mutation of the staphylococcal accessory regulator
(sarA) limits biofilm formation to a degree that can be
directly correlated with increased antibiotic susceptibil-
ity [17-20] and limits virulence in a murine osteomye-
litis model [21-24]. This attenuation is attributable in
large part to the increased production of extracellular
proteases in sarA mutants and the corresponding
decrease in the abundance of multiple S. aureus viru-
lence factors [23-27]. These results led to the hypoth-
esis that, while extracellular proteases contribute to
virulence by promoting tissue invasion, the acquisition
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of nutrients, and avoidance of host defences [28,29], it
is equally important that their production be limited
such that they serve these purposes on behalf of the
bacterium without compromising the virulence factor
repertoire of S. aureus [21,23-26,30].

The importance of controlling the production of
extracellular proteases is reflected in the number of
S. aureus regulatory loci that have been demonstrated
to modulate the production of these proteases to
a degree that potentially impacts osteomyelitis-related
phenotypes including biofilm formation [23-39]. For
example, Fey et al. [40] used casein agar plates to screen
the Nebraska Transposon Mutant Library (NTML) and
identified 62 mutants that exhibited differences in pro-
tease activity, with 12 exhibiting increased activity.
Similarly, based on transcriptional analysis Gimza
et al. [37] identified more than 50 putative S. aureus
regulatory elements that impact transcription of one or
more of the four genes or operons encoding the pro-
teases aureolysin, SspA/SspB, ScpA, or SplA-F.

In a previous report, we used an DNA-based capture
assay to identify regulatory proteins that bind the pro-
moter regions associated with each of the four genes/
operons encoding these proteases. The results of these
studies confirmed that MgrA, SarA, SarS, and Rot bind
to cis elements associated with all four promoters, while
SarR and SarZ bind three of four protease-associated
DNA baits, the exception in both cases being the pro-
moter associated with scpA [23]. SarA was the most
abundant protein captured by all four baits, and muta-
tion of sarA resulted in a significantly greater increase
in overall protease production than mutation of any of
the regulatory loci encoding these other proteins [23].
It also resulted in a more significant reduction in bio-
film formation and the accumulation of high-molecular
weight proteins. The phenotypic impact of mutating
sarA on protease production was also evident irrespec-
tive of the functional status of any of these other reg-
ulatory loci [23].

These results led us to conclude that sarA plays the
predominant role in ensuring that the production of
extracellular proteases does not exceed levels that com-
promise the S. aureus virulence factor repertoire
[23,25]. However, this conclusion was based solely on
the results of in vitro studies, and no in vitro condition
can be assumed to reflect in vivo relevance. This is
particularly true since S. aureus is a unique bacterial
pathogen with the ability to cause infection in diverse
microenvironments within the host [41]. For instance,
bone is intrinsically hypoxic, and oxygen availability is
known to impact regulatory circuits and the production
of multiple virulence factors in S. aureus [42]. To our
knowledge, sarA is the only one of these regulatory loci

that has been examined in the pathogenesis of osteo-
myelitis. Thus, the relative role of these other regula-
tory loci in vivo in this important clinical context
remains to be determined.

To address this, we generated mutations in mgrA,
sarA, sarS, sarR, sarZ and rot and evaluated the impact
on virulence in a murine osteomyelitis model. These
experiments were done with mutants generated in the
methicillin-resistant USA300 strain LAC and the
methicillin-sensitive USA200 strain UAMS-1 to
account for the genotypic and phenotypic diversity
among S. aureus clinical isolates.

Results
Impact of regulatory loci on virulence in LAC

The relative virulence of mgrA, sarA, sarR, sarS, sarZ
and rot mutants was assessed in the USA300 strain
LAC in two independent experiments. The only two
groups in which no fractures were observed in any mice
in either experiment were those infected with the sarA
and rot mutants (Figure 1(a)). Quantitative uCT analy-
sis of intact bones for cortical bone destruction
(Figure 1(b)) and reactive new bone (callous) formation
(Figure 1(c)) demonstrated that the only statistically
significant reduction by comparison to mice infected
with LAC was in mice infected with the sarA mutant.
Mice infected with the sarA mutant were also the only
group with a significantly reduced bacterial burden
(Figure 1(d)). When the incidence of fractured bones
was included to derive an overall osteomyelitis score
(OM) for all animals, the only statistically significant
difference was in the group infected with the sarA
mutant (Figure 1(e)).

