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The psma Locus Regulates Production of Staphylococcus aureus
Alpha-Toxin during Infection
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Staphylococcus aureus is a leading cause of human bacterial infection, causing a wide spectrum of disease ranging from skin and
soft tissue infections to life-threatening pneumonia and sepsis. S. aureus toxins play an essential role in disease pathogenesis,
contributing to both immunomodulation and host tissue injury. Prominent among these toxins are the membrane-active pore-
forming cytolysin alpha-toxin (Hla) and the amphipathic a-helical phenol-soluble modulin (PSM) peptides. As deletion of ei-
ther the hla or psm locus leads to a phenotypically similar virulence defect in skin and soft tissue infection, we sought to deter-
mine the relative contribution of each locus to disease pathogenesis. Here we show that production of Hla can be modulated by
PSM expression. An S. aureus mutant lacking PSM expression exhibits a transcriptional delay in hla mRNA production and
therefore fails to secrete normal levels of Hla at early phases of growth. This leads to attenuation of virulence in vitro and in mu-
rine skin and lung models of infection, correlating with reduced recovery of Hla from host tissues. Production of Hla and resto-

ration of staphylococcal virulence can be achieved in the psm mutant by plasmid-driven overexpression of hla. Our study sug-
gests the coordinated action of Hla and PSMs in host tissue during early pathogenesis, confirming a major role for Hla in
epithelial injury during S. aureus infection. These findings highlight the possibility that therapeutics targeting PSM production

may simultaneously prevent Hla-mediated tissue injury.

S taphylococcus aureus is a human pathogen that causes consid-
erable morbidity and mortality in infected individuals, most
recently occurring in the wake of the epidemic spread of methicil-
lin-resistant S. aureus (MRSA) strains (1-3). The clinical disease
manifestations of staphylococcal infection range from skin and
soft tissue infections to highly invasive diseases such as pneumo-
nia, sepsis, bone and joint infections, and endocarditis (2, 4).
While minor skin infections are often amenable to oral antimicro-
bial therapy, severe invasive disease necessitates hospitalization
and the delivery of intravenous antimicrobials. The management
of all forms of S. aureus disease is now complicated by the preva-
lence of drug resistance. While (B-lactam-resistant strains were
once common only in the hospital setting, community-associated
MRSA (CA-MRSA) infection is now widespread, responsible for
>10,000 deaths per year and a total societal economic burden in
excess of $10 billion per year in the United States alone (3, 5-7).
This unmet disease burden has focused the field on the develop-
ment of novel strategies to treat and prevent infection.

Central to the ability of S. aureus to cause multiple clinical
disease manifestations is the multitude of virulence factors that
the organism elaborates in a regulated manner. Active and passive
immunization strategies targeting an array of staphylococcal vir-
ulence factors have emerged as the leading strategies to prevent S.
aureus disease, supported by preclinical assessments in animal
models of disease. In the context of human clinical trials, however,
these approaches have not been efficacious, suggesting the need to
better understand how distinct virulence factors are integrated in
disease pathogenesis and how these virulence factors can be most
successfully targeted in the human host (8, 9). Secreted staphylo-
coccal toxins have been a long-standing and attractive focus of
such immunization efforts given their known roles in immuno-
modulation and tissue injury (10). Global regulatory systems such
as the accessory gene regulator (Agr) quorum-sensing system in S.
aureus tightly regulate secreted toxin expression, coordinating the
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expression of multiple secreted toxins (11). In light of this fact,
strategies targeting Agr function have been examined recently as a
novel therapeutic approach (12).

Two prominent core genome-encoded agr-regulated toxins
are S. aureus alpha-toxin (alpha-hemolysin [Hla]) and the phe-
nol-soluble modulins (PSMs). Hla is a pore-forming cytotoxin
that has been extensively studied for its contribution to the patho-
genesis of pneumonia, skin and soft tissue infection, sepsis, endo-
carditis, corneal infections, central nervous system infection, and
mastitis (13-21). Binding of Hla to its receptor ADAMI0 (a dis-
integrin and metalloprotease 10) on target host cells facilitates
pore formation, cellular membrane injury, and damage to the
tissue barrier function (16, 22-24). At high toxin concentrations
on susceptible cells, lytic injury predominates, while subcytolytic
concentrations of Hla promote the rapid upregulation of the met-
alloprotease activity of ADAM10 in a toxin pore-dependent man-
ner (16, 22-24). ADAMI0 activation in turn promotes the un-
timely, pathological cleavage of native ADAM 10 substrates such as
E-cadherin and VE-cadherin, causing injury to the barrier func-
tions of the pulmonary epithelium, the epidermis, and the vascu-
lar endothelium (16, 23, 24). Mice harboring a conditional knock-
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out of ADAMI10 in the lung and skin epithelium confirm the
requirement for this protein in toxin-mediated disease pathogen-
esis, as these mice are resistant to lethal pneumonia and severe
dermonecrotic skin injury following S. aureus infection (23, 24).

