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ABSTRACT Skin is the most common site of Staphylococcus aureus infection. While most of these infections are self-limited, re-
current infections are common. Keratinocytes and recruited immune cells participate in skin defense against infection. We pos-
tulated that S. aureus is able to adapt to the milieu within human keratinocytes to avoid keratinocyte-mediated clearance. From
a collection of S. aureus isolated from chronically infected patients with atopic dermatitis, we noted 22% had an agr mutant-like
phenotype. Using several models of human skin infection, we demonstrate that toxin-deficient, agr mutants of methicillin-
resistant S. aureus (MRSA) USA300 are able to persist within keratinocytes by stimulating autophagy and evading caspase-1 and
inflammasome activation. MRSA infection induced keratinocyte autophagy, as evidenced by galectin-8 and LC3 accumulation.
Autophagy promoted the degradation of inflammasome components and facilitated staphylococcal survival. The recovery of
more than 58% agr or RNAIII mutants (P < 0.0001) of an inoculum of wild-type (WT) MRSA from within wortmannin-treated
keratinocytes compared to control keratinocytes reflected the survival advantage for mutants no longer expressing agr-
dependent toxins. Our results illustrate the dynamic interplay between S. aureus and keratinocytes that can result in the selec-
tion of mutants that have adapted specifically to evade keratinocyte-mediated clearance mechanisms.

IMPORTANCE Human skin is a major site of staphylococcal infection, and keratinocytes actively participate in eradication of
these pathogens. We demonstrate that methicillin-resistant Staphylococcus aureus (MRSA) is ingested by keratinocytes and acti-
vates caspase-1-mediated clearance through pyroptosis. Toxin-deficient MRSA mutants are selected within keratinocytes that
fail to induce caspase-1 activity and keratinocyte-mediated clearance. These intracellular staphylococci induce autophagy that
enhances their intracellular survival by diminishing inflammasome components. These findings suggest that S. aureus mutants,
by exploiting autophagy, can persist within human keratinocytes.
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Methicillin-resistant Staphylococcus aureus (MRSA) USA300
is the major cause of skin and soft tissue infections in the

United States (1, 2), usually infecting patients with no underlying
immune defects (3). While these skin infections are typically local,
they provide a source of organisms for recurrent/persistent colo-
nization and a reservoir for systemic dissemination. The host re-
sponse to skin infection is shared by local keratinocytes and im-
mune cells that are recruited to the disruption in the epithelial
barrier (4, 5). Despite the recruitment of neutrophils once infec-
tion is established at a cutaneous site, it can be difficult to clear and
may require surgical drainage, even if appropriate antibiotics are
employed (6).

Human skin is a complex immune and physical barrier (4)
composed of multiple layers of proliferating and differentiating
keratinocytes linked by tight junctions (7). Keratinocyte produc-
tion of antimicrobial peptides to kill bacteria is well established,
whereas exactly how keratinocytes kill ingested bacteria, including
staphylococci, is not fully understood. S. aureus-induced keratin-
ocyte death may result in death of the bacteria or release of organ-
isms to be cleared by recruited phagocytes. Compensation for ker-

atinocyte loss induced by infection is ongoing, as human
keratinocytes are continually in the process of proliferation, mat-
uration, and cell death (7). Keratinocytes undergo pyroptosis, a
caspase-1-dependent activation of the NLRP3 inflammasome re-
sulting in cell death (8–10). This is triggered by �-hemolysin
(Hla), additional staphylococcal toxins, including the Panton-
Valentine leukocidin (PVL) (11) and other two-component tox-
ins (12) which are under control of the agr locus (13). Caspase-1-
dependent pyroptosis results in the production of interleukin 1�
(IL-1�) to recruit neutrophils, a process facilitated by the consti-
tutive expression of pro-IL-1� in keratinocytes (8). Activation of
the inflammasome functions to eradicate infecting organisms and
to recruit neutrophils to eliminate extracellular bacteria (14, 15).

S. aureus has evolved multiple mechanisms to promote sur-
vival within the context of human skin (16, 17). Differentiating
keratinocytes are actively undergoing autophagy (18), a process
that is often important in the clearance of intracellular pathogens
and provides a source of nutrients through catabolism (19, 20).
Autophagy can also serve to limit the availability of inflam-
masome components and decrease proinflammatory signaling
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(20, 21). If keratinocytes contribute significantly to S. aureus de-
fense, it is likely that these organisms have acquired mechanisms
to evade keratinocyte-mediated clearance (16). We postulated
that MRSA USA300 evades keratinocyte-mediated clearance
through the selection of toxin-deficient mutants that can persist
intracellularly. Using both laboratory-derived mutants of the ep-
idemic MRSA USA300 strain LAC and S. aureus isolated from
atopic dermatitis (AD) patients, we demonstrate selection of
toxin-deficient agr mutants within autophagic keratinocytes that
have increased ability to persist within human skin.

RESULTS
Characterization of S. aureus from atopic dermatitis patients.
Atopic dermatitis (AD) is a common inflammatory skin condition
affecting 20% of the population. AD patients typically have
chronic or recurrent S. aureus infection (22); thus, they are a likely
source for S. aureus strains that have adapted to human keratino-

cytes. As part of an ongoing study to correlate S. aureus genotypes,
phenotypes, and clinical outcomes in AD patients, 85 S. aureus
isolates from superficial skin cultures of 133 patients were charac-
terized, and 22% were noted to be toxin deficient, as defined by
lack of hemolysis on sheep blood agar plates, likely indicating
mutation in the agr or hla locus (23). We postulated that strains
lacking toxin production would be less likely to activate keratino-
cyte clearance mechanisms and might have increased intracellular
persistence. The first 10 of these isolates for which whole-genome
sequences were available were screened for survival within kera-
tinocytes using a gentamicin protection assay and for induction of
IL-1� as a marker of inflammasome activation compared with
wild-type (WT) MRSA USA300 LAC and an agr null mutant con-
trol (Fig. 1A). The results of four typical AD strains are shown;
both the agr control strain and strain AD4 had significantly in-
creased intracellular persistence at 24 h compared to the WT
USA300. Strain AD7 had an intermediate phenotype, whereas