Impact of regulatory loci on
osteomyelitis-associated phenotypes in LAC

The results observed with LAC and its regulatory
mutants in our osteomyelitis model were directly
reflected in studies assessing the impact of regulatory
mutants on osteoblast and osteoclast cytotoxicity.
Specifically, conditioned medium (CM) from LAC was
cytotoxic for both cell types, and the only mutation that
significantly reduced this cytotoxicity was sarA
(Figure 2(a) and (b)). Additionally, cytotoxicity was
fully restored in the LAC sarA mutant by eliminating
the production of extracellular proteases (Figure 2(a) and
(b)). Mutation of sarA also limited biofilm formation in
LAC to a statistically significant degree, and this was also
reversed by eliminating the ability of the sarA mutant to
produce extracellular proteases (Figure 2(c)). Mutation of
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Figure 1. Mutation of sarA in LAC attenuates virulence in a murine osteomyelitis model to a greater extent than mutation of any
other regulatory locus. a) Femurs were harvested from mice 14 days post-infection and imaged by pct. Top and bottom panels are
randomly chosen images from each experimental group obtained in two independent experiments. Numbers below each panel
denote the percentage of broken bones observed in each experimental group. B and C) Quantitative analysis of cortical bone
destruction (b) and new bone formation (c) of intact bones. d) Bacterial burdens were determined by homogenization of fractured
and unfractured bones and serial dilution of the homogenates prior to plating on TSA. Results are reported as the average + the
standard error of the mean (SEM). e) Overall osteomyelitis (OM) scores were calculated to allow consideration of intact and broken
bones. In all cases, statistical significance was assessed by one-way ANOVA. Numbers indicate p-values by comparison to the results

observed with mice infected with the LAC parent strain.

rot also reduced the capacity of LAC to form a biofilm,
and this effect was also reversed by eliminating the ability
of the rot mutant to produce extracellular proteases
(Figure 2(c)). Growth in the presence of indolicidin was
significantly increased in the sarA mutant in a protease-
dependent manner (Figure 2(d)). Indolicidin was used as
a representative antimicrobial peptide (AMP) because
previous work demonstrated identical susceptibility pro-
files of protease mutants with multiple AMPs, namely,
indolicidin, LL-37, and histatin [43]. No other regulatory
mutants had a significant increase in growth in the pre-
sence of indolicidin by comparison to LAC, but mutation
of sarZ resulted in a significant reduction in growth
(Figure 2(d)). Survival in whole human blood was

increased to a significant extent in LAC sarA mutant
(Figure 2(e)). However, eliminating the production of
extracellular proteases in the sarA mutant resulted in
only a slight reduction in growth in whole human
blood that was not statistically significant when com-
pared to the sarA mutant (Figure 2(e)).

Impact of regulatory loci on virulence in UAMS-1

Mutation of sarA also attenuated the virulence of UAMS-1,
but the results were not as definitive as those observed in
LAC. For instance, no broken bones were observed in either
of two independent experiments in mice infected with the
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Figure 2. Mutation of sarA in LAC has the greatest effect on osteomyelitis related phenotypes owing primarily to its impact
on protease production. a and b) Cytotoxicity of conditioned medium (CM) from overnight cultures of LAC and isogenic mutants
was assessed using MC3T3-E1 (a) and RAW 264.7 cells (b) as surrogates for osteoblasts and osteoclasts, respectively. CM, sterile
bacterial culture media (negative control), or ethanol (positive control) was mixed in a 1:1 ratio with the appropriate cell culture
medium. Wells were stained with calcein-AM LIVE/DEAD Viability/Cytotoxicity Kit (Thermo Fisher Scientific). Viability is reported as
fluorescence intensity/100,000. c) Biofilm formation was assessed using a microtiter plate assay and is reported as the absorbance of
crystal violet staining at 595 nm (ODsos). The impact of mutating rot on biofilm formation was statistically different from that of
mutating sarA (p = 0.0214). d) for each strain, 1 x 10° colony forming units (cfu) was inoculated into TSB with or without 10 ug/mL
indolicidin and incubated overnight with shaking. Growth was measured by the optical density at 600 nm (ODg() relative to a DMSO
control for each mutant. e) 1 x 10° cfu of bacterial cells from exponential phase cultures were mixed with 1.0 ml of whole human
blood. A sample was taken immediately after mixing and after a 3 hr incubation. Percent survival of each mutant was calculated and
standardized relative to the results observed with LAC. The difference between the results observed with the sarA mutant and its
protease-deficient derivative were not statistically significant. In all cases, statistical significance was assessed by one-way ANOVA.
Numbers indicate p-values by comparison to the results observed with the LAC parent strain.

