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Streptolysin S Promotes Programmed Cell Death and Enhances
Inflammatory Signaling in Epithelial Keratinocytes during Group A
Streptococcus Infection
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Streptococcus pyogenes, or group A Streptococcus (GAS), is a pathogen that causes a multitude of human diseases from pharyngi-
tis to severe infections such as toxic shock syndrome and necrotizing fasciitis. One of the primary virulence factors produced by
GAS is the peptide toxin streptolysin S (SLS). In addition to its well-recognized role as a cytolysin, recent evidence has indicated
that SLS may influence host cell signaling pathways at sublytic concentrations during infection. We employed an antibody array-
based approach to comprehensively identify global host cell changes in human epithelial keratinocytes in response to the SLS
toxin. We identified key SLS-dependent host responses, including the initiation of specific programmed cell death and inflam-
matory cascades with concomitant downregulation of Akt-mediated cytoprotection. Significant signaling responses identified by
our array analysis were confirmed using biochemical and protein identification methods. To further demonstrate that the ob-
served SLS-dependent host signaling changes were mediated primarily by the secreted toxin, we designed a Transwell infection
system in which direct bacterial attachment to host cells was prevented, while secreted factors were allowed access to host cells.
The results using this approach were consistent with our direct infection studies and reveal that SLS is a bacterial toxin that does
not require bacterial attachment to host cells for activity. In light of these findings, we propose that the production of SLS by
GAS during skin infection promotes invasive outcomes by triggering programmed cell death and inflammatory cascades in host

cells to breach the keratinocyte barrier for dissemination into deeper tissues.

treptococcus pyogenes, also known as group A Streptococcus

(GAS), isa common colonizer of the skin and mucosal surfaces
of humans (1-3). GAS is typically innocuous in these locations or
else leads to fairly minor and generally self-limiting infections of
the skin or respiratory tract, such as impetigo or pharyngitis (1-3).
In cases where an initial infection is left untreated, GAS may cause
one of several severe postinfection (p.i.) sequelae, including rheu-
matic fever or glomerulonephritis (1-3). Furthermore, in rare
cases, this exclusively human pathogen breaches the epithelial
barrier and invades deeper tissues and blood, resulting in out-
comes such as necrotizing fasciitis and Streptococcus toxic shock
(1-3). The World Health Organization (WHO) estimates that
GAS is responsible for about 18 million cases of severe postinfec-
tion sequelae and 700,000 cases of invasive disease each year (2, 4).
Combined, GAS infections lead to approximately 500,000 deaths
annually (2, 4).

The success of GAS in causing both mild and severe infections
is due largely to the myriad of secreted and surface-bound viru-
lence factors expressed by this pathogen. One of the most potent
virulence factors produced by GAS is streptolysin S (SLS), a small,
ribosomally produced peptide whose mature product is predicted
to be 2.7 kDa in size (5-8). SLS is encoded by the streptolysin
S-associated gene (sag) cluster. It is produced as a protoxin (SagA)
which is subsequently modified by other members of the sag clus-
ter (SagB, SagC, and SagD) to produce the fully functional toxin
(6-8). All attempts to purify SLS and elucidate its mature structure
have proven unsuccessful due to the unusual nature of its amino
acid sequence and the complexity of its posttranslational modifi-
cations (5, 8). Although the exact structure of SLS is still unknown,
recent studies have indicated that SLS undergoes extensive post-
translational processing that involves the formation of several het-
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erocyclic rings at distinct sites along the length of the peptide (7,
8). These modifications have been shown to be critical for the
cytolytic activity of SLS-like peptide toxins (7, 8). The cytolytic
activity of SLS has historically been attributed to its ability to in-
duce osmotic deregulation and subsequent lysis through an un-
known mechanism, and the toxin has been reported to cause
membrane rupture in a variety of eukaryotic cell types and sub-
cellular structures (6, 9—17). The lytic activity of SLS is often mea-
sured via red blood cell (RBC) lysis because it is the GAS toxin
primarily responsible for the characteristic hemolytic zone that
surrounds bacterial colonies on blood agar (18).

Although pore-forming toxins such as SLS have historically
been thought of primarily as inducers of lysis and rapid necrotic
death in host cells, recent evidence suggests that many of these
toxins have more complex roles in influencing host cell signaling
at sublytic concentrations during infection. For example, uro-
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pathogenic Escherichia coli (UPEC), Aeromonas sp., and Staphylo-
coccus aureus all produce hemolytic toxins that attenuate activa-
tion of Akt, a central host signaling kinase that promotes cell
survival, growth, and inflammatory responses (19). The Cry5B
pore-forming toxin from Bacillus thuringiensis induces host acti-
vation of two major stress-associated mitogen-activated protein
(MAP) kinase (MAPK) proteins, p38 and Jun N-terminal protein
kinase (JNK) (20). Additionally, it has recently been shown that
the Panton-Valentine leukocidin (PVL) B-barrel pore-forming
toxin produced by S. aureus induces wide-scale inflammatory re-
sponses through the nuclear factor kappa B (NF-kB) pathway
(21). The streptolysin S toxin has already been identified as a ma-
jor contributing factor in the successful translocation of group A
Streptococcus across the epithelial barrier during the early stages of
infection (22). Specifically, SLS was shown to play a role in disrup-
tion of intracellular junctions through recruitment of the cysteine
protease calpain, which cleaves host proteins such as occludin and
E-cadherin (22). SLS has also been implicated in the induction of
programmed cell death in macrophages and neutrophils as well as
in the inhibition of neutrophil recruitment during infection (16,
17, 23). These recent insights into the additional roles of pore-
forming hemolysins highlight the potential contribution of strep-
tolysin S to pathogenesis at the cellular level under conditions that
more closely mimic the infection process.