PSMs are also membrane-injuring toxins, structurally charac-
terized as a family of 7 small amphipathic a-helical peptides en-
coded by 3 distinct loci (psma, psmf3, and hid) in the staphylococ-
cal genome (25). PSMs are classified in S. aureus based on size:
PSMal to PSMa4 and delta-toxin are ~2- to 3-kDa peptides con-
sisting of 20 to 30 amino acids, while PSMB1 and PSM[32 are
approximately 40 amino acids in length with a mass of ~4.5 kDa.
Secreted from staphylococci via a dedicated secretion system (26),
the effects of PSMs on host immune cells are mediated by toxin
binding to formyl peptide receptor 2 (FPR2) (27). At micromolar
concentrations, PSMs cause the lysis of human neutrophils, with
the PSMa peptides displaying the most potent cytolytic capacity
(28, 29). At submicromolar concentrations, the peptides are pro-
inflammatory, stimulating neutrophil chemotaxis by signaling
through FPR2 (27, 30). A growing body of evidence has implicated
PSMa peptides in particular as a major contributor to disease
pathogenesis, especially in highly virulent CA-MRSA strains (25,
27-29, 31). Deletion of the psma locus leads to an attenuation of
virulence in multiple animal models of disease, including models
of dermonecrotic skin infection and lethal sepsis (21, 28). Inter-
estingly, there is striking phenotypic similarity in the disease out-
comes of skin infection observed in mice infected with MRSA
strains defective in the expression of either Hla or PSMs: both
strains are highly attenuated in the ability to cause dermonecrotic
injury to the epidermis (15, 24, 28).

Both in vitro and in vivo, the expressions of Hla and PSMa are
strongly correlated (32), consistent with the central role of the Agr
system in transcriptional regulation of the hla and psm loci. While
deletion of the psma, psmf, and hld loci did not cause transcrip-
tional regulatory effects during stationary-phase culture (33), a
fourth psm locus present in hospital-associated MRSA (HA-
MRSA) isolates directly interacts with agrA mRNA, leading to a
reduction in virulence factor production, including hla (34).
These findings, together with the in vivo virulence defect described
above, led us to hypothesize that a deletion of the psm loci might
directly or indirectly alter Hla expression or activity in a growth-
dependent manner, impairing the ability of psm mutant strains to
cause severe epithelial injury. In the present study, we show that
Hla production can be modulated by the presence of the psm loci,
with psma appearing to have a predominant role. An S. aureus
mutant Jacking PSMa expression fails to secrete high levels of Hla,
most notably during early phases of growth and in the context of
the host tissue microenvironment, despite having an unaltered
bacterial growth rate. The failure to secrete Hla correlates with a
defect in toxin-dependent cell killing in vitro and contributes to
reduced virulence in murine skin and lung infection models.
These data illustrate the complexity of the regulation of virulence
factor production by S. aureus and suggest that ongoing investi-
gation of in vivo virulence factor expression at the host-pathogen
interface may refine current efforts to mitigate staphylococcal dis-
ease.

MATERIALS AND METHODS

Bacterial strains. Staphylococcus aureus USA300 (LAC) and USA400
(MW?2); their S. aureus Ahla, Apsma, ApsmB, Ahld, and Apsmo psmf hld
isogenic mutants; and complemented S. aureus USA300 Apsmo pTx,
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(empty vector) and USA300 Apsma pTx,-psma strains were described
previously (14, 28). The S. aureus USA300 Apsma psmf hld strain ex-
pressing plasmid-encoded Hla (Apsma psmf3 hld phla) was made by elec-
troporation of S. aureus USA300 Apsma psmf3 hld cells with high-copy-
number plasmid pOS1 carrying the hla gene under the control its
endogenous promoter (14). For growth curves, stationary cultures of bac-
teria were washed once in phosphate-buffered saline (PBS) and diluted
1:250 in tryptic soy broth (TSB). Bacterial growth was monitored every 15
min at 37°C by optical density (at 660 nm) readings on a Tecan Infi-
nitePro200 plate reader.

Cytotoxicity assay. Lung alveolar epithelial cells (A549) were washed
and plated in F12K tissue culture medium (Corning) supplemented with
10% fetal bovine serum at a density of 1.5 X 10* cells per well in a 96-well
plate. Bacterial cultures were grown overnight in TSB to stationary phase.
The cultures were diluted 1:100 and grown with shaking at 37°C to an
optical density of 0.5 at 660 nm. Culture aliquots (5 ml) were sedimented
by centrifugation, and the bacteria were washed with incomplete F12K
medium and resuspended in 5 ml incomplete F12K medium. Washed
A549 cells were cultured in triplicate with 100 pl of the indicated dilution
of the bacterial suspension. After 2.5 h of incubation at 37°C, lactate de-
hydrogenase (LDH) activity was determined according to the manufac-
turer’s recommendations (Roche).