FIG 1 Characterization of S. aureus isolated from atopic dermatitis (AD) patients. (A) Intracellular persistence within HaCaT keratinocytes detected by
gentamicin protection assays of S. aureus isolates from AD patients compared with WT MRSA USA300 LAC and agr null mutant controls. (B and C) IL-1� in
HaCaT cell supernatant at 24 h postinfection (B) and the corresponding immunoblot for Hla production (C). Values that are significantly different (P � 0.05)
from the WT value in panel B are indicated by three asterisks. (D) RNAIII expression. (E) The Hla locus of strain AD7 contains a stop codon mutation consistent
with lack of Hla production. (F) Hld presence and expression, as detected by synergistic hemolysis with Hl� in the collection of AD clinical isolates (MSSA,
methicillin-sensitive S. aureus), suggesting that most are likely to express Hld. Gentamicin protection assays were performed at least three separate times; the
results of a representative experiment are shown. The graphs in panels A, B and D show the means plus standard deviations (SD) (error bars) of sextuplicate
samples.
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strains AD5 and AD10 were more similar to the USA300 control
and did not accumulate to any appreciable extent within the ker-
atinocytes. The strains with increased intracellular persistence
(AD4 and AD7), as well as the agr control, induced less IL-1�, a
marker of inflammasome activation (Fig. 1B). This correlated
with lack of detectable Hla (�-hemolysin) (Fig. 1C) and signifi-
cantly decreased expression of RNAIII by AD4 (Fig. 1D). AD7 was
found to have a stop codon mutation in the hla locus consistent
with its lack of Hla production (Fig. 1E). Comparison of whole-
genome sequences of these strains to the appropriate agr reference
strains revealed no additional mutations in the agr loci. While
AD5 behaved much like the prototypic USA300 reference strain,
AD10, which was efficiently cleared from the keratinocytes, ex-
pressed relatively less Hla and induced modest amounts of IL-1�,
suggesting additional mechanisms of clearance from within the
keratinocyte.

To ascertain whether additional hemolysins contribute to
clearance from keratinocytes, we screened for expression of delta-
hemolysin (Hld) (phenol-soluble modulin gamma [Psm-�]). The
S. aureus delta-hemolysin has been suggested to be important in
the pathogenesis of AD through its targeting of mast cells (24), and
Hld mutants have been linked to chronic bone infection (25).
Accordingly, the AD isolates were all screened for the presence and
expression of the hld locus. The clinical isolates, including AD10,
contained the hld locus (Fig. 1F). Expression of Hld in the total
collection of AD isolates was assessed by enhancement of hemo-
lysis in the presence of the �-hemolysin (Hlb) (strain RN4220)
determined by cross-streaking (with the caveat that this is not
completely specific for Hld) (26). Hld production in the charac-
terized AD strains did correlate with intracellular persistence. To
better characterize how S. aureus induced keratinocyte-mediated
clearance, we more critically analyzed the intracellular uptake and
persistence of the common WT USA300 LAC and defined agr and
toxin-deficient mutants.

Increased intracellular persistence of toxin-deficient mu-
tants. The relative ability of the WT and USA300 mutants to per-
sist intracellularly was quantified using a gentamicin protection
assay in the HaCaT cell line and in primary keratinocytes (HEKn)
(Fig. 2). The agr locus regulates expression of several toxins, in-
cluding Hla and Psm�, and affects PVL production (lukS and
lukF) as well (27, 28). Uptake of WT and agr null mutant strains
into the HaCaT keratinocytes was equivalent and mediated by the
fibronectin binding proteins (29), primarily FnBPA (fibronectin
binding protein A) (Fig. 2A and B). USA300 mutants lacking hla
or agr accumulated to a significantly greater extent within kera-
tinocytes than WT organisms did, and a small but significant frac-
tion persisted intracellularly for more than 48 h (Fig. 2C); lack of
PVL expression did not enhance intracellular persistence under
these conditions. Psm� mutants, but not Psm� or Psm� mutants,
had increased intracellular persistence at 24 h (Fig. 2C). agr mu-
tants with other genetic backgrounds had significantly increased
intracellular survival followed for up to 96 h (Fig. 2D). Controls
for keratinocyte viability using trypan blue exclusion (Fig. 2E) or
lactate dehydrogenase (LDH) release (Fig. 2F) after a 24-h incu-
bation with the various S. aureus strains were not significantly
different, suggesting that only a small fraction of the cells in cul-
ture are infected and killed by staphylococci.

MRSA USA300 bacteria escape from the endosome to cause
keratinocyte pyroptosis. For S. aureus to gain access to the kera-
tinocyte cytosol, the staphylococci must first escape from the en-

dosome, a process associated with toxin and Psm� expression
(30). S. aureus can be cleared by the phagolysosome (31) or escape
to the cytosol where organisms expressing toxin could activate
caspase-1-mediated pyroptosis through the NLRP3 inflam-
masome (9, 10), resulting in keratinocyte death (32). Alternative
mechanisms of cell death induced by staphylococci include apo-
ptosis, a caspase-3-dependent process, and necroptosis, a RIP1-
RIP3-MLKL (RIP1 stands for receptor-interacting protein 1 and
MLKL stands for mixed-lineage kinase domain-like) mode of cell
death (33). Using keratinocytes in primary culture as well as the
HaCaT cell line, we found that caspase-1 inhibition, but not
caspase-3 inhibition, resulted in significantly increased intracellu-
lar survival of S. aureus USA300 at 24 h (Fig. 3A). Caspase-1 inhi-
bition also increased the intracellular persistence of the agr mutant
(Fig. 3B), suggesting that additional non-agr-dependent gene
products may contribute to inflammasome activation and that agr
mutants can escape from the keratinocyte endosome. The effect of
caspase-1 inhibition on staphylococcal persistence suggested that
many of the endocytosed staphylococci readily gain access to the
cytosol. Treating HaCaT cells with chloroquine or balflinocycin to
limit endosomal acidification had no significant effect upon the
numbers of staphylococci retained (Fig. 3C). Imaging studies were
performed using organotypic cultures; human skin grafts were
grown on a feeder layer of fibroblasts to determine the location of
S. aureus USA300 within the multiple strata of normal human skin
as well their distribution within individual skin cells (Fig. 3D).
S. aureus was observed within the stratum granulosum. In elec-
tron micrographs, both WT and agr mutant staphylococci ap-
peared to be proliferating within the keratinocytes, not necessarily
within membrane-bound compartments. Confocal imaging using
either EEA-1, a fluorescent marker for the early endosome, or
monodansyl cadaverine (MDC), a marker for the late autophago-
some (34), demonstrated colocalization of WT and agr mutants
within autophagosomal compartments; however, some organ-
isms were apparently free in the cytosol, indicating that the agr
null mutants are not limited to the endosome, and the WT
USA300 bacteria are not exclusively cytosolic in human keratino-
cytes (Fig. 3F).