To determine the role of SLS in host cell signaling during in-
fection, we utilized a comprehensive antibody array to identify
global changes in host keratinocyte signaling following wild-type
(WT) or SLS-deficient GAS infections using an in vitro human
epithelial infection model. Using this method, we identified key
SLS-dependent host responses, including the activation of the
proinflammatory p38 MAPK and nuclear factor kappa B (NF-kB)
signaling pathways and the downregulation of prosurvival Akt
signaling. Signaling responses identified by array analysis were
subsequently confirmed by biochemical and protein identifica-
tion methods. To determine whether these SLS-dependent host
signaling changes required direct bacterium-host cell contact, we
designed a Transwell infection system in which direct bacterial
attachment was prevented while still allowing secreted factors ac-
cess to host cells. The results obtained using this approach were
consistent with our direct infection studies and answer a long-
standing question regarding whether SLS is a toxin that requires
bacterial attachment to host cells for activity. These findings sug-
gest that GAS promotes pathogenesis and progression to severe
disease by using secreted streptolysin S to induce programmed cell
death and inflammatory cascades in infected keratinocytes. To
our knowledge, this is the first comprehensive antibody array
analysis of a specific virulence factor in a bacterial pathogen. We
therefore anticipate that this antibody-based array method and
Transwell infection system could be widely applicable to the study
of other secreted bacterial toxins and their specific effects on host
cell signaling.

MATERIALS AND METHODS

Bacterial cultures. The GAS M1T1 5448 strains utilized for these experi-
ments included WT GAS, a sagA Acat SLS-deficient mutant (abbreviated
here as the AsagA mutant), and a sagA-complemented strain. An illustra-
tion of the sag cluster and the hemolytic activity of the strains used in this
study may be found in Fig. S1 in the supplemental material. The sagA Acat
GAS strain was generated by the laboratory of Victor Nizet at the Univer-
sity of California, San Diego (6), and the complemented strain was gen-
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erated in our laboratory by transformation of the AsagA mutant with the
pDCerm expression vector containing the wild-type sagA gene along with
300 bp directly upstream of sagA to include native promoter sequences
(abbreviated here as the AsagA+sagA mutant). We estimate that our
sagA-complemented strain contains 5 to 10 copies of the pDCerm plas-
mid. GAS M1T1 5448 strains were grown in Todd-Hewitt broth at 37°C
for 16 to 20 h prior to infection of human cells. Supernatant treatments
were prepared by growing these strains for 0 to 8 h at 37°C in Dulbecco’s
modified Eagle’s medium (DMEM)-10% fetal bovine serum (FBS). Bac-
terial cultures were centrifuged (relative centrifugal force [RCF], 2,400)
for 10 min to remove the bacteria, and the bacterial supernatants contain-
ing SLS were subjected to sterile filtration using a 0.22-pum-pore-size filter
prior to use (Millipore).

RBC lysis assay. Whole sheep blood (BD Biosciences) was washed
three times in phosphate-buffered saline (PBS) (Gibco) and diluted to a
final concentration of 1:20 (vol/vol) in PBS. Bacterial supernatants (pre-
pared as described above) were combined with the blood/PBS mixture at
aratio of 1:5 (supernatants to blood) and incubated at 37°C overnight. A
mixture of 1% Triton—PBS—blood was used as a positive control, repre-
senting 100% red blood cell (RBC) lysis, and PBS was used as a negative
control for RBC lysis. Experiments were performed in triplicate under
each test condition. After overnight incubation, the samples were centri-
fuged at 275 RCF for 10 min and an aliquot (200 1) of the supernatant
was collected from each sample and transferred to a clear, flat-bottom
96-well plate (Eppendorf) for analysis. A microplate reader was used to
determine sample absorbance at 450 nm, a wavelength which allows de-
tection of the heme released from the lysed RBCs. Percent lysis was deter-
mined by normalizing absorbance values to the Triton positive control
(100% lysis) and to PBS buffer as the negative control.