Detection of secreted Hla. Cultures of S. aureus strains grown over-
night were washed once in PBS, diluted 1:250 in TSB, and then grown with
shaking at 37°C for the indicated times. When noted, washed bacteria
were grown in TSB containing 10% filtered supernatant of stationary-
phase S. aureus USA300 Ahla cells. Bacteria were sedimented by centrif-
ugation, and the supernatant was precipitated with trichloroacetic acid
(TCA). Following an acetone wash, protein precipitants were resus-
pended in Laemmli’s sample buffer and separated on a 12% SDS-PAGE
gel. Hla was detected by Western blotting using a 1:5,000 dilution of rabbit
polyclonal antibody raised against Hla, as previously described (14), fol-
lowed by an AlexFluor 680 goat anti-rabbit secondary antibody (Invitro-
gen) and imaged with the Li-Cor Odyssey imaging system.

Quantitative reverse transcription-PCR. Bacterial pellets were har-
vested after 3 h of growth by using RNA Protect (Qiagen), and RNA was
isolated by using a Qiagen RNeasy minikit according to the manufactur-
er’s protocol. cDNA was made from 100 ng of RNA by using the iScript
cDNA synthesis kit (Bio-Rad). Quantitative real-time PCR was per-
formed by using SYBR green master mix and the Bio-Rad CFX96 real-
time system with a C1000 thermal cycler. The following primers were used
to quantify mRNA transcript levels: hla forward primer 5'-CAACAACA
CTATTGCTAGGTTCCA and reverse primer 5'-TTTTTGTGCATGCCA
TTTTC and psma forward primer 5'-TATCAAAAGCTTAATCGAACA
ATTC and reverse primer 5 -CCCCTTCAAATAAGATGTTCATATC.
Expression levels were compared by normalization to the amount of 16S
transcript, as determined by using forward primer 5'-GAAAGCCACGG
CTAACTACG and reverse primer 5'-CATTTCACCGCTACACATGG.

Mouse skin infection model. All animal studies were performed in
accordance with principles set forth by the Animal Welfare Act and Na-
tional Institutes of Health guidelines for the care and use of animals in
biomedical research and were reviewed and approved by the University of
Chicago Institutional Animal Care and Use Committee. All animals were
housed under standard conditions and provided food and water ad libi-
tum. Mouse skin and soft tissue infections were performed as previously
described (24). In brief, shaved female C57BL/6] mice (Jackson Labora-
tories, Wilmington, MA) were anesthetized with ketamine and xylazine
and inoculated by subcutaneous injection in the right flank with 2 X 107 S.
aureus USA300 (LAC), Ahla, Apsma psmB hid, or Apsma psmf hid phla
cells in 50 pl PBS. Abscess formation and dermonecrotic skin lesion area
were monitored at 24-h intervals for 14 days. The sizes of the abscesses and
dermonecrotic skin lesions were calculated by using a standard formula
forarea (A = /2 X length X width), as previously described (15, 24). For
some mice, skin abscesses were harvested at 30 h postinfection by using an
8-mm biopsy punch to remove the epidermal layer containing the abscess.
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Abscesses were homogenized by using a rotor stator homogenizer (Pro
Scientific), and serial dilutions were spotted in 10-pl drops onto TSA
plates for quantification of CFU present in the skin abscess. The remain-
ing skin homogenate was stored at —80°C until it was processed for quan-
tification of Hla levels in tissue.

Mouse model of lung infection. Seven-week-old female C57BL/6]
mice (Jackson Laboratories, Wilmington, MA) were anesthetized with
ketamine and xylazine. After appropriate anesthesia was documented,
mice were inoculated in the left nare with 30 .l of a bacterial slurry con-
taining 1 X 10%to 3 X 10° S. aureus USA300 (LAC) wild-type (WT), Ahla,
Apsma psmB hld, or Apsmo psm hld phla cells, as previously described
(14). Mice were monitored approximately every 6 h for the first 36 h and
at 24-h intervals thereafter. For animals subjected to disease endpoint
analysis, animals were sacrificed for removal of the lung tissue at 24 h
postinfection. Lung tissue was homogenized, and serial dilutions were
spotted onto TSA plates for quantification of CFU present in the lung. The
remaining lung homogenate was stored at —80°C until it was processed
for quantification of Hla.

Quantification of Hla. Frozen, homogenized skin and lung tissue
samples were thawed and diluted to 1 mg/ml total protein in PBS plus a
protease inhibitor (Roche). The concentration of Hla present in each sam-
ple was determined by plating 100 pg of each sample onto a MaxiSorp
microtiter plate (Thermo-Fisher Scientific) coated with 1 pg/ml 7B8, a
monoclonal antibody to Hla (35), and compared to a standard curve of
purified Hlayy;5;, a recombinant inactive toxin variant that represents the
monomeric form of Hla (36). The total amount of Hla (j.g) present per
skin abscess or lung tissue was calculated by taking the concentration of
Hla in the sample determined by an enzyme-linked immunosorbent assay
(ELISA) and multiplying it by the dilution factor of the sample diluted at
1 mg/ml.