WT MRSA USA300 and agr null mutant induce autophagy in
human skin grafts. The ingestion of staphylococci by keratino-
cytes is a likely stimulus for autophagy, a process which generates
energy in response to metabolic or other types of stress by induc-
ing degradation of cellular organelles, including those containing
pathogens (35, 36). To characterize the interplay between S. au-
reus and autophagy in human keratinocytes, we used human skin
grafts maintained on SCID mice to follow the consequences of
S. aureus infection (see Fig. S1 in the supplemental material).
These grafts reflect the expected architecture of healthy skin with a
basal proliferative layer, the differentiating keratinocytes of the
stratum spinosum and stratum granulosum, and the terminally
differentiated stratum corneum at the surface (37) (Fig. 4A).
Staphylococci were visualized intercalating in between adjacent
corneocytes, indicating that they could infect the epidermis with-
out major disruption of the epithelial barrier (Fig. 4B). Pathology
was apparent 72 h following the application of 5 � 108 CFU of
strain USA300 in 10 �l of phosphate-buffered saline (PBS) onto
the surface of the intact graft (Fig. 4C). Infection with the WT
organisms resulted in hyperkeratosis of the stratum corneum with
small mounds of serum and neutrophilic crust, with very few bac-
terial colonies apparent. Many more clusters of bacteria are seen in
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the agr mutant-infected graft (Fig. 4D). Neutrophil infiltration is
apparent in WT MRSA-infected grafts (Fig. 4E); hyperkeratosis is
observed, but bacteria are not visualized. The stratum corneum of
the agr mutant-infected grafts also shows hyperkeratosis and par-
akeratosis (Fig. 4F). Significantly, there is broad erosion of the

epidermis, covered by fibrin and numerous neutrophils seen at
higher magnification, and bacteria are observed within vacuoles
(Fig. 4G). Terminal deoxynucleotidyltransferase-mediated
dUTP-biotin nick end labeling (TUNEL) staining revealed the
fragmented DNA of dead cells in the infected grafts, but not in PBS

FIG 2 Uptake and intracellular survival of S. aureus USA300 mutants. (A) Uptake of WT S. aureus and agr mutant by HaCaT cells determined by flow cytometry.
(B to D) Gentamicin protection assays were performed to quantify the ability of WT and mutant strains to persist within human keratinocytes (B), toxin mutants
(C), and agr mutants (D). (B) FnBP mutants (fnbA or fnbB) in the presence of fibronectin (� Fn) or with no Fn. (C) Toxin mutants hla (�-hemolysin), agr,
Panton-Valentine leukocidin-negative (PVL�) (lukS and lukF), and phenol-soluble modulins (psm) �, �, and � (hld) and triple mutant mutants in HaCaT and
HEKn cells (human keratinocytes in primary culture). (D) agr mutant (strain RN7206) in strain RN6374 and agr mutant strain UAMS-1 in UAMS-155 strain.
(E) HaCaT viability following 24 h of incubation with the strains listed by trypan blue exclusion. (F) Cytotoxicity as detected by LDH assay. Values that are
significantly different from the value for the WT strain under the same condition by one-way ANOVA and Dunnett’s posttest are indicated by asterisks as follows:
*, P � 0.05; **, P � 0.01; ***, P � 0.001. Each experiment was performed at least three times, and the results of a representative assay are shown. Data graphed
display the means of sextuplicate samples plus standard deviations (SD) (error bars).
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controls, consistent with keratinocyte death as a mechanism of
staphylococcal clearance (Fig. 4H).

S. aureus infection induces autophagy in human skin. Con-
focal imaging of the infected grafts was done to assess accumula-
tion of the markers of autophagy. Galectin-8 which is recruited to
damaged endosomes, especially those damaged by pathogens and
targets them for autophagosomal clearance (38), colocalized with
the organisms in the infected skin grafts (Fig. 5A) and was more
abundant in the agr null mutant infections. LC3, a marker for
autophagosome formation (34), was detected in grafts infected

with WT S. aureus and more prominently with agr null mutant
S. aureus, but it did not colocalize with the organisms at this time
point, 3 days postinoculation. Images of spa null mutant, agr mu-
tant, and WT staphylococci are shown (see Fig. S2 in the supple-
mental material) to demonstrate that protein A-associated bind-
ing of the antistaphylococcus antibody is not responsible for
apparent differences in the numbers of fluorescence-labeled WT
and agr mutant staphylococci. Control images using the second-
ary antibody alone were entirely negative.

Electron micrographs of infected human keratinocytes in or-

FIG 3 Intracellular persistence of S. aureus USA300 in keratinocytes treated with inhibitors of caspases and endosomal acidification. (A and B) Intracellular
persistence of WTS. aureus USA300 (A) and USA300 agr null mutant (B) in the presence of caspase-1 or caspase-3 inhibitors in HaCaT and HEKn cells. (C)
Effects of chloroquine and bafilomycin pretreatment on intracellular persistence. Values in panels A to C are the means plus standard deviations (SD) (error bars)
of sextup licate wells. (D and E) Light micrographs (D) and electron micrographs (E) of WT and agr mutant-infected organotypic cultures (skin grafts maintained
on fibroblast feeder cells), showing accumulation of staphylococci in the stratum granulosum (black arrows) and organisms that do not appear to be within a
membrane-bound compartment. The photomicrographs in panels D and E are representative images of infections using at least three separate grafts and multiple
sections of each graft. (F) Confocal images of infected HaCaT cells with fluorescent labeling of EEA-1 (early endosome [green]) and MDC (autophagosome
[green]); demonstrating some colocalization (yellow) of both WT S. aureus and S. aureus agr mutant (red) with the autophagosomal MDC marker, but not with
the early endosome EEA-1 at 24 h postinfection. Intracellular persistence assays were performed at least three times, and the results of a representative experiment
are shown. Confocal imaging was done at least twice on separate samples, and representative images are shown.
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ganotypic cultures revealed S. aureus USA300 agr mutant within a
characteristic double-membrane-bound compartment, seen in
apposition to mitochondria, typical of the autophagosome (20)
(Fig. 5B). To determine how induction of autophagy affects the
intracellular persistence of S. aureus, we treated keratinocytes with
the autophagy inhibitor wortmannin or 3-methyladenine (3-
MA), which when used for a limited time, has a similar effect (39),