Keratinocyte culture. HaCaT human epithelial keratinocytes (24), a
kind gift from V. Nizet, were used for these studies. Cells were maintained
in DMEM (Life Technologies 11995-073) with 10% heat-inactivated fetal
bovine serum (FBS) and incubated at 37°C with 5% CO,. HaCaT cells
were maintained in 100-mm-diameter culture dishes (Nunc).

Antibody array. A Kam-850 antibody microarray kit from Kinexus
(Vancouver, BC, Canada) was used for these studies, with protocols ad-
justed as necessary. HaCaT cells were used for all analyses. Confluent
HaCaT cells grown in 100-mm-diameter culture dishes were washed with
sterile PBS, and fresh medium (DMEM-10% FBS) was applied prior to
GAS infection. Overnight bacterial cultures of GAS were centrifuged and
resuspended in fresh Todd-Hewitt broth and their optical densities were
normalized. The HaCaT cells were infected with the normalized overnight
cultures of wild-type GAS or AsagA M1T1 5448 GAS at a multiplicity of
infection (MOI) of 10 bacteria per host cell. The infected cells were incu-
bated at 37°C with 5% CO, for 4 h. At the end of the infection period,
media and nonadhered bacteria were aspirated and the cells were washed
twice with cold PBS. The cells were then lysed with Kinexus lysis buffer,
and the protocol for protein collection, labeling, and antibody array in-
cubation was followed according to the manufacturer’s instructions.

Keratinocyte infection. (i) Direct infection conditions. HaCaT cells
were grown to 90% confluence in 6-well tissue culture plates (CytoOne)
or in 100-mm-diameter dishes (Nunc). Immediately prior to treatment,
the cells were washed with sterile PBS and fresh medium (DMEM-10%
FBS) was applied. Overnight bacterial cultures of GAS were centrifuged
and resuspended in fresh Todd-Hewitt broth, and their optical densities
were normalized. The HaCaT cells were infected with the normalized
overnight cultures of wild-type GAS, AsagA GAS, or sagA-complemented
(AsagA+sagA) GAS at an MOI of 10 bacteria per host cell. The infected
cells were incubated at 37°C with 5% CO, for the times indicated for each
experiment.

(ii) Transwell infection conditions. HaCaT cells were grown to 90%
confluence in 6-well tissue culture plates (CytoOne). Immediately prior to
treatment, the cells were washed with sterile PBS and fresh medium
(DMEM-10% FBS) was applied. A sterile 0.4-pm-diameter Transwell
insert (Corning) was placed in each well, and fresh cell culture medium
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was added to the upper chamber according to the manufacturer’s instruc-
tions. The cells were then treated with normalized overnight cultures of
wild-type or mutant GAS at an MOI of 10 by adding the bacteria to the
upper chamber of the Transwell system. The infected cells were incubated
at 37°C with 5% CO.,.

SDS-PAGE and Western blotting. The protein concentration of each
HaCaT sample lysate was determined by the use of a bicinchoninic acid
(BCA) assay (Pierce) and bovine serum albumin (BSA) protein standards
and normalized prior to loading the samples on a 4% to 15% polyacryl-
amide gel (Bio-Rad). Samples were transferred to a polyvinylidene diflu-
oride (PVDF) membrane and blocked in 5% BSA—0.1% Tween 20 (Sig-
ma)-Tris-buffered saline (TBS). The membranes were incubated with
primary antibodies overnight at 4°C. All primary antibodies were used at
a dilution of 1:1,000, with the exceptions of anti-high-mobility group box
protein 1 (HMGBI) (1:500) and anti-f-actin (1:2,000). The membranes
were washed for 1.5 h in TBS-0.1% Tween 20 and incubated with horse-
radish peroxidase (HRP)-conjugated secondary antibody at a dilution of
1:5,000 for 1.5 h at room temperature. Membranes were then washed for
1.5hin TBS-0.1% Tween 20 and incubated with ECL chemiluminescence
reagent (Pierce) prior to development on film (Dot Scientific).