sarA, mgrA, or sarR mutants (Figure 3(a)). Moreover, while score, mutation of sarA, mgrA, or rot were all found to
clear downward trends were observed with UAMS-1 sarA  result in a statistically significant reduction in virulence
and mgrA mutants, no statistically significant differences  (Figure 3(e)).

were observed in cortical bone destruction (Figure 3(b)).
Mutation of sarA, mgrA or rot did result in a statistically
significant reduction in new bone formation (Figure 3(c)),
and mutation of mgrA or rot resulted in significantly
decreased bacterial burdens while mutation of sarA resulted ~ As was observed in LAC, only mutation of sarA
in a downwards trend that did not reach statistical signifi- ~ resulted in a significant increase in cytotoxicity for
cance (p-value 0.0526) (Figure 3(d)). When all of the in vivo osteoblasts and osteoclasts (Figure 4(a) and (b)), and
data was combined to generate an overall osteomyelitis  this was directly correlated with the increased

Impact of regulatory loci on osteomyelitis-associated
phenotypes in UAMS-1



\ 'it

sarA

20% 0% 0% 20% 20% 20%

UAMS-1

sarZ rot
0% 0% 0% 0% 20% 20%

mgrA  sarS

w
J

N
1

-
1

Cortical bone destruction (mm?)

(o]
|

sarS rot

U1 sarA mgrA sarS sarZ rot sarR

VIRULENCE (&) 5

(o 6=

E

E

§ - [

]

_g 00061 00269 00369

224

2

2

-}

z

0 1) L] LJ L L] L] L)
U1 sarA mgrA sarS sarZ rot sarR

0% d 7

Bacterial burden (log,, cfu/femur)

sarR

. e .
0% U1 sarA mgrA sarS sarZ rot sarR

e 154

4

g | T

210+

3 00130 0.0356

% 00034

£ 5

0

T T T T T T
l}1 sarA mgrA sarS sarZ rot sarR

Figure 3. Mutation of sarA, mgrA, or rot in UAMS-1 results in attenuation in a murine osteomyelitis model. a) Femurs were
harvested from mice 14 days post-infection and imaged by pct. Top and bottom panels are randomly chosen images mice from each
experimental group obtained from two independent experiments. Numbers below each panel denote the percentage of broken
bones observed in each experimental group. b and ¢) Quantitative analysis of cortical bone destruction (b) and new bone formation
(c) of intact bones. d) Bacterial burdens were determined by homogenization and plating after pct and reported as the average +
the standard error of the mean (SEM). No statistically significant difference was observed in bacterial burdens with the sarA mutant,
but a downward trend was evident (p = 0.0526). e) Overall osteomyelitis (OM) scores were calculated to allow inclusion of both
intact and broken bones. In all cases, statistical significance was assessed by one-way ANOVA. Numbers indicate p-values by
comparison to the results observed with mice infected with the UAMS-1 parent strain.

production of extracellular proteases (Figure 4(a) and
(b)). Similarly, mutation of sarA resulted in decreased
biofilm formation (Figure 4(c)) and increased growth
in the presence of indolicidin (Figure 4(d)), both of
which were defined by the increased production of
extracellular proteases (Figure 4C and (d)). As in
LACGC, survival in whole human blood was also increased
in a UAMS-1 sarA mutant, and this phenotype was not
protease dependent (Figure 4(e)). In contrast to LAC,
mutation of rot did not result in a statistically signifi-
cant decrease in biofilm formation (Figure 4(c)) and
mutation of sarZ did not result in significantly

decreased growth in the presence of indolicidin
(Figure 4(d)).