and quantified USA300 staphylococci by gentamicin protection
assay (Fig. 5C). For both the WT and agr mutant, there was sig-
nificantly decreased intracellular survival in the HaCaT and pri-
mary keratinocytes treated with inhibitors of autophagy, suggest-
ing that these organisms may be exploiting autophagy to persist
within the keratinocytes. Immunoblots performed with HaCaT
cells at early time points after S. aureus infection indicated induc-

FIG 4 Histology of WT S. aureus USA300 and agr mutant infection (108 CFU applied in 10 �l of PBS) of human skin grafts maintained on SCID mice at 72 h
postinfection. (A to D) Gram staining with trichrome counterstaining of PBS control (A) or S. aureus infection (B to D). (B) WT S. aureus infection at 72 h,
showing WT USA300 intercalation through corneocytes. (C and D) WT S. aureus (C) and agr mutant (D) infection demonstrating clusters of staphylococci
(black arrows) in the agr mutant-infected graft. (E to G) Hematoxylin and eosin staining of WT and agr mutant-infected grafts demonstrating significant corneal
erosion and clusters of neutrophils (yellow arrows) in the WT infection. (F and G) agr mutant infection is associated with more significant corneal erosion and
neutrophilic accumulation (yellow arrows), but clusters of staphylococci are also noted (black arrows). (D) TUNEL staining (brown) of PBS- and WT
USA300-exposed sections, demonstrating focal cell death in the stratum granulosum. At least three different mice were grafted and infected with WT or agr
mutant or functioned as a PBS control. Numerous sections were obtained from each mouse, and representative images are shown.
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tion of galectin-8 by 2 h postinfection, but no consistent changes
in LC3II (Fig. 5D).

The relative induction of autophagy by WT and agr null mu-
tant staphylococci was evaluated using a fluorescence microscopy
and cytometric analysis of LC3 (Cyto-ID [Enzo Life Sciences])
(40) (Fig. 5E). Infection with WT USA300 induced Cyto-ID stain-
ing in 4.9% of the cells compared with 34% of the cells exposed to
the agr null mutant. Treatment of the keratinocytes with wort-
mannin to inhibit autophagy decreased the numbers of either WT
or agr null mutant staphylococci that were Cyto-ID positive as
expected, and 3-MA essentially blocked autophagy altogether in

this assay system. Chloroquine, by decreasing acidification of the
endosome, resulted in increased Cyto-ID-positive cells, consistent
with the interference of autophagosomal clearance (41). These
data suggest that S. aureus that can persist within keratinocytes
may exploit autophagy to evade clearance.

Induction of autophagy enhances MRSA persistence
through effects on the inflammasome. In immune cells, induc-
tion of autophagy results in consumption of nonessential cellular
components, including the inflammasome (42). Autophagic deg-
radation of the NLRP3 component ASC (apoptosis-associated
speck-like protein containing CARD [caspase activation and re-

FIG 5 S. aureus induces autophagy in keratinocytes. (A) Confocal images of galectin-8 (red)- or LC3 (red)-labeled sections of SCID-hu grafts from mice infected
with WT S. aureus (SA) or agr mutant (green). Representative images from two separate experiments are shown. (B) Electron micrograph of cells infected with
agr null mutant demonstrating the double membrane surrounding staphylococci and adjacent mitochondria. (C) Intracellular recovery of WT S. aureus USA300
and agr mutant from HaCaT and HEKn cells treated with wortmannin (24-h infection) or 3-MA (2-h infection). Data shown represent the means plus standard
errors of sextuplicate samples; at least two independent experiments were done, and the results of a representative experiment are shown. The P values in the
graphs compare the value for the strain shown to the value for no inhibitor by Student’s t test. (D) Immunoblot of WT S. aureus- or agr mutant-infected HaCaT
cells compared to a PBS control detecting galectin-8 and LC3II. (E) Flow cytometric analysis of autophagy in HaCaT cells exposed to WT USA300 or agr null
mutant by Cyto-ID (LC3) staining in the presence of wortmannin, 3-MA (negative control), and chloroquine (positive control) to increase autophagosome
formation.
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cruitment domain]), an adaptor protein that functions in inflam-
masome assembly, limits pyroptosis, IL-1� production (21), and
inflammatory signaling (43) important in neutrophil recruitment
(44) and critical for S. aureus clearance in vivo. S. aureus-infected
HaCaT cells were pretreated with wortmannin to block au-

tophagy, and relative amounts of ASC were assessed by immuno-
blotting. The wortmannin-treated keratinocytes were found to
have increased amounts of ASC in S. aureus-infected cells com-
pared to medium controls (Fig. 6A). To confirm that inhibition of
autophagy increases inflammasome function, small interfering