Immunofluorescence staining and imaging. Cells were plated on
sterile glass coverslips in 6-well dishes and treated with GAS as described.
Following infection, cells were washed in cold PBS and fixed overnight in
4% (wt/vol) paraformaldehyde solution-PBS. Coverslips containing
treated cells were then washed in PBS and blocked for 2 h at room tem-
perature in PBS-1% (wt/vol) normal goat serum—2% (vol/vol) Triton—
0.5% (vol/vol) Tween 20. The cells were washed with PBS for 1.5 h and
incubated with primary antibody at a 1:50 ratio in blocking solution over-
night at 4°C. Following incubation with primary antibody, the coverslips
were washed for 1.5 h in PBS and then incubated for 2 h at room temper-
ature in secondary antibody (goat anti-rabbit IgG Alexa Fluor 488) using
a 1:200 ratio of antibody to blocking solution. Coverslips were washed for
1 h prior to adding DAPI (4',6-diamidino-2-phenylindole) nuclear stain
and rhodamine-phalloidin actin stain at a ratio of 1:1,000 in blocking
solution. The coverslips were incubated with nuclear and actin stains for
30 min at room temperature prior to final washes in PBS for 30 min at
room temperature. The coverslips were then mounted on glass slides us-
ing Fluoromount-G and allowed to set overnight prior to sealing and
imaging. Imaging data were collected on a DeltaVision Nikon 90i fluores-
cence microscope using a standard 20X objective. A Nikon A1R-MP
confocal microscope (60X oil objective) was also used to image the local-
ization of HMGBI following GAS infection. ImageJ software and NIS-
Elements Viewer (Nikon) software were used to process the captured
images. At least three biological replicates were performed per condition
for all immunofluorescence experiments, and at least 3 fields per slide
were counted to obtain the reported data. Statistics were determined
based on at least 400 cells counted per condition and were pooled from the
data from the 3 biological replicates. The graphed data represent averaged
values from 3 biological replicates, and error bars indicate standard devi-
ations from the means. Normal distribution was assumed, and signifi-
cance was determined by analysis of variance (ANOVA) followed by post-
ANOVA Dunnett’s tests to compare each condition to a corresponding
control mean as indicated.

Antibodies and stains. Antibodies to phospho-Akt Ser473, total Akt,
NEF-kB p65, IkBa (inhibitory protein of NF-kB), alpha-tubulin, phos-
pho-MAPK p38 (T183 plus T185), total MAPK p38, total heat shock
protein 27 (HSP27), phospho-HSP27 (S82), phospho-MEK3/6 (S189
plus S207), total MEK3, total mitogen- and stress-activated protein-serine
kinase 1 (MSK1), phospho-MSK1 (S376), total caspase-1, cleaved
caspase-1 (p20), and HMGBI1 were obtained from Cell Signaling. Anti-
bodies to beta-actin were obtained from AbCam. DAPI nuclear stain was
obtained from Cell Signaling, and goat anti-rabbit IgG Alexa Fluor 488
and rhodamine-phalloidin actin stain were obtained from Molecular
Probes (Life Technologies).
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Ethidium homodimer cell death assay. HaCaT cells were plated in
24-well tissue culture plates and infected using the conditions described
above (MOI = 10). After infection, the cells were washed with sterile PBS.
Cells were then covered and incubated at room temperature for 30 min
with 4 wM ethidium homodimer 1 (Molecular Probes)-PBS. The level of
fluorescence was determined using a plate reader set to 528-nm excitation
and 617-nm emission with a cutoff value of 590 nm. The percentage of
dead cells was determined by adding 0.1% (wt/vol) Saponin (Sigma) to
each well following the initial reading and allowing the plate to incubate
for an additional 20 min at room temperature before reading the plate a
second time at the same settings. Percent membrane permeabilization
values were obtained individually for each well by dividing the initial
fluorescence reading value (posttreatment) by the second fluorescence
reading value (post-Saponin addition). Experiments were performed in
triplicate under each treatment condition, and the average and standard
deviation of the values determined under each condition were plotted for
comparison. Normal distribution was assumed, and significance was de-
termined by ANOVA, followed by post-ANOVA Dunnett’s tests to com-
pare each condition to a corresponding control mean as indicated.

ATP determination assay. HaCaT keratinocytes were grown to 90%
confluence in 6-well dishes and infected with GAS as described above.
Lysates were collected on ice immediately following infection and nor-
malized via BCA assay prior to ATP determination. ATP levels were de-
termined using a luminescence-based Molecular Probes ATP Determina-
tion kit from Life Technologies. The reported values for each infection
condition were normalized to the corresponding uninfected controls.
Normal distribution was assumed, and significance was determined by
ANOVA, followed by post-ANOVA Dunnett’s tests to compare each con-
dition to a corresponding control mean as indicated.

LDH release assay. HaCaT cells were plated in 24-well tissue culture
plates and infected using the conditions described above (MOI = 10).
Immediately prior to infection, cells were washed with PBS and supplied
with fresh phenol red-free DMEM supplemented with 1% BSA (wt/vol), 2
mM r-glutamine (Gibco), and 1 mM sodium pyruvate (Gibco). Following
infection, supernatants were collected and lactate dehydrogenase (LDH)
release was evaluated using a cytotoxicity detection kit from Roche. Nor-
mal distribution was assumed, and significance was determined by
ANOVA, followed by post-ANOVA Dunnett’s tests to compare each con-
dition to a corresponding control mean as indicated.