Discussion

Staphylococcus aureus is arguably the most diverse of
all bacterial pathogens given its ability to cause such
a wide array of infections [44]. Among the many
virulence factors which mediate this diversity are the
extracellular proteases aureolysin, SspA/SspB, ScpA,
or SplA-F, which have been shown to promote
nutrient acquisition, tissue invasion, and evasion of
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Figure 4. Mutation of sarA in UAMS-1 has the greatest effect on osteomyelitis-related phenotypes owing primarily to its
impact on protease production. a and b) Cytotoxicity of CM from overnight cultures of UAMS-1 and isogenic mutants was assessed
using MC3T3-E1 (a) and RAW 264.7 cells (b) as surrogates for osteoblasts and osteoclasts, respectively. CM, sterile bacterial culture
media (negative control), or ethanol (positive control) was mixed in a 1:1 ratio with the appropriate cell culture medium for
cytotoxicity assays. Wells were stained with calcein-AM LIVE/DEAD Viability/Cytotoxicity Kit (Thermo Fisher Scientific). Viability is
reported as fluorescence intensity/100,000. c) Biofilm formation was assessed using a microtiter plate assay and is reported as the
absorbance of crystal violet staining at 595nm (ODsos). d) for each strain, 1 x 10° cfu was inoculated into TSB with or without 10 pg/
mL indolicidin and incubated overnight with shaking. Growth was measured by ODgq relative to a DMSO control for each mutant. e)
1 x 10° cfu of bacterial cells from exponential phase cultures were mixed with 1 ml of whole human blood. A sample was taken
immediately after mixing and after a 3 hr incubation. Percent survival of each mutant was calculated and standardized relative to the
results observed with UAMS-1. The difference between the results observed with the sarA mutant and its protease-deficient
derivative were not statistically significant. In all cases, statistical significance was assessed by one-way ANOVA. Numbers indicate

p-values by comparison to the results observed with the UAMS-1 parent strain.

host defences [28,29,45-47]. However, recent reports
have demonstrated that eliminating protease pro-
duction results in increased virulence, while mutants
that exhibit increased protease production also exhi-
bit reduced virulence [22-25,38,43]. Neither of these
would be predicted for a classic virulence factor.
This apparent paradox can be explained by the impact
of these proteases on the virulence factor repertoire of
S. aureus. Specifically, eliminating protease production
increases virulence because it results in the increased
abundance of other virulence factors [38,43]. Conversely,
increased protease production has been shown to decrease
virulence because it results in the decreased abundance of
these virulence factors [21,25,26,30,48]. Such results sug-
gest that extracellular proteases also serve a key post-

translational regulatory role that must be kept in check
to allow the proteases to serve their intended purposes on
behalf of the bacterium without compromising the rest of
the S. aureus virulence factor repertoire.

The importance of this post-translational control is
reinforced by the number of regulatory loci that have
been implicated in modulation of extracellular protease
production [22,26,33,37,40]. However, it is impossible
to put the relative role of these regulatory loci into
context because few reports have included direct com-
parisons. It is also not possible from these reports to
determine whether the impact of different regulatory
loci occurs via a direct or indirect mechanism, particu-
larly given the complexity and highly interactive nature
of S. aureus regulatory circuits [49,50]. To begin to



address these issues, we used the promoters associated
with the genes and/or operons encoding aureolysin,
ScpA, SspA/B, and SplA-F as DNA baits to capture
proteins from whole cell lysates of S. aureus, which
demonstrated that MgrA, Rot, SarA, SarR, SarS, and
SarZ were captured by at least 3 of 4 protease-
associated baits [23]. SarA was the most abundant
protein captured by all four baits, and subsequent
in vitro phenotypic comparisons of the corresponding
mutants confirmed that mutation of sarA resulted in
a greater increase in protease production than mutation
of any of the other regulatory loci, irrespective of the
functional status of the other loci [23].

These results suggest that sarA plays a major role in
limiting the production of extracellular proteases and
that, by doing so, plays a predominant role in mediat-
ing post-translational regulation in S. aureus. However,
these studies were limited to in vitro experiments and
therefore do not necessarily reflect in vivo significance,
particularly in a unique microenvironment like the
bone. Thus, our goal in these experiments was to assess
the in vivo relevance of the genes encoding the regula-
tory proteins captured in our earlier experiments
(mgrA, rot, sarA, sarR, sarS, and sarZ). We chose to
use a murine osteomyelitis model based on our specific
interest in overcoming the therapeutic recalcitrance of
orthopaedic infections and because we had previously
shown that increased protease production is correlated
with decreased virulence in this model [22,25,48,51].
We also chose to include mutants generated in both the
methicillin-resistant USA300 strain LAC and the
methicillin-sensitive USA200 strain UAMS-1 (ATCC
49230). Isolates of the USA300 clonal lineage are clini-
cally important as evidenced by the emergence of ser-
ious community-acquired infections [52-55]. However,
they are also unique by comparison to other clinically
relevant clonal lineages of S. aureus in several respects
including gene content and gene expression [56,57].
UAMS-1 was isolated directly from the bone of an
osteomyelitis patient undergoing surgical debridement
and is demonstrably different from LAC at both
a genotypic and phenotypic level [58,59]. The inclusion
of such divergent clinical isolates increases the signifi-
cance of the experiments we report in that it allowed us
to determine whether we could identify common ele-
ments for potential therapeutic intervention.