Statistical analysis. Statistical analysis was performed by using one-
way analysis of variance (ANOVA) with Bonferroni correction to adjust
for multiplicity at a significance level of 0.05. Assessment of statistical
significance in mortality studies was conducted by using the Mantel-Cox
log-rank test.

RESULTS

PSM expression regulates Hla production in vitro. The amount
of Hla secreted by individual S. aureus isolates correlates in a direct
fashion with the strain’s virulence capacity in lung and skin mod-
els of infection (14, 32, 37, 38). Similarly, the level of PSM produc-
tion by a given strain also predicates the pathogenicity of staphy-
lococcal isolates (30, 32). In order to determine the differential
contributions of Hla and PSMs to epithelial cell injury, we exam-
ined the ability of S. aureus USA300 wild-type (WT), Hla™ (Ahla),
and PSM™ (Apsma psmf hld) strains to induce A549 alveolar
epithelial cytotoxicity in an in vitro coculture assay. Previous stud-
ies using this assay system demonstrated an essential role for Hla
in cellular injury, as loss of expression of Hla by S. aureus, antag-
onism of Hla by monoclonal antibodies or small-molecule inhib-
itors, or small interfering RNA (siRNA)-mediated knockdown of
A549 ADAMI10 expression markedly attenuated staphylococcal
killing (14, 22, 35, 39, 40). The addition of early-exponential-
phase WT S. aureus inocula across a range of staphylococcal cul-
ture dilutions directly correlated with the amount of A549 cell
injury observed following a 3-h coculture (Fig. 1A). In agreement
with previous results, the S. aureus Ahla strain failed to induce
significant cell death, consistent with a primary role for Hla in
epithelial cell injury. The S. aureus Apsmo psmf3 hild strain, devoid
of all PSM expression, similarly failed to induce cytotoxicity in this
assay (Fig. 1A). To define the specific psm locus (or loci) that
modulates cytotoxicity, we analyzed individual Apsma, Apsmf,
and Ahld mutants (28), demonstrating that a loss of expression of
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FIG 1 An S. aureus Apsmo. psm hld strain has decreased virulence in an in
vitro cytotoxicity assay. Shown are data for intoxication of A549 cells with the
indicated dilutions (A) or a 1:2.5 dilution (B) of the S. aureus USA300 WT,
Ahla, or Apsm strain for 2 1/2 h. Cell death was measured by LDH release into
the supernatant. Data shown are averages * standard errors of the means of
technical replicates and are representative of at least three independent exper-
iments. #:#k:%, P < 0.0001.

PSMa significantly impaired A549 cell lysis, while the loss of either
PSM or delta-toxin had no impact on virulence (Fig. 1B). To-
gether, these data suggested either a direct contribution of PSMa
peptides to epithelial injury, a defect in Hla expression in the S.
aureus Apsma psm hld strain, or a degree of synergy between Hla
and PSMa such that a reduction or loss of expression of either
factor would lead to a marked impairment of cytotoxicity and
downstream effects attributed to Hla intoxication.

As previous experiments demonstrated an essential role for
Hla in the A549 cell cytotoxicity assay, we chose to examine Hla
expression levels in PSM-defective strains. To rule out potential
growth defects associated with genetic deletion of the psm loci, we
first evaluated bacterial growth of WT and Apsma psm@ hld
strains in tryptic soy broth (TSB). Following subculturing of sta-
tionary-phase bacteria, S. aureus Apsma psmf3 hld bacteria dis-
played growth kinetics identical to those of WT bacteria (Fig. 2A).
After 6 h of growth, the Apsma psmf hld strain grew to a slightly
higher optical density than the WT, perhaps owing to a reduction
in energy expenditure by the mutant strain, as PSMs are one of the
major components of stationary-phase supernatants (28). Analy-
sis of Hla secretion in WT and mutant strains was performed as a
function of time following subculturing in TSB. After 3 h of
growth, S. aureus USA300 Apsma and Apsma psmP hld strains
showed significantly decreased amounts of secreted Hla, while S.
aureus USA300 Apsm@ and Ahld strains mirrored WT S. aureus
(Fig. 2B, top). By 6 h of growth, all strains displayed nearly equiv-
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FIG 2 An S. aureus Apsmo psmf hld strain has a defect in Hla transcription and protein production. (A) Bacterial growth of S. aureus WT and Apsma psmf hld
strains. ODgg, optical density at 660 nm. (B) Immunoblot of precipitated S. aureus USA300 supernatants harvested after growth for 3 or 6 h at 37°C.
Immunoblotting with a polyclonal antibody against Hla is shown, and results are representative of three independent experiments. (C) Hla transcript levels
measured by quantitative reverse transcription-PCR after 3 h of growth. The data represent the averages of three independent biological replicates. (D)
Immunoblot of precipitated S. aureus USA400 MW?2 supernatants harvested after growth for 3 or 6 h at 37°C. Quantification of immunoblots was performed with

a Li-Cor Odyssey imager. *, P < 0.05; s, P << 0.01; s, P < 0.001.