Inhibitor and activator compounds. The Akt activator compound
SC79 was obtained from R&D Systems (25). SB203580, which inhibits
p38 MAPK activity, was obtained from Cell Signaling. The NF-«B inhib-
itor curcumin was obtained from Santa Cruz Biotechnology. Z-VAD-
fmk, a general caspase inhibitor, was obtained from R&D Systems. The
receptor-interacting protein kinase 1 (RIPK1) kinase inhibitor com-
pound necrostatin-1 was obtained from Sigma-Aldrich. The RIPK3 in-
hibitor GSK872 was obtained from Calbiochem, and the mixed-lineage
kinase domain-like (MLKL) inhibitor necrosulfonamide (NSA) was ob-
tained from Tocris Bioscience. Each of the compounds found to reduce
streptolysin S-dependent keratinocyte cytotoxicity (SC79, SB203580, cur-
cumin, necrostatin-1, GSK872, and NSA) was applied to GAS cultures to
evaluate bacterial toxicity. All compounds tested were found to have no
impact on either growth or viability of GAS (see Fig. S2A to F in the
supplemental material), with the exception of curcumin (see Fig. S2C),
which affected bacterial growth at early time points (2 h), though this
difference was not apparent at later time points (4 h and 6 h). These data
confirm that the inhibitors used in this study were not bactericidal in
nature.

Caspase-3 and caspase-7 activity assay. HaCaT cells were plated at a
cell density of 13,000 cells per well in a 96-well tissue culture-treated plate
(CytoOne) suitable for use on a luminescence plate reader (white, flat
bottom). Cells were allowed to attach for 24 h prior to direct infection
with WT GAS, AsagA GAS, or AsagA+sagA GAS at an MOI of 10. Cells
were infected for 6 h prior to addition of Caspase-Glo 3/7 reagent (Pro-
mega), which contains both cell lysing agents and the luminescent caspase
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FIG 1 Active streptolysin S toxin is maximally produced during the mid-to-late log phase of GAS growth. (A) Growth of wild-type GAS in DMEM-10% FBS
from 0 h to 8 h. (B) Lytic activity determined via red blood cell (RBC) lysis assay of WT GAS supernatants as a function of bacterial growth. Supernatant samples
were taken directly from the cultures used to produce the growth curve shown in the upper left panel. (C) The levels of growth of WT, AsagA mutant, and sagA
complement (AsagA+sagA) GAS strains in DMEM-10% FBS indicate consistent growth for all three strains. (D) An RBC lysis assay was performed using
supernatants collected from WT and SLS-mutant cultures during the mid-to-late log phase. The upper and lower limits of RBC lysis were determined by using
Triton X-100 detergent as a positive control and PBS as a negative control; percent RBC lysis was determined relative to these values. The results from three
replicates are averaged for each condition, and error bars represent standard deviations. Significance was determined by ANOVA (P < 0.0001), and a post hoc
Dunnett’s test was performed to determine differences in the levels of RBC lysis between treatments. Significance is denoted by asterisks as described in Materials

and Methods. Means of data from each condition were compared to the mean level of RBC lysis induced by the AsagA mutant.

substrate which allows detection of caspase-3 and caspase-7 activity. Lu-
minescence values were determined using a microtiter plate reader. For
each biological replicate, each condition was tested in triplicate and the
reported values represent the results of one of three independent biolog-
ical replicates. Normal distribution was assumed, and significance was
determined by ANOVA, followed by post-ANOVA Dunnett’s tests to
compare each condition to a corresponding control mean as indicated.

Statistical analyses. All statistical analyses were carried out using
Graph Pad Prism 6.0. Normal distribution was assumed for all data sets
based on the similarity of standard deviations between conditions within
each data set and on the absence of outlier values. Significant differences
for individual pairs of means were determined by Student’s ¢ test, and P
values of <0.05 were considered to be significant. For data sets in which
means of 3 or more groups were being compared, ANOVA testing was
used to determine overall P values. In cases where a significant P value
(P < 0.05) was obtained by ANOVA, post hoc Dunnett’s tests were carried
out to compare the means of all members of a data set to a control mean,
which is indicated for each experiment. P values of <0.05 were considered
to be significant. Individual P values from ¢ tests and post hoc Dunnett’s
tests were reported as follows for all data sets: ¥, P = 0.01 to 0.05; **, P =
0.001 to 0.01; ***, P = 0.0001 to 0.001; ****, P < 0.0001; n.s., not signif-
icant.