FIG 6 Induction of autophagy decreases inflammasome activation. (A) Immunoblot of HaCaT cells detecting ASC in HaCaT cells in the presence (�) or
absence (�) of wortmannin (Wm) after 2 h of infection with WT S. aureus USA300 or agr mutant and corresponding densitometry standardized to the GAPDH
control. (B and C) Immunoblots of HaCaT cells detecting Nod2 (B) and ATG5 (C) knockdown by siRNA compared to nontargeting siRNA pool control in
HaCaT cells exposed to media (med) or to WT S. aureus or agr mutant. (D and E) IL-1� production determined by ELISA in the corresponding Nod2 and ATG5
knockdowns and nontargeting siRNA-transfected controls all at 24 h postinfection. (F and G) Light microscopy of Gram-positive trichrome-stained (F) and
confocal images (G) of sections obtained from S. aureus AD4- and AD10-infected human skin grafts on SCID mice after 72 h of infection using anti-S. aureus
antibody (SA) (green), anti-galectin-8 (red), or anti-LC3 (red). Colocalization (yellow) of galectin-8 and the AD4 isolate is observed, but not with the AD10
strain. siRNA knockdowns were done twice, and the results of a representative experiment are shown.
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RNA (siRNA) knockdown of two components of the autophagy
pathway, Nod2, a cytosolic receptor for S. aureus cell wall compo-
nents (45), and ATG5 (35) was performed, and the effects on
IL-1� production were measured (Fig. 6B to E). Inhibition of
autophagy resulted in increased induction of IL-1�, consistent
with the proposed effect of autophagy on inflammasome-
mediated signaling. To determine whether the clinical AD isolates
of S. aureus similarly induce autophagy in human keratinocytes,
we monitored infected SCID mouse-human (SCID-hu) grafts for
the relative induction of galectin-8 and LC3 in response to S. au-
reus AD4 or AD10 infection (Fig. 6F and G). The Hla-deficient
strain AD4, which had increased intracellular persistence in
HaCaT cells (Fig. 1), was not effectively cleared from the skin graft
at 72 h postinoculation and was readily detected within the stra-
tum granulosum. AD4 colocalized with the autophagosomal
marker galcetin-8 but not with LC3. This was in contrast to AD10;
the AD10 strain that was efficiently cleared from HaCaT cells was
also cleared from the human grafts at 72 h.

Selection of agr mutants from within infected keratinocytes.
S. aureus bacteria readily adapt to environmental immune pres-
sure through the selection and proliferation of specific mutants
(16). We postulated that WT organisms cleared by caspase-1-
dependent pyroptosis in the cytosol would be at a selective disad-
vantage within keratinocytes compared to the agr mutant bacte-
ria, which lacking toxin secretion, fail to trigger inflammasome-
mediated clearance. Moreover, under autophagic conditions and
diminished inflammasome activity, intracellular accumulation of
sufficient numbers of WT organisms would enable selection of
spontaneous agr-like mutants. To determine whether this selec-
tive process occurs in infected keratinocytes, we screened the phe-
notypes of S. aureus recovered from within keratinocytes infected
with WT S. aureus alone or with inhibitors or with a mixed WT-
agr mutant (1:1) infection using hemolysis on blood agar plates as
a marker for WT (Hla toxin-producing) colonies (Fig. 7A). Fol-
lowing WT staphylococcal infection, 6.5% of the colonies recov-
ered from within the keratinocytes at 24 h were nonhemolytic. In
a mixed WT-agr mutant (1:1) infection, the staphylococci recov-
ered were predominantly (83.3%) nonhemolytic (P � 0.0001
compared to the value for the WT). In wortmannin-treated cells,
only 41.4% of the recovered staphylococci retained the WT phe-

notype, in contrast to 93.5% of the colonies infecting keratino-
cytes under control conditions. Control experiments were per-
formed to verify that wortmannin or small amounts of gentamicin
that might gain access to the cytosol of S. aureus (in the absence of
the keratinocytes) did not induce the generation of agr mutants
(see Fig. S3 in the supplemental material). The increased recovery
of the toxin-deficient mutants from within keratinocytes is con-
sistent with their ability to avoid inflammasome-mediated clear-
ance, which would be enhanced in the absence of autophagy.
Analysis of 10 nonhemolytic colonies isolated from keratinocytes
originally infected with WT USA300 in wortmannin-treated cells
revealed loss of Hla production, a major toxin associated with
activation of the inflammasome (Fig. 7B) and/or lack of RNAIII, a
mediator of agr signaling and Hla production (13) (Fig. 7C). Thus,
there is active selection of toxin-deficient S. aureus within keratin-
ocytes that is influenced by the effects of autophagy in enhancing
intracellular survival.

DISCUSSION

Intact human skin is remarkably resistant to S. aureus infection,
even by the highly virulent USA300 strains. Nonetheless, staphy-
lococcal skin infection usually initiated through autoinoculation
of inapparent breaks in the integrity of the epidermis or at sites of
trauma, is a major clinical problem. Our data suggest that human
keratinocytes participate in USA300 clearance through many of
the same mechanisms as have been well described for immune
cells. These mechanisms include uptake by �5�1 integrins, escape
from the endosome that is not dependent upon expression of
agr-associated toxins, and induction of pyroptosis, suggested by
caspase-1-associated cytotoxicity and production of IL-1�. S. au-
reus infection stimulates keratinocyte autophagy, which does not
appear to contribute to eradication, but instead facilitates intra-
cellular persistence through suppression of inflammasome signal-
ing, a mechanism of immune evasion shared by many human
pathogens (46).

S. aureus clearance through endosomal acidification appears
less important in keratinocytes than has been reported for im-
mune cells and other types of epithelial and endothelial cells (30,
31, 47, 48). Endosomal escape and the ability to survive within the
cytosol are likely dependent on both the strain and cell type. For

FIG 7 Selection of S. aureus mutants from within infected HaCaT cells. (A) Phenotypes of colonies recovered from HaCaT cells infected with WT S. aureus
USA300 alone or with inhibitors of autophagy or endosomal acidification or with a mixed WT-agr mutant (1:1) infection. The percentages of colonies that are
hemolysis positive (�) or negative (�) are shown. (B) Hla expression detected by immunoblotting in colonies recovered in the presence of wortmannin (the
increased expression of surface protein A [SpA] in the agr or hla mutant is noted). (C) RNAIII expression in representative colonies. At least four separate
experiments were performed with recovery of approximately 100 to 150 WT colonies. The data shown represent a compilation of the results of four experiments
at the 24-h time point.
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example, in studies using S. aureus RN4220 and HeLa cells, endo-
somal escape was mediated by the agr-dependent delta toxin syn-
ergizing with the�-toxin (30), whereas escape from the RHEK-1
keratinocyte cell line required PVL production in a community-
acquired MRSA (CA-MRSA) strain from Taiwan (11). Studies
with a number of more-toxigenic strains (MW2, LAC, and
USA400) indicated that Psm� expression is critical for endosomal
escape and cytosolic replication in 293 (human embryonic kid-
ney), THP-1, and endothelial cell lines (30). By using human ker-
atinocyte lines, cells in primary culture, and human skin grafts in
situ, we attempted to model more closely what occurs in differen-
tiated human skin. Our data suggest that keratinocytes rapidly
clear even a high inoculum of staphylococciand that this occurs at
least partially through staphylococcal escape from the endosome
and activation of the inflammasome and pyroptosis. As human
keratinocytes have constitutive expression of pro-IL-1�, they may
be primed for inflammasome activation (8), and ongoing prolif-
eration and differentiation compensate for loss of infected cells.
TUNEL staining of the USA300-infected human grafts but not
PBS controls delineated occasional TUNEL-positive dead keratin-
ocytes, consistent with the induction of pyroptosis by the WT
S. aureus infection, and consequent death of the host cell.