alent amounts of secreted Hla (Fig. 2B, bottom), consistent with
previously reported observations in which a PSM™ mutant was
shown to produce similar amounts of Hla as WT S. aureus in
stationary-phase cultures (26). Reduced Hla expression of the
USA300 strains at 3 h correlated with decreased hla transcript
levels in S. aureus Apsma and Apsmo psmf hid strains compared
to WT S. aureus (Fig. 2C). Previous studies successfully comple-
mented the Apsm defect in neutrophil killing by expressing psm
loci under the control of the xylose promoter in which the repres-
sor element had been genetically deleted (28, 29, 41). Our initial
attempts to complement the Hla secretion defect were unsuccess-
ful using this system (see Fig. SIA in the supplemental material),
which we hypothesized may result from a lag in PSM production
when using the pTx, vector. After 3 h of growth, psmoal mRNA
levels expressed by the S. aureus Apsma pTx,-psma strain were
only 18% of the psmo. ] mRNA levels expressed by the correspond-
ing WT strain (see Fig. S1B in the supplemental material). This
marked reduction in PSM production likely represents an insuf-
ficient expression level to fully complement Hla secretion at this
early phase of growth. However, at stationary phase, psmal
mRNA expressed by the Apsma pTx,-psma strain accumulated to
levels indistinguishable from those of WT bacteria (see Fig. S1B in
the supplemental material), providing a rationale for the ability to
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complement the psma defect in previous studies using stationary-
phase cultures (28, 29, 41). In order to provide additional confir-
mation that an unanticipated secondary mutation was not re-
sponsible for the early psma-mediated defect in Hla secretion, this
phenotype observed for the USA300 S. aureus strain was con-
firmed by using isogenic Apsm mutants of CA-MRSA of the
USA400 lineage (MW?2) (Fig. 2D).

PSMs regulate Hla production in vive. The observed reduc-
tion in Hla expression by psm mutant strains in vitro suggested
that the attenuated dermonecrosis phenotype observed upon skin
infection with the S. aureus Apsmo psm hld strain was potentially
attributable to the loss of Hla activity. In murine and rabbit model
systems, disruption of Hla expression or receptor availability re-
sults in a moderate reduction in overall skin abscess size but a
near-complete attenuation of epidermal injury, corresponding to
the maintenance of E-cadherin-based intercellular adherens junc-
tions (15, 21, 24, 42). To determine whether psm loci have a reg-
ulatory effect on Hla production in vivo, we performed a compar-
ative analysis of Hla” and PSM ™ strains in the skin and soft tissue
model of infection. Subcutaneous inoculation with S. aureus
USA300 Ahla and Apsma psmf hid strains revealed a significant
defect in abscess area (Fig. 3A) and dermonecrotic skin lesion area
(Fig. 3B) compared to WT S. aureus, consistent with previously

jai.asm.org 3353


http://iai.asm.org

Berube et al.

A 40 B 25
« N o WT o WT
£ 30 « mAhla 2 20 m Ahla
3 A Apsmo.psmphld o A Apsmo. psmp hid
© ] 515
5 20 S
o g 010
(73 S ©
g 10 8 5
< © 0
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Days Post-Infection Days Post-Infection
C D *k
& 109 = 06 g
5.9 108 . . N o Kkkk
28 E.' . e Sc ®
82107 3604
£ =9 Wi

S 10° 5202
i 5105 TS| -
o3 =%

104 £° o

(e}
kel

WT
Ahla
Apsmo. psmp hid $ .

Apsmo. psmp hid

FIG 3 An S. aureus Apsma psmf3 hld strain has an in vivo defect in Hla pro-
duction during S. aureus skin infection. C57BL/6] mice received subcutaneous
inoculation of 2.5 X 107 CFU of the S. aureus USA300 WT, Ahla, or Apsma
psmp hld strain. (A and B) Skin measurements of abscess area (A) and dermo-
necrosis area (B) of infected mice. (C) CFU recovery from skin abscesses har-
vested at 30 h postinfection. (D) Quantification of total Hla levels present in
skin abscesses by an ELISA. All data are representative of three independent
experiments. *, P << 0.05; #:, P << 0.01; s, P << 0.0001.