In LAGC, the results of our studies were very clear in
that mutation of sarA resulted in a decrease in osteo-
myelitis virulence as reflected by cortical bone destruc-
tion, reactive new bone formation, bacterial burdens in
the femur, and overall osteomyelitis scores, while none
of the other regulatory mutants examined impacted any
of these phenotypes to a statistically significant degree.
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This result could be correlated with cytotoxicity for
osteoblasts and osteoclasts, which was reduced in CM
from a LAC sarA mutant but was not altered with CM
from any other regulatory mutant. Moreover, the
reduced cytotoxicity of CM from the sarA mutant was
a direct function of the increased production of extra-
cellular proteases as evidenced by the fact cytotoxicity
was restored by eliminating the ability of the sarA
mutant to produce aureolysin, ScpA, SspA, SspB, and
the spl-encoded proteases (SplA-F). Biofilm formation
was also limited to a significant extent in the LAC sarA
mutant and restored in the protease-deficient sarA
mutant. Mutation of rot reduced biofilm formation in
LAC in a protease-dependent manner, although to
a lesser extent than mutating sarA.

Sensitivity to the antimicrobial peptide indolicidin
was also decreased in the LAC sarA mutant in
a protease-dependent manner. In contrast, sensitivity
to indolicidin was increased in a LAC sarZ mutant. The
reasons for this remain to be determined, but it has
been shown that mutation of sarZ results in the
increased transcription of sarA and decreased tran-
scription of the gene encoding sspA [60]. Interestingly,
survival in whole human blood was also increased to
a statistically significant extent in the LAC sarA mutant,
and this was not the case with any other regulatory
mutant. However, eliminating protease production did
not reverse this phenotype to a statistically significant
extent, possibly suggesting that other loci regulated by
sarA are involved. Overall, these studies are consistent
with the conclusions that S. aureus must carefully limit
the production of extracellular proteases and that SarA
plays a direct and predominant role in this regard.

The results observed with UAMS-1 were consistent
but less definitive than those observed with LAC.
Specifically, mutation of sarA in UAMS-1 limited viru-
lence in our osteomyelitis model, but not to the same
extent observed with a LAC sarA mutant. Mutation of
sarA had the same effect in both strains on cytotoxicity,
biofilm formation, sensitivity to indolicidin, and survi-
val in whole human blood, and, as with a LAC sarA
mutant, eliminating protease production reversed all of
these phenotypes except survival in blood. Thus, the
results we report confirm that sarA plays an important
role in vivo in limiting protease production, and that it
does so in diverse clinical isolates. However, significant
strain-dependent differences were observed with
respect to other regulatory loci.

For example, mutation of sarZ had no impact on
indolicidin sensitivity in UAMS-1. Moreover, mutation
of the genes encoding two other members of the SarA
family of proteins, namely MgrA and Rot, had no signifi-
cant impact on any of the in vitro phenotypes we
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examined, but did result in reduced virulence in our
osteomyelitis model to an equal or even greater extent
than mutation of sarA. The fact that mutation of rot in
LAC limited biofilm formation in a protease-dependent
manner is consistent with an earlier report that focused
solely on LAC [33], but it remains unclear why mutation
of rot significantly limits virulence in our osteomyelitis
model in UAMS-1 but not in LAC. These results never-
theless emphasize the importance of considering diverse
strains of S. aureus before drawing conclusions about the
impact of specific regulatory loci and their contribution to
potentially important phenotypes.

We have previously shown that mutation of rot in
UAMS-1 does result in a modest but statistically sig-
nificant increase in protease production [23], and the
results we present do not preclude the possibility that
increased protease production contributes to the
reduced virulence of a UAMS-1 rot mutant in our
osteomyelitis model. At the same time, Rot is known
to directly impact the production of a variety of
secreted virulence factors and cell surface proteins
[61-63]. Moreover, mutation of rot has also been
shown to impact the transcription of other regulatory
loci including saeR and sarS, while agr, rbf, sarA, sarS,
sarU, and sigB have all been shown to impact either the
functional activity or production of Rot [37,64,65]. It is
particularly notable that sarU is one of the regulatory
loci implicated in the rot regulatory circuit as it, along
with the adjacent regulatory gene sarT, is present in
LAC but not in UAMS-1 [58].