Keratinocyte ingestion of S. aureus, by either WT or agr mu-
tants, stimulates autophagy. This was detected in the differenti-
ated human skin grafts as well as in the keratinocyte lines. Kera-
tinocytes are continually being replaced, thus there is ongoing
autophagy as part of their self-replacement program (18). By im-
munoblotting and immunofluorescence imaging (Cyto-ID), we
noted a background level of LC3-positive cells that was increased
by WT and especially by agr mutant S. aureus infection. The agr
mutant staphylococci that do not activate the inflammasome were
occasionally observed within the classic double-membrane-
bound compartment typical of the autophagosome. However, ev-
idence of the classic autophagic pathway and staphylococcal re-
moval through LC3-associated phagocytosis was not observed
(35). A substantial number of ingested staphylococci colocalized
with galetin-8, which labels the bacterially damaged endosome/
autophagosome, as well as with MDC, a marker for the late au-
tophagosome (34). As inhibitors of autophagy increased staphy-
lococcal clearance from within the keratinocyte, it appears that
this pathway is activated but ineffective in S. aureus eradication.

S. aureus adaptation to the intracellular milieu of human ker-
atinocytes was enhanced by autophagy. Autophagic keratinocytes
did not eradicate the infecting organisms; instead, they provided a
milieu more conducive to intracellular persistence. S. aureus-in-
duced autophagy targeted inflammasome components, specifi-
cally ASC, resulting in decreased generation of IL-1� and inhibi-
tion of pyroptosis, a consequence of autophagy that has been well
described for immune cells (21). Consistent with our observations
that caspase-1-dependent pyroptosis is a major mechanism of
keratinocyte clearance of S. aureus infection (8), consumption of
inflammasome components as a consequence of autophagy
served to increase intracellular survival. When autophagy was lim-
ited pharmacologically, there was greater selective pressure for
recovery of agr-like mutants from within the keratinocytes, mu-
tants that could not activate pyroptosis and clearance.

Enhanced recovery of agr mutant staphylococci was also ob-
served in infected human skin grafts. These grafts were resistant to
superficial exposure to S. aureus USA300, and the vast majority of
the inoculum was readily cleared. However, consistent with the

data obtained using cell lines, there were substantially more agr
null mutant organisms associated with the human skin grafts than
the WT organisms, and activation of autophagy was clearly dem-
onstrated by galectin-8 and LC3 immunofluorescence. The bur-
den of infection served to stimulate autophagy that would en-
hance staphylococcal persistence by consuming ASC and
diminishing pyroptosis. These skin graft models did not directly
assess the role of recruited phagocytes in S. aureus clearance, an
important factor in in vivo infection (14), but demonstrate the
contribution of the secreted toxins and their effects in promoting
staphylococcal clearance by keratinocytes (12, 49).

Multiple S. aureus USA300 toxins appear to contribute to
keratinocyte-mediated clearance mechanisms, as would be ex-
pected due to the ability of the pore-forming toxins to mediate
escape from the endosome and to activate inflammasome signal-
ing (10, 30, 48). Keratinocyte uptake of the WT and various toxin-
deficient strains was roughly equivalent, and increased intracellu-
lar survival was most consistently observed with the agr, hla, and
psm� null mutants. Although the PVL leukotoxin can activate
inflammasome signaling, we did not observe intracellular persis-
tence of the PVL-negative mutant, which still expresses other agr-
dependent toxins. The agr locus, through sarA and RNAIII, regu-
lates expression of hla and psm� (13, 50). Hla-associated
pathology has been clearly documented in murine models of skin
infection (51), and keratinocyte pyroptosis likely contributes to
this process. Nonetheless, it is difficult to tease out the contribu-
tions of individual toxins, as there are multiple interactions be-
tween the different agr, psm�, and hla loci (50), and the abun-
dance of the various human toxin-specific receptors on
keratinocytes has not been rigorously established.

The ability of USA300 MRSA to actively adapt to conditions
within human keratinocytes is likely an important factor in its
success as a skin pathogen. S. aureus survival within an intracellu-
lar niche has been well described at many sites, including neutro-
phils (52), osteoblasts, macrophages (53), sinus cells (54), mam-
mary and pulmonary epithelial and endothelial cell lines (30, 48).
Thus, finding a small population of S. aureus within human ker-
atinocytes is not unexpected. The evolution of S. aureus during
asymptomatic carriage documents ongoing adaptation of these
pathogens to the host (55) and includes mutation at the agr locus
(16). Clinical studies indicate that human nasal carriage of the
same S. aureus strains can persist over weeks if not longer (56). The
appearance of agr mutants, with predominantly single point mu-
tations from clinical infections has been interpreted to confer a
short-term advantage for survival even if these mutations are only
transient (57). The pathogenicity and clinical relevance of toxin-
deficient strains have been recognized with the recovery of agr
mutants from systemic human S. aureus infections (23). The
source of agr defective strains in patients with bloodstream infec-
tion was often nasal carriage (58), which is likely the source of
autoinoculation for skin infection as well (59). While we found
that only a small fraction of the infecting organisms appear to
persist within keratinocytes, the increased recovery of the agr mu-
tants from within skin cells, both from chronically infected pa-
tients and in a laboratory setting, suggests that these strains may be
relevant to human skin colonization. Of note, decreased
neutrophil-mediated killing of USA300 agr null mutant has been
described, suggesting that these strains may be less likely to be
eradicated in an in vivo setting (60).