RESULTS

Streptolysin S induces alterations in keratinocyte survival and
inflammatory signaling cascades during GAS infection. Because
the first cells with which GAS typically interacts during skin infec-
tion are keratinocytes, we utilized the HaCaT human epithelial
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keratinocyte cell line to elucidate the effects of streptolysin S on
host signal transduction. We conducted an antibody-based array
to comprehensively compare the signaling responses of human
keratinocytes that were infected with wild-type GAS to the re-
sponses of those infected with SLS-deficient GAS. The array we
selected contained 850 different antibodies specific for 649 differ-
ent host signaling proteins (Kinex Kam-850 kit). Optimal infec-
tion conditions to evaluate the effects of SLS on host cells were
determined by collecting bacterial supernatants from wild-type
GAS grown for 0 to 8 h in keratinocyte culture media (DMEM-—
10% FBS) (Fig. 1A). SLS activity in these supernatants was as-
sessed using a red blood cell lysis assay. Results indicated that
wild-type GAS bacteria produce maximal amounts of the SLS
toxin during the middle-to-late log phase of bacterial growth (Fig.
1B). To ensure that there were no growth defects in our SLS-
deficient and sagA complement strains, we performed a growth
curve analysis of these strains and observed growth rates that were
identical to the wild-type strain rate (Fig. 1C). To confirm that the
hemolytic phenotype was SLS dependent, we collected superna-
tants from all three strains during late log phase. WT GAS and
sagA-complemented GAS strongly induced RBC lysis, while expo-
sure to the AsagA mutant did not result in significant lysis (Fig.
1D). On the basis of these data, we evaluated the effects of SLS on
keratinocyte signaling by infecting the cells with WT GAS or
AsagA GAS for 4 h atan MOI of 10, as SLS is robustly produced by
GAS under these conditions.
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Following infection, the host cells were lysed and the soluble
proteins were analyzed with the Kinex antibody chip. Results from
the full array analysis are included in Table S1 in the supplemental
material. Calculation of percent error range, z-scores, z-score ra-
tios, and fold changes between the two infection samples (wild-
type GAS and AsagA GAS) allowed us to identify changes that
were likely to be significant. A z-score ratio cutoff value of >10.95|
was used to identify significant candidates (see Table S2 and S3).
Proteins whose activity or total levels were substantially up- or
downregulated (z-score ratio >10.951) under the WT infection
condition versus the AsagA GAS infection condition were
manually sorted into specific signal transduction pathways using
DAVID Bioinformatics Software and functional descriptions
from the UniProt protein database. Fold changes and z-score ra-
tios between the WT GAS and AsagA GAS infections were orga-
nized in order of decreasing fold change (see Table S2). Descrip-
tions of the protein candidates identified in the array analysis as
well as their known functions are provided in Table S3. Pathways
in which the activity levels of numerous signaling proteins were
differentially affected in the presence of SLS were selected as can-
didates for quantitative follow-up experiments. Among some of
the most significant differences in protein activation between
wild-type and SLS-deficient GAS infections were those observed
in proteins involved in the regulation of host cell survival, such as
Akt pathway members, as well as stress and inflammatory re-
sponses, particularly proteins in the MAPK family and the NF-«kB
pathway. Other proteins identified from the array included those
involved in regulating the host cytoskeleton and cell-cell contact
and in DNA damage repair and remodeling, as well as regulators
of the cell cycle and translation. From these results, we hypothe-
sized that SLS induces the activation of several stress and inflam-
matory signaling pathways in keratinocytes to enhance pro-
grammed cell death and wultimately contribute to tissue
destruction and the progression to severe disease and sepsis.

SLS dampens Aktl/PI3K signaling in epithelial keratino-
cytes. The cytotoxic properties of SLS have been well documented
in a variety of cell types and subcellular structures in vitro, as well
as in vivo using murine skin infection models, but the mechanism
of SLS activity is not well understood (617, 26). An understand-
ing of the physiological role of this toxin during infection is com-
plicated by reports of its varied effects in different cell types and
tissues. SLS has been observed to induce rapid lysis in red blood
cells and to contribute to apoptosis or other forms of programmed
cell death, such as oncosis, in macrophages and neutrophils (6-17,
26). In murine skin infection models, SLS contributes to the for-
mation of a necrotic lesion at the site of inoculation (6-8). In light
of these findings, we hypothesized that SLS may contribute to the
regulation of cell death pathways in epithelial keratinocytes. Our
antibody array data identified changes in the activity of numerous
proteins involved in the regulation of cell growth and survival, and
many of the most significant changes occurred in members of the
PI3K/Aktl pathway. Specifically, the antibody array data indi-
cated that phosphorylation at the two sites required for Aktl ac-
tivation, T308 and S473, was substantially reduced in wild-type
infection compared to infection with the SLS-deficient mutant
(see Table S1, S2, and S3 in the supplemental material). Consistent
with this observation, the levels of the activated forms of PI3K and
PDK1 (positive regulators of Akt activity) were also reduced in
WT GAS-infected versus AsagA GAS-infected cells (see Table S1,
S§2, and S3). In contrast, the array results indicated substantially
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FIG 2 SLS induces loss of phosphorylated Akt in human keratinocytes. (A)
HaCaT keratinocytes were infected with GAS directly for 4 h or using the
Transwell system for 7 h at an MOI of 10. Levels of phosphorylated Akt in
keratinocytes were decreased in the presence of SLS-producing GAS compared
to the SLS-deficient mutant. (B) Densitometry data from three independent
Western blot analyses showing phospho-Akt/total Akt levels for cells infected
with GAS. Error bars represent standard deviations from the means. Similar
activity levels were observed for direct infection (left) and infection using the
Transwell system (right). Significance was determined by ANOVA (left, P =
0.0003; right, P = 0.0005), and Dunnett’s tests were performed post hoc to
determine differences in Akt activation compared to wild-type infection for
the two infection systems.

increased levels of the active form of phosphatase and tensin ho-
molog (PTEN), a key inhibitor of the PI3K/Akt1 pathway, in the
presence of SLS (see Table S1, S2, and S3). Collectively, these
trends suggest that the PI3K/Akt1l pathway is downregulated in
host cells in response to SLS.