Similarly, Gimza et al. [37] concluded that mgrA is
one of the primary regulators of protease production. It
affects at least nine other regulatory loci (agr, arIRS,
atIR, sarR, sarS, sarV, sarX, sarZ, sigB) and can be
regulated by at least seven others (agr, arIRS, mntR,
rex, sarV, sarZ, and xdrA), which are in turn regulated
by each other and by other regulatory loci such as codY,
nsaRS, rsrR and sarT [37,66-71]. Moreover, mutation
of mgrA is known to impact other potentially important
phenotypes including toxin and nuclease production
[72-74], cell clumping [66], immune evasion [72-75],
capsule formation [72,73,76], and mammalian cell inva-
sion [77]. Thus, the reason(s) mutation of mgrA and rot
limit the virulence of UAMS-1 in osteomyelitis remain
to be determined, but, irrespective of the mechanism(s)
involved, these results do not contradict the conclusion
that sarA is the only regulatory locus among those we
examined that is consistently associated with reduced
virulence in diverse clinical isolates of S. aureus. These
results emphasize the importance of in vivo compara-
tive studies to determine the relative impact of regula-
tory loci in the context of both infection and the
diversity among clinical isolates of S. aureus. They

also suggest that sarA is one of if not the most promis-
ing regulatory loci for the development of anti-
virulence therapies targeting osteomyelitis owing to its
role in limiting protease production as an important
means of post-translational regulation of the S. aureus
virulence factor repertoire.

In conclusion, the results we report emphasize the
importance of in vivo comparative studies to determine
the relative impact of regulatory loci in the context of
infection and the diversity among clinical isolates of
S. aureus. They also demonstrate that mutation of sarA
attenuates the virulence of both LAC and UAMS-1 to
a greater and more consistent extent than mutation of
any of the other regulatory loci we examined. The
results of our cytotoxicity and biofilm studies with
both LAC and UAMS-1 are consistent with the hypoth-
esis that this attenuation can be attributed to the
increased production of extracellular proteases in sarA
mutants, and in fact this has been proven in vivo in our
osteomyelitis model using LAC [25]. Studies to confirm
that this is also the case in a UAMS-1 sarA mutant and
to determine the relative contribution of specific pro-
teases are ongoing. Most importantly, our results point
to sarA as the most promising protease regulatory locus
for the development of anti-virulence therapies target-
ing osteomyelitis.

Materials and methods
Bacterial strains and growth conditions

LAC and UAMS-1 regulatory mutants were generated by
phage-mediated transduction using mutants available in
the NTML as donor strains [23]. Derivatives of each parent
strain and specific regulatory mutants with additional
mutations in the genes encoding aureolysin, ScpA, SspA,
SspB, and the Spl proteases were generated as previously
described [24,30]. All strains were maintained as stocks at
-80°C in tryptic soy broth (TSB) supplemented with 25%
(v/v) glycerol. Bacteria were recovered from frozen stocks
by plating on tryptic soy agar (TSA) containing appropriate
antibiotics. Antibiotics were used at the following concen-
trations: chloramphenicol, 10 pg/ml; kanamycin, 50 pg/ml;
neomycin, 50 ug/ml; erythromycin, 10 pug/ml; spectinomy-
cin, 1 mg/ml; and tetracycline, 5 pg/ml. Prior to in vivo
analysis, each strain was grown overnight at 37°C in TSB
with shaking and without antibiotic selection, washed 3
times with sterile phosphate-buffered saline (PBS), and
then resuspended in PBS at a density of 5x 10° colony
forming units (cfu) per ml. The concentration of each
strain was confirmed by plating serial dilutions on TSA
with and without appropriate antibiotic selection. A 2 pl of
this suspension (1 x 10° cfu) was then used to infect mice.



Murine osteomyelitis model

All experiments involving animals were reviewed and
approved by the University of Arkansas for Medical
Sciences Institutional ~Animal Care and Use
Committee under animal use protocol number 4124.
Experiments were performed as previously described
and in accordance with NIH guidelines, the Animal
Welfare Act, and United States federal law [25,51].
Briefly, 6-8 week-old C57BL/6 mice were anesthetized
and the femur exposed by making an incision in the
right hind limb. A unicortical defect was created in the
middle of the exposed femur. 1x 10° bacterial cells
prepared as described above were then injected into
the medullary canal in a total volume of 2 ul. Muscle
and skin were sutured, and the infection allowed to
proceed for 14 days. Mice were humanely euthanized
and the infected femurs recovered. After removing soft
tissues, femurs were frozen at —80°C before imaging by
microcomputed tomography (uCT). After imaging,
femurs were homogenized and bacterial burdens deter-
mined as detailed below. At least two independent
experiments with 5 mice per experimental group were
done with LAC, UAMS-1, and their isogenic mutants.