The adaptation of MRSA to human skin and occasional selec-
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tion of agr defective S. aureus that persist intracellularly may be
sufficient to maintain infection within human keratinocytes in
areas such as the nares, as well as in diseased conditions such as
atopic dermatitis. This small intracellular population may be es-
pecially refractory to eradication, as they are protected from many
antibiotics, antibodies, and complement as well from the activity
of the inflammasome and neutrophils. Therapeutic strategies to
target the toxins associated with inflammasome activation and
skin pathology (61), such as Hla, while effective at eradicating the
WT organisms, may also provide additional selective pressure for
the intracellular persistence of these mutants.

MATERIALS AND METHODS
Bacterial strains, human cells, and reagents. MRSA USA300 FPR3757
(LAC) strains, specifically WT, spa null mutant (62), and mutant strains,
were grown in LB broth overnight at 37°C, diluted 1:100, and grown to an
optical density at 600 nm (OD600) of 1.0 for keratinocyte infections. WT
LAC and the �-hemolysin (Hla) mutant were provided by Juliane
Bubeck-Wardenburg (University of Chicago) (63). WT and Panton-
Valentine leukocidin (PVL) mutants were provided by Frank DeLeo (64)
(National Institute of Allergy and Infectious Diseases, Rocky Mountain
Laboratories, MT). Phenol-soluble modulin (Psm) (psm�, psm�, or hld)
single and triple mutants (65) and �agr mutants (13) were provided by
Michael Otto (National Institute of Allergy and Infectious Diseases, MD).
WT and agr-matched pairs in the RN and UAMS background were pro-
vided by Bo Shopsin (New York University Langone Medical Center, NY).
The human keratinocyte HaCaT cell line was obtained from Angela Chris-
tiano (Columbia University, NY) and grown in Dulbecco modified Eagle
medium (DMEM) with 10% fetal bovine serum with penicillin and strep-
tomycin at 37°C and 5% CO2 in a humidified environment. HEKn pri-
mary human keratinocytes were purchased from Life Technologies and
grown in DermaLife K complete medium (Lifeline Cell Technology). The
antibodies used were as follows: mouse anti-human integrin �5�1
(Chemicon International); rabbit anti-LC3B (recognizes LC3I and LC3II)
(Sigma); rabbit anti-galectin-8 (H-80), mouse anti-Staphylococcus aureus
(704) (which recognizes both WT and spa null mutant strains), and rabbit
anti-GAPDH(anti-glyceraldehyde-3-phosphate dehydrogenase anti-
body) (FL-335) (Santa Cruz Biotechnology); rabbit anti-ASC [TMS1]
(Millipore); mouse anti-ATG5 and mouse anti-EEA-1 (MBL Interna-
tional). Fibronectin (Life Technologies) at 10 �g/ml was used to pretreat
keratinocytes and organotypic cultures prio r to MRSA infection. Cyto-ID
autophagy detection reagent was purchased from Enzo Life Sciences and
used per the manufacturer’s instructions, and cells were analyzed on a Tali
image cytometer (Life Technologies). Monodansyl cadaverine (MDC)
(5 mM) was from Santa Cruz Biotechnology. The inhibitors and concen-
trations used were caspase-1 inhibitor (cell permeable) (catalog no.
40011; Calbiochem) (20 �M) and caspase-3 inhibitor (catalog no.
235420; Calbiochem) (20 �M) from EMD Millipore; wortmannin
(2 �M), chloroquine (100 �M), and bafilomycin (200 nM) from Sigma;
3-methyladenine (3-MA) (5 mM) from Selleckchem. Controls contained
the media and 5% dimethyl sulfoxide (DMSO).

Organotypic cultures. Organotypic cultures of human keratinocytes
in primary culture were obtained from the Cell and Tissue Kinetics Core
of the Columbia University Department of Dermatology Skin Disease
Research Center. Human keratinocytes were grown at an air-liquid inter-
face supported by a dermal substitute matrix as a three-dimensional
model system composed of the dermal and epidermal compartments.
Following 24-h stimulation with strain USA300 or PBS, human organo-
typic skin equivalents were fixed for 24 h in 4% paraformaldehyde prior to
embedding in paraffin blocks.

Infection of keratinocytes and gentamicin protection assay. HaCaT
or HEKn cells grown to confluence and without antibiotics for 18 h prior
to infection were pretreated for 1 h with 10 �g/ml fibronectin. Bacterial
cultures grown to log phase (to an OD600 of 1.0) were pelleted and resus-
pended in media without antibiotics. HaCaT cells were infected with

MRSA (WT or mutants) at a multiplicity of infection (MOI) of 10 and
incubated at 37°C for 2 h. Extracellular bacteria were killed by the addition
of gentamicin to a final concentration of 500 �g/ml. Intracellular infec-
tions were then allowed to continue in the presence of gentamicin for up
to 96 h. To quantify intracellular bacteria, cells were disassociated with
TrypLE express cell dissociation enzyme (Life Technologies), and dilu-
tions were plated on LB agar plates for CFU enumeration. For assays with
inhibitors (caspase-1, caspase-3, wortmannin, and 3-MA), controls con-
taining the inhibitor in 5% DMSO in the absence of bacteria were in-
cluded, along with controls containing just bacteria, to verify a lack of
toxicity. Intracellular accumulation of staphylococci was quantified 24 h
after the initial 2-h infection; additional time points are noted in the
figures. Keratinocyte culture supernatants were collected for IL-1�
enzyme-linked immunosorbent assay (ELISA) (R&D Systems). Cytotox-
icity was determined using the LDH assay (Roche) using multiply frozen
and thawed keratinocytes as a positive control. Alternatively, cell viability
was determined using the Countess automated cell counter and trypan
blue (Life Technologies).