reported observations (15, 21, 28, 42). S. aureus recovery (CFU)
from skin abscesses was similar among all three strains at the 30-h
time point (Fig. 3C). Quantification of Hla in excised skin tissue,
however, revealed a significant reduction in the amount of toxin
present in the abscesses of mice infected with the S. aureus Apsma
psmp hld strain (Fig. 3D), consistent with the in vitro data indic-
ative of a role for the psma locus in Hla production.
Underscoring the central role of Hla in epithelial barrier injury,
the necessity of this toxin for alveolar epithelial injury in S. aureus
pneumonia mirrors that observed in the context of skin infection
(13, 43). While the phenotype of a PSM™ strain has not been
examined in an S. aureus pneumonia model to our knowledge, we
hypothesized that this mutant may exhibit a virulence defect ow-
ing to a reduction in Hla expression. When mice received an in-
tranasal inoculation of S. aureus to examine the pathogenesis of
lung infection, both the Ahla and Apsma psmp hld mutant strains
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resulted in a lesser degree of tissue injury. Lungs harvested from
mice infected with WT S. aureus displayed a deep red color upon
gross pathological inspection (Fig. 4A), consistent with severe tis-
sue injury and intrapulmonary hemorrhage. In contrast, lungs
harvested from mice infected with either mutant strain were
lighter in color (Fig. 4A), evident of less overt tissue injury. Lung
CFU recovery was blunted in mice infected with the Ahla and
Apsma psmB hld mutant strains (Fig. 4B). While the role of Hla in
bacterial tissue recovery in the lung differs from that observed for
the skin at 30 h postinfection (Fig. 3C), these findings are consis-
tent with the known contribution of Hla to S. aureus recovery in
pneumonia pathogenesis (14). Similar to, albeit more pro-
nounced than, our observation of skin lesions, Hla was undetect-
able in lung tissue homogenates from Ahla and Apsma psm@ hld
strain-infected mice (Fig. 4C).

Overexpression of Hla restores Hla secretion and virulence
of the S. aureus Apsmo. psmf3 hld strain. We considered that
psmao could regulate hla expression by augmenting the expression
or function of a positive regulator of Hla transcription, such as the
Agr system, or dampen a repressor function that attenuates tran-
scription of the toxin. In the former case, supplementation of
Apsm bacterial growth medium with the stationary-phase super-
natant from a PSM-expressing strain would provide exogenous
autoinducing peptide (AIP), circumventing the necessity for the
psm locus and restoring Hla production by the mutant strain.
However, this was not the case, as the psmo mutant maintained a
defect in Hla production compared to the WT strain when grown
in the presence of the stationary-phase supernatant of a PSM-
expressing hla-deficient strain (see Fig. S2 in the supplemental
material). To address the latter possibility that PSMs dampen a
repressor of toxin transcription, we utilized a high-copy-number
plasmid containing the hla gene under the control of its native
promoter. While this approach might increase basal expression
levels of hla simply due to high copy numbers, if the psm loci play
arole in dampening a repressor of hla, then multiple copies of the
native hla promoter may effectively overcome this repressor func-
tion and restore production of Hla by the Apsm mutant. We have
previously demonstrated that strains expressing Hla from S. au-
reus multicopy plasmid pOS1 display an ~2-fold level of overex-
pression of the toxin relative to the endogenous expression in the
WT parent strain (14). While the pOS1 empty vector (Apsma
psmB hld-pOS1) failed to restore Hla secretion to the Apsma
psm hld strain, overexpression of the hla gene under the control
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FIG 4 An S. aureus Apsmow psm@ hld strain exhibits an in vivo defect in Hla production during S. aureus pneumonia. C57BL/6] mice received intranasal
inoculation with 3.3 X 10® CFU of the S. aureus USA300 WT, Ahla, or Apsma psm hld strain. (A) Gross pathology of the left lung at 24 h postinfection. (B) CFU
recovery from lung homogenates at 24 h postinfection. (C) Quantification of total Hla levels present in lung homogenates as determined by an ELISA. All data
are representative of three independent experiments. #:#:, P < 0.001; sk, P < 0.0001; n.s., not significant.
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FIG 5 Plasmid-driven overexpression of hla restores virulence of an S. aureus Apsmo psmf hld mutant. (A, top) Intoxication of A549 cells with the S. aureus
USA300 WT strain; the Ahla or Apsmao psmf hld mutant; or the Apsma psmf hld strain complemented with the empty pOS1 vector or pOS1 containing the hla
locus with its native promoter. Cell death was measured by LDH release into the supernatant. Data are averages = standard errors of the means of technical
replicates and are representative of at least three independent experiments. (Bottom) Anti-Hla immunoblot of bacterial supernatants harvested after 3 h of
growth. The immunoblot is representative of two independent experiments. (B) Gross pathology of C57BL/6] mice infected subcutaneously with 2 X 107 CFU
of the S. aureus USA300 WT, Ahla, Apsmao psm@ hld, or Apsma psmf hld phla strain in 50 wl of PBS. (C) Quantification of total Hla levels present in skin abscesses
as determined by an ELISA. Data are representative of two independent experiments. (D) Survival curve of C57BL/6] mice infected intranasally with 3.3 X 10*
CFU of'the S. aureus USA300 WT, Ahla, Apsmo psm hld, or Apsmo psm hld phla strain. Data are representative of three independent experiments. *, P < 0.05;

sk, P < 0.01; #x, P << 0.001.