To confirm the effects of SLS on the PI3K/Akt1l pathway, we
infected human keratinocytes with the WT strain, the AsagA mu-
tant, and the sagA complement (AsagA +sagA) strain and assessed
changes in the levels of both total and active (phosphorylated)
Aktl. Our results revealed that Aktl activity is significantly de-
creased in WT GAS-infected and sagA complementation strain-
infected cells, as indicated by loss of phospho-Akt (Fig. 2). Al-
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FIG 3 Keratinocyte viability decreases in the presence of active SLS toxin. GAS-induced cell death was assessed via ethidium homodimer membrane permea-
bilization assay in HaCaT cells in the presence of WT, SLS-deficient, or sagA-complemented GAS. (A) Keratinocytes were infected with GAS directly for 4 h or
6 h atan MOI of 10. (B) Keratinocytes were exposed to GAS using the Transwell infection system, in which direct contact between bacteria and human cells is
prohibited, for 8 h or 12 h at an MOI of 10. In both panels, data from 3 replicates are averaged and error bars represent standard deviations from the means.
Significance for each time point was determined by ANOVA (4 h, P = 0.0005; 6 h, P < 0.0001; 8 h, P = 0.0241; 12 h, P < 0.0001). Dunnett’s tests were performed
to compare means of data from each condition to the wild-type infection data for the corresponding time point.

though infection with the AsagA mutant induced a modest
decrease in the level of phospho-Akt compared to the uninfected
control, phospho-Akt levels were significantly lower in infections
with SLS-producing strains. As SLS is a secreted toxin, we antici-
pated that its effects on host cell signaling would occur indepen-
dently of direct contact between the bacteria and host cells. We
therefore utilized a Transwell-based infection assay to further ver-
ify that the signaling changes that we observed were due to the
activity of the SLS toxin on host cells (see Fig. S3 in the supple-
mental material). Transwell infection experiments using WT
GAS, the AsagA mutant, and the sagA-complemented mutant to
measure phospho-Akt levels were consistent with our direct infec-
tion model, confirming that SLS contributes to the downregula-
tion of this critical survival pathway in human epithelial keratino-
cytes (Fig. 2). Interestingly, the PI3K/Aktl pathway has been
shown to be downregulated during infection by several other cy-
tolytic bacterial toxins, including the HlyA toxin produced by uro-
pathogenic Escherichia coli (19). Upon activation, one of the major
functions of Akt is to inhibit programmed cell death, and lower
levels of active Akt in infected host cells could lead to apoptosis or
other forms of cell death. We hypothesized, therefore, that the
SLS-dependent decrease of the level of phospho-Akt shifts the
balance of host cell survival toward the activation of programmed
cell death pathways in infected keratinocytes.

SLS accelerates programmed cell death in GAS-infected epi-
thelial keratinocytes. To determine if SLS-dependent downregu-
lation of the Aktl cytoprotective cascade leads to enhanced kera-
tinocyte cell death, we measured cytotoxicity using an ethidium
homodimer membrane permeabilization assay. At 4 h postinfec-
tion, we observed a 10% to 15% loss in viability in infected cells
compared to uninfected cells, with only small differences across
experimental conditions (Fig. 3A). However, by 6 h postinfection,
keratinocyte cell death was dramatically enhanced in the presence
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of SLS compared to SLS-deficient conditions (Fig. 3A). Similar
trends were observed when cells were exposed to GAS using the
Transwell infection system, with SLS-producing strains signifi-
cantly enhancing cell death compared to uninfected cells or cells
exposed to the SLS-deficient mutant at 12 h posttreatment (Fig.
3B). Consistent with a loss in keratinocyte membrane integrity as
measured by ethidium homodimer assays, exposure to SLS led to
enhanced ATP depletion as well as increased LDH release during
GAS infection (see Fig. S4 in the supplemental material). These
data indicate that SLS is a major contributor to GAS-induced ke-
ratinocyte cell death during infection and that direct contact be-
tween bacteria and host cells is not required to initiate these
events. The slight increase in cell death induced by the AsagA
mutant compared to the uninfected controls under both the direct
infection and Transwell infection conditions is consistent with
previous reports of additional contact-dependent and -indepen-
dent GAS factors, such as streptolysin O (SLO), that contribute to
cell death during infection (6, 15, 17, 27-31).

Having established a role for SLS in enhancing GAS-induced
keratinocyte death, we next sought to determine whether Akt sig-
naling contributed to this effect. Prior to GAS infection, HaCaT
cells were treated with SC79, an Akt activator (see Fig. S5 in the
supplemental material). GAS-induced cell death was then assessed
6 h postinfection via an ethidium homodimer membrane permea-
bilization assay. Our data demonstrated that activation of Akt
could significantly reduce SLS-dependent keratinocyte death dur-
ing infection (Fig. 4). These data support the hypothesis that the
SLS-dependent decrease in phospho-Akt levels contributes to the
induction of cell death in GAS-infected keratinocytes.