RNA analysis and siRNA. RNA was isolated using the eZNA total
RNA kit (Omega Bio-Tek) followed by DNase treatment using a DNA-
free DNA removal kit (Life Technologies). cDNA was synthesized using
the high-capacity cDNA reverse transcription kit (Applied Biosystems).
Quantitative reverse transcription-PCR (qRT-PCR) was performed using
Power SYBR green PCR master mix (Applied Biosystems) in a StepOne
Plus thermal cycler (Applied Biosystems). The primers for RNAIII were
5= GGGATGGCTTAATAACTCATAC 3= and 5= GGAAGGAGTGATTT
CAATGG 3=. ON-TARGETplus SMARTpool Human ATG5 siRNA,
Nod2 and ON-TARGETplus nontargeting control pool siRNAs were pur-
chased from Dharmacon and transfected into HaCaT cells using Lipo-
fectamine RNAiMAX (Life Technologies) per the manufacturer’s instruc-
tions. After 72 h, the cells were stimulated with S. aureus USA300 (MOI of
10) in media containing fibronectin or PBS plus fibronectin for 2 h,
treated with gentamicin as described above, and allowed to incubate for
24 h. Culture supernatants were collected and analyzed for IL-1�, and
cells were lysed with radioimmunoprecipitation assay (RIPA) buffer
(20 mM Tris-Cl, 50 mM NaCl, 0.1% SDS, 1% Triton X-100, 10% glycerol,
2 mM EDTA, 0.5% sodium deoxycholate) containing 1� Halt protease
and phosphatase single-use inhibitor cocktail (Thermo Scientific). Pro-
teins were separated on Bolt 4% to 12% bis-Tris Plus gels (Life Technol-
ogies), transferred using iBLot dry blotting system (Invitrogen), and
blocked with 5% milk in TBST (Tris-buffered saline plus Tween) (50 mM
Tris [pH 7. 5], 150 mM NaCl, 0.05% Tween) or 5% bovine serum albumin
(BSA) in TBST for 1 h at room temperature. Immunodetection was per-
formed using anti-Nod2 (Santa Cruz), anti-ATG5 (Cell Signaling), anti-
ASC (EMD-Millipore), and �-actin or GAPDH (Sigma-Aldrich). Densi-
tometry was performed using ImageJ.

SCID-hu mouse model. Skin grafts were performed as follows. NOD-
scid IL2R� null (NSG) mice (Jackson Laboratories) (66) were grafted with
human neonatal foreskin skin per Columbia University institutional re-
view board (IRB) protocol AAAN6306. Freshly obtained skin was placed
in DMEM containing penicillin and streptomycin, trimmed of dermal
tissue, and cut to 1 cm by 1 cm. Mice were anesthetized with isofluorane at
4% at an O2 flow rate of 1 liter/min for 2 to 3 min for induction and
maintained at 2% isofluorane with an O2 flow rate of 1 liter/min. Local
anesthesia at the surgical site was achieved by a subcutaneous injection of
0.5% marcaine at 1 mg/kg of body weight and 5 mg/kg carprofen intra-
peritoneal (i.p.) injection. After the mice were shaved, the surgical site was
locally cleaned with Betadine and alcohol. Incisions were made with stra-
bismus scissors, and a flap of mouse skin (1 cm by 1 cm) was removed and
replaced with processed foreskin that was secured with single interrupted
sutures at all the corners of the graft. The surgical site was protected with
petroleum jelly-soaked nonadhering gauze secured with a circumferential
bandage. The mice were given a daily dose of carprofen by i.p. at 5 mg/kg
for the next 2 days. Mouse bandages were inspected every day for the first
2 days after surgery and then weekly for the following 3 to 6 weeks. For
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infections, mice were anesthetized with ketamine and xylazine, and S. au-
reus was applied dropwise in a 10-�l aliquot of PBS containing 108 CFU of
S. aureus. Skin grafts were excised after 72 h and fixed in 4% paraformal-
dehyde for 24 h for paraffin sectioning and staining.

Animal work in this study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Ani-
mals of the National Institutes of Health, the Animal Welfare Act, and U.S.
federal law. The protocol was approved by the Institutional Animal
Care and Use Committee (IACUC) of Columbia University (protocol
AAAG7408).

Hla and Hld expression in atopic dermatitis strains. S. aureus strains,
including clinical isolates (previously obtained from superficial skin
swabs of atopic dermatitis patients and stored at �80°C), were grown in
LB to stationary phase, and culture supernatants were harvested for West-
ern immunoblots. Primary anti-�-hemolysin (anti-Hla) rabbit antibody
was a gift from Juliane Bubeck-Wardenburg, University of Chicago, and
used at 1:10,000 dilution. The presence of Hld in the clinical isolates was
assessed by sequencing. Hemolysis was detected by growth on sheep blood
agar plates (Becton, Dickinson) (5% in TSB). Synergistic hemolysis be-
tween Hld and Hlb was evaluated using the cross-streak method with
S. aureus RN4220 by the method of Cheung et al. (26).

RNAIII expression in atopic dermatitis strains. Overnight cultures
of S. aureus laboratory strains and 10 clinical isolates from atopic derma-
titis patients were diluted 1:100 in LB broth and grown at 37°C to an
OD600 of 1.0, and bacteria were pelleted, resuspended, and incubated for
2 h at 37°C in cell wall lysis mixture (6 �g/ml lysostaphin, 2.7 �g/ml
mutanolysin, and 16.7 �g/ml lysozyme in 50 �M Tris-HCl�10 �M
EDTA [pH 8]). RNA was extracted from bacteria, cDNA was synthesized,
and qPCR was performed as described above to assess for S. aureus
RNAIII expression.

Whole-genome sequencing. Clinical isolates of S. aureus were col-
lected as part of an ongoing clinical study (approved by IRB AAAI5956)
and subjected to whole-genome sequencing. Genomic DNA was prepared
from overnight cultures using the DNeasy blood and tissue kit (Qiagen)
after a 2-h incubation at 37°C in cell wall lysis mixture (described above).
Genome libraries were prepped using the Nextera XT kit and sequenced
using the Illumina MiSeq instrument (paired-end reads of 250 bp). Ge-
nome assembly was done using ABySS60 at multiple kmer sizes (kmer �
23, 27, 31, 35, 39, and 63), and we selected the assembly with the highest
N50 value (kmer � 39) for further analysis. The RAST tool (http://rast-
.nmpdr.org/rast.cgi) was used for genome annotation.

Statistics. Samples with normal distribution were analyzed using the
Student’s t test. Multiple comparisons were analyzed using one-way anal-
ysis of variance (ANOVA) with Dunnett’s posttest. Differences in groups
were considered significant if P was �0.05. Statistics were performed with
GraphPad Prism version 4.00.
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