Microcomputed tomography (uCT)

In the first set of experiments done with each set of
strains, image acquisition was done using a Skyscan
1174 x-ray Microtomograph (Bruker, Kontich,
Belgium) with an isotropic voxel size of 6.7 um, an
X-ray voltage of 50 kV (800 pA) and a 0.25 mm alumi-
nium filter [22,25]. Reconstruction was carried out using
the Skyscan Nrecon software. The reconstructed cross-
sectional slices were processed using the Skyscan CT-
analyser software as previously described to delineate
regions of interest (ROIs) where reactive new bone (cal-
lus) was isolated from cortical bone [22,25]. The ROIs
were used to calculate the volume of cortical bone, and
the amount of cortical bone destruction was estimated
by subtracting the value obtained from each bone from
the average obtained from sham operated bones inocu-
lated with PBS. New bone formation was quantified
using the subtractive ROI function on the previously
delineated cortical bone-including ROI images and cal-
culating the bone volume included in the newly
defined ROL

In the second set of experiments, image acquisition
was done using a Skyscan 1275 x-ray Microtomograph
(Bruker, Kontich, Belgium) with an isotropic voxel size
of 6.8 um and an X-ray voltage of 40 kV (100 pA).
Reconstruction was carried out using the Skyscan
Nrecon software. The reconstructed cross-sectional
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slices were processed using the Skyscan CT-analyser
software to perform a semiautomated protocol to create
preliminary ROIs of only cortical bone. The semi-
automated protocol was as follows: global thresholding
(low = 90; high = 255), round closing in 3D space pixel
size 4, round opening in 3D space, pixel size 1, round
closing in 3D space, pixel size 8, and round dilation in
3D space pixel size 3. The resulting images were loaded
as ROI and corrected by drawing inclusive or exclusive
contours on the periosteal surface to keep only the
cortical bone. Using these defined ROIs, the volume
of cortical bone was calculated using a threshold of 70—
255, and the amount of cortical bone destruction esti-
mated by subtracting the value obtained from each
bone from the average obtained from sham operated
bones inoculated with sterile PBS. New bone formation
was quantified using the subtractive ROI function on
the previously delineated cortical bone ROI images and
calculating the bone volume included in the newly
defined ROI using a threshold of 45-135.

In both sets of experiments, statistical analysis was
done by one-way ANOVA with Dunnett’s correction.
Comparisons were made with all mutants relative to
the appropriate parent strain. A p-value<0.05 was con-
sidered statistically significant.

Bacterial burdens in the femur

Immediately after uCT imaging, each femur was homo-
genized using a Bullet Blender 5 Gold (Next Advance
Inc.,, Troy NY) and resuspended in 1 ml of PBS. Serial
dilutions were then plated on TSA without antibiotic
selection. In all experiments, the identity of the
S. aureus strain isolated at the end of the experiment
was confirmed as the same strain used to initiate the
infection by polymerase chain reaction (PCR) analysis to
confirm the presence of the cna gene in UAMS-1 and its
absence in LAC, the presence of the pvl genes in LAC
and their absence in UAMS-1, and the presence of the
mutation under study. The cfu were counted and differ-
ences between groups assessed using a one-way analysis
of variance (ANOVA) model. First, cfu data was loga-
rithmically transformed. For samples with no bacterial
counts, a cfu of 1 was used so the samples would be
included in the logarithmically transformed datasets.
Contrasts were defined to assess the comparisons of
interest. Adjustments for multiple comparisons were
made using simultaneous general linear hypothesis test-
ing procedures. Analyses were done using R (version
3.4.3, R Foundation for Statistical Computing, Vienna,
Austria). Multiple comparison procedures were imple-
mented using the R library multicomp. Adjusted
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p-values<0.05 were considered significant. Raw data is
available in Supplemental File 1.

Osteomyelitis score

In some cases, quantitative uCT analysis was not pos-
sible because the femur was broken. We addressed this
based on the premise that fracture was indicative of
pathology by developing an osteomyelitis (OM) score
for each experimental animal. Therefore, in the absence
of fracture, the score formula was based on the sum of
the amount of cortical bone destruction (mm?) + the
amount of reactive bone formation (mm?) + the log;, of
the cfu per femur. In those mice in which the bone was
fractured, the numbers used for cortical bone destruc-
tion and reactive bone formation were derived by add-
ing one standard deviation to the highest scores
observed with an intact bone from the same experi-
mental group. Statistical analysis was done by compar-
ing OM scores for individual mice in each experimental
group by one-way ANOVA with Dunnett’s correction.
A p-value<0.05 was considered statistically significant.
Raw data is available in Supplemental File 1.