of its own promoter (Apsma psm@ hld-phla) restored Hla secre-
tion (Fig. 5A, bottom), leading to an increased amount of A549
cell death in the in vitro cytotoxicity assay (Fig. 5A, top). Further-
more, subcutaneous infection with the S. aureus USA300 Apsma
psmP hld-phla strain caused dermonecrotic tissue injury similar
to that caused by WT S. aureus (Fig. 5B). Consistent with the in
vitro secretion data, quantification of Hla after excision of the
abscesses showed that overexpression of Hla restored the ability of
the S. aureus Apsma. psmf hld strain to secrete Hla in the tissue
environment, with significantly more Hla in the abscess than the
WT (Fig. 5C). Upon intranasal inoculation in the S. aureus pneu-
monia model, mice succumbed to WT infection in 48 h (Fig. 5D,
circles), while all mice infected with the Ahla strain survived in-
fection (squares). The S. aureus Apsmo psm hld strain displayed
asignificant defect in virulence (Fig. 5D, triangles), with only 50%
of mice succumbing to infection. Overexpression of Hla in the
PSM™ strain not only restored virulence but also contributed to
increased disease severity, as all mice infected with the Apsma
psmp hld-phla strain succumbed to infection within 12 h (Fig. 5D,
diamonds).

DISCUSSION

The complex regulatory control of virulence factor expression by
S. aureus has long been an intense focus of study in the field. S.
aureus is remarkable among bacterial pathogens for the wide
range of clinical disease manifestations that it can cause in its
human host. The pathogen’s multitude of virulence factors facil-
itates a high degree of adaptability to distinct tissue environments,
simultaneously providing the ability to circumvent host immuno-
defenses. The observation that regulatory control circuits such as
the Agr, Sar, and Sae systems provide coordinated temporal reg-
ulation of distinct virulence factors suggests that the function of
these factors is integrated in the host tissue microenvironment to
ensure the survival of the pathogen and modulate virulence dur-
ing infection. In the context of skin and soft tissue infections, both
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Hla and PSMs have independently been linked to disease patho-
genesis, with genetic mutations in either locus leading to signifi-
cant virulence defects (15, 21, 28). In this study, we show that the
psma locus regulates Hla production during early growth in cul-
ture and during an in vivo infection, potentially ensuring a mech-
anism by which S. aureus can modulate host innate immune func-
tion through PSMs and simultaneously engender tissue injury
through Hla.

The defect in Hla expression at early phases of growth was
notable, as previous studies showed no difference in hla transcript
or protein levels when tested in vitro at later points in the growth
cycle (26, 28, 33). In S. aureus, the production of Hla is governed
by several global regulatory systems (44). The Agr quorum-sens-
ing system controls virulence factor production through the se-
cretion of an autoinducer peptide (AIP) that mediates the activa-
tion of the response regulator AgrA (45-50). AgrA upregulates the
production of the RNAIII transcript, a regulatory RNA that both
provides transcriptional and translational control to augment Hla
production (51-53) and directly binds the psma and psm@ pro-
moters (33), providing strict control of PSM expression. Hla ex-
pression is also modulated by the Sar and Sae regulatory systems,
with SarA and its homolog SarT acting as a repressor of Hla pro-
duction in both an Agr-dependent and an Agr-independent man-
ner (44, 54, 55). Together with several other transcriptional regu-
lators, including SigB (44, 55) and the ArtR regulatory RNA, these
systems orchestrate S. aureus virulence factor production.