Cytotoxicity for mammalian cells

RAW 264.7 and MC3T3-E1 cells were used as surro-
gates for osteoclasts and osteoblasts, respectively.
Cytotoxicity was assessed using sterile conditioned
medium (CM) from overnight bacterial cultures as
previously described [22,23]. Briefly, RAW 264.7 and
MC3T3-E1 cell lines were obtained from the American
Type Culture Collection (ATCC). RAW 264.7 cells
were grown in Dulbecco’s Modified Eagle’s Medium
(D-MEM), while MC3T3-El cells were grown in
Alpha Minimum Essential Medium (aMEM). Culture
media was supplemented with 10% foetal bovine serum
and penicillin and streptomycin (100 pg/ml each). Cells
were grown at 37°C in 5% CO, with the replacement of
the media as needed every 2-3 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-El cells or 50,000 cells per
well for RAW 264.7 cells. After 24 hr, the growth med-
ium was removed and replaced with medium contain-
ing a 1:1 mixture of cell culture medium with
antibiotics and S. aureus CM. Monolayers were incu-
bated for an additional 24 hr prior to removal of the
medium and assessment of cell viability using the cal-
cein-AM  LIVE/DEAD Viability/Cytotoxicity ~ Kit
(Thermo Fisher Scientific) according to the manufac-
turer’s specifications. Fluorescence intensity was read
on a plate reader with an excitation wavelength of 485

nm and emission wavelength of 520 nm with the gain
set to 95% of the intensity observed in the well that
exhibited the highest fluorescence intensity. Cell viabi-
lity is reported as the fluorescence intensity divided by
100,000. A 1:1 mixture of cell culture medium and TSB
or ethanol (EtOH) was used as negative and positive
cytotoxicity controls, respectively. Raw data is available
in Supplemental File 1.

Biofilm assay

Biofilm formation was assessed as previously described
[18,23]. Briefly, non-tissue culture treated 96-well plates
were coated with 20% human plasma diluted in carbo-
nate buffer at 4°C for 24 hr. Overnight cultures were
grown in 5 mL biofilm media (TSB supplemented with
0.5% dextrose and 3% NaCl) and then standardized to
an optical density at 560 nm (ODsg) of 0.05 and inocu-
lated into the 96-well plates. Plates were incubated at
37°C for a subsequent 24 hr, gently washed with PBS,
fixed with ethanol, and then stained with crystal violet.
Crystal violet was eluted with ethanol and the absor-
bance at 595nm (ODsgs) was measured with
a FLUOstar Omega microplate reader. Raw data is
available in Supplemental File 1.

Sensitivity to indolicidin

Sensitivity to the antimicrobial peptide indolicidin was
assessed as previously described [43,78] with modifica-
tion. Specifically, each strain was grown overnight in
TSB at 37°C with shaking. Cultures were standardized
in TSB and 1 x 10° cfu was added to the wells of a 96-well
microtiter plate containing 50 pl of 2-fold concentrated
TSB, 30 pl of sterile water, and 20 ul of 50 ug/ml indoli-
cidin in DMSO. DMSO without indolicidin was used as
a control. After overnight incubation at 37°C with shak-
ing, ODggp was determined using a microtiter plate
reader and the percent growth calculated as the ODgyqg
in the presence of indolicidin divided by the ODgg
without indolicidin x 100. Results are reported as the
average of three biological replicates, each of which
included three experimental replicates. Raw data is avail-
able in Supplemental File 1.

Survival in whole human blood

Survival in whole human blood was performed as pre-
viously described [43,78] with minor modification.
Briefly, strains were grown overnight in TSB at 37°C with
shaking, diluted 1:100 in 4 ml TSB, and incubated for an
additional 3 hr. Cells from 1 ml of each culture were har-
vested by centrifugation, washed twice in PBS, and



standardized to an equivalent optical density in PBS. 1 x
10° cfu was then added to 1 ml of whole human blood
(BioIVT). An aliquot was immediately removed, serially
diluted, and plated to verify the inoculum. The mixture was
then incubated at 37°C with shaking for 3 hr, after which
another aliquot was removed, diluted, and plated.
Relative percent survival was determined by finding
the percent survival of each mutant [(cfu at 3 hr divided
by cfu at 0 hr] x 100) and dividing by the percent survival
of the appropriate parent strain in each experiment.
Experiments were done as at least three biological repli-
cates, each with three experimental replicates. Raw data is
available in Supplemental File 1.
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