Microarray-based transcriptional profiling of psma, psmf3, and
hld isogenic mutants during stationary-phase growth did not in-
dicate arole for these loci in genetic regulation compared to WT' S.
aureus (33). However, a fourth psm locus has recently been shown
to directly feed into the global regulatory networks of S. aureus
(34). psm-mecis a phenol-soluble modulin-encoding gene located
in the staphylococcal cassette chromosome mec (SCCrec) mobile
genetic element of HA-MRSA but not community-acquired
MRSA (CA-MRSA) strains. The transcriptional product of the
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psm-mec locus binds directly to agrA mRNA, impairing agrA
translation and reducing the abundance of the AgrA protein, cul-
minating in a decrease in secreted virulence factors, including
PSMa and Hla (34). The transcriptional differences that we ob-
served to underlie a reduction in Hla production in the PSM mu-
tant are subtle and observed only early in the growth cycle in vitro.
As this situation is akin to nascent infection, we propose that di-
rect modulation of Hla production at this early time point by
PSMa may ensure that the pathogen is simultaneously secreting
the immunomodulatory PSM peptides with the cell-injurious
Hla. As the in vivo defects in both Hla production and virulence
observed following infection with the Apsma psmf hld mutant
mirror those of the Ahla mutant, it appears that there is no recov-
ery of Hla expression during infection. This is in contrast to our
observations in vitro, where Hla expression was restored to WT
levels in the Apsma psm hld mutant in late-stage cultures. While
secreted toxins such as Hla and PSMs are classically thought to be
expressed only in later stages of the growth cycle based on in vitro
studies, transient pharmacologic antagonism of agr activation
with an inhibitory AIP during the first 3 h following S. aureus
inoculation in a skin abscess model results in a potent defect in
virulence (56, 57). While the specific proteins regulated by agr that
underlie this phenotype were not defined, injection of a sterile
supernatant from agr™ staphylococci recapitulates sterile abscess
formation, leading to the conclusion that secreted agr-regulated
exoproteins mediate the early effect of agr regulation (56). This
so-called “single-dose paradox” strongly illustrates the critical role
of bacterial regulatory control in the successful establishment of
infection and may in part explain the significant defect in viru-
lence observed following infection with the Apsma psm@ hld
strain.

Ongoing investigations will be necessary to determine the pre-
cise molecular mechanism by which psma regulates hla transcrip-
tion, which is anticipated to shed light on how this early regulatory
function is superseded in later stages of growth in vitro but not in
vivo. Of interest, engineered agr and sarA mutant strains exhibit a
more prominent defect in Hla production at 8 to 16 h following
culture initiation, with a greater degree of restoration to WT levels
being evident by 24 h (44). The kinetics of toxin expression in that
study do not mirror those examined in our work but highlight the
temporal complexity of secreted virulence factor regulation. It is
likely that the phenotypic and microbiologic outcomes of infec-
tion reflect the balance of regulatory control of virulence factor
expression by the infecting S. aureus strain, integrated with envi-
ronmental conditions and the nature of the host immune re-
sponse in the specific tissue microenvironment. It is clear from
our studies that PSM-mediated regulatory control of Hla produc-
tion is important for virulence in at least two distinct tissue set-
tings, the skin and the lung, tissues that are among the leading sites
of S. aureus infection in humans (3, 4) and in which a primary role
for Hla in host injury has been demonstrated.

While PSMs may contribute to direct extracellular cytotoxicity
of nonimmune cells in specific infection contexts, their ability to
stimulate a proinflammatory state, augment neutrophil che-
motaxis, and cause neutrophil intracellular lysis might play an
essential role in establishing the host-pathogen balance during the
course of infection (26, 28, 29, 58). Similarly, Hla elicits chemo-
kine and cytokine release from host immune cells, epithelial cells,
and endothelial cells (59-65), including the proinflammatory cy-
tokine interleukin-1@ (IL-1B), an indicator of inflammasome ac-
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tivation and a major cytokine involved in the recruitment of neu-
trophils to the site of infection (66). Primary neutrophils display
resistance to the lytic effects of Hla unless this toxin is present at
high concentrations that would not likely be achieved early in the
course of infection (65, 67). Once recruited to the site of infection,
host neutrophils would therefore either be subject to the lytic ac-
tion of extracellular PSM peptides or sustain lysis from the intra-
cellular compartment as engulfed bacteria produce PSMs (29). As
PSM peptides are inactivated by serum lipoproteins (68), both a
concentrating effect and maximal activity of these toxins may be
optimally achieved in tissues. Innate immune recognition of in-
vading pathogens and the subsequent inflammatory response are
the host’s first line of defense (69, 70). Thus, the initial interaction
between S. aureus and the host can significantly alter the outcome
of infection (56). In light of these observations, the virulence de-
fect of the S. aureus Apsma psmf hld strain is likely 2-fold: (i) the
lack of PSM production, dampening the ability of the pathogen to
cause neutrophil lysis, and (ii) diminished Hla secretion, blunting
pathogen-induced tissue damage. Together, PSM-deficient staph-
ylococci are missing two key virulence factors needed to provide
the first “punch” to simultaneously evade the innate immune sys-
tem and cause epithelial injury.

Hla and PSMs represent strategic targets for therapeutic inter-
vention during S. aureus disease. Monoclonal antibody therapy as
well as small-molecule inhibitors of both the toxin and its cellular
receptor ADAM10 have shown preclinical efficacy in staphylococ-
cal skin and soft tissue infections and staphylococcal pneumonia
(23,24, 35, 39, 40, 43). Several recent reports have highlighted the
possibility of targeting PSMs and their host cell receptor formyl
peptide receptor 2 to mitigate infection (26, 27, 31). Based on our
data, PSM blockade may dampen virulence mediated by both
PSMs and Hla.
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