SLS promotes keratinocyte cell death through activation of
the p38 MAPK pathway. The relationship between the SLS-me-
diated decrease in phospho-Akt levels and enhanced cell death led
us to further investigate the mechanism through which SLS-de-
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FIG 4 Loss of phospho-Akt contributes to SLS-dependent keratinocyte death.
HaCaTs were treated with 8 pg/ml (22 uM) SC79 for 1.5 h prior to infection
with GAS. Cells were infected for 6 h, and cell death was detected by ethidium
homodimer membrane permeabilization assay. Experiments were performed
in triplicate under each condition, and data were averaged; error bars represent
standard deviations. Treatment with the Akt activator significantly reduced
SLS-induced keratinocyte death, as determined by ANOVA (P < 0.0001) and
post hoc Dunnett’s testing. Means of vehicle control data from each strain (i.e.,
WT+DMSO) were compared to data from uninfected control cells
(CON+DMSO) and the corresponding pharmacological treatment (i.e.,
WT+SC79). P values for data from vehicle controls matched to each GAS
strain versus treatment with SC79 are indicated.

pendent keratinocyte death is induced during GAS infection. In
addition to the downregulation of the Aktl cytoprotective cas-
cade, the antibody array data indicated a robust SLS-dependent
activation of numerous MAPK family members, particularly,
members of the p38 MAPK pathway (see Table S1, S2, and S3 in
the supplemental material). Interestingly, Akt has been shown to
negatively regulate several MAPK kinase kinases (MAP3Ks) up-
stream of p38 MAPK, including ASK1 and MEKK3 (32, 33). Ad-
ditionally, the loss of Akt and a consequent increase in p38 signal-
ing have been observed in several cell types in response to a variety
of stressors, including several chemotherapeutic agents, adenovi-
ral protein EA1, serum starvation, UV radiation, treatment with
tumor necrosis factor alpha (TNF-a), and exposure to ethanol
(32, 33). To ascertain whether Akt also plays a role in the negative
regulation of p38 signaling during GAS infection, we treated ke-
ratinocytes with the Akt activator SC79 or the vehicle control di-
methyl sulfoxide (DMSO) at 1.5 h prior to infection. Activation of
Akt by SC79 significantly reduced p38 activity (phosphorylation)
during GAS infection (Fig. 5). This suggests that the SLS-mediated
loss of Akt activity leads to increased activation of the p38 signal-
ing cascade, presumably via Akt-mediated changes in activation of
MAP3Ks upstream of p38 (32, 33).

Because p38 signaling has been shown to play pivotal roles in
both programmed cell death and inflammatory cascades in host
cells, we hypothesized that SLS-induced activation of this path-
way, downstream of phospho-Akt loss, might contribute to SLS-
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FIG 5 Pharmacological activation of Akt reduces GAS-mediated p38 activa-
tion. HaCaTs were treated with 22 uM SC79 (Akt activator) or DMSO for 1.5
h prior to direct infection with GAS at an MOI of 10. Lysates were collected for
Western blotting 4 h postinfection. (A) Levels of phosphorylated p38 in kera-
tinocytes were increased in the presence of GAS compared to uninfected cell
results, and pretreatment with SC79 significantly reduced p38 activity during
infection. (B) Densitometry data from four independent Western blot analyses
show phospho-p38/total p38 levels for cells infected with GAS. Error bars
indicate standard deviations. ANOVA (P < 0.0001) followed by a Dunnett’s
test was used to determine significance. The mean data from the experiments
performed under each condition were compared to data determined under the
WT+DMSO condition.

dependent cell death. Activation of p38 signaling has been re-
ported in response to other bacterial toxins, such as pneumolysin
from Streptococcus pneumoniae, alpha-hemolysin from Staphylo-
coccus aureus, streptolysin O from GAS, and anthrolysin O from
Bacillus anthracis (20, 34-36). To determine whether SLS might
also function as an inducer of p38 signaling, we selected several
members of the p38 signaling cascade and assessed their activity
levels in response to GAS infection. Our results indicated signifi-
cant SLS-dependent activation of several members of the p38 sig-
naling pathway following both direct and Transwell infection (Fig.
6). Specifically, we observed SLS-dependent activation of MEK3
and MEKG®6 (Fig. 6A). These kinases have been shown to mutually
activate p38 (37). We also observed SLS-dependent phosphorylation
of p38 itself (Fig. 6C) and of several of its downstream targets, includ-
ing heat shock protein 27 (HSP27) (Fig. 6B) and mitogen- and stress-
activated protein-serine kinase 1 (MSK1) (Fig. 6D). To determine
whether SLS-dependent activation of this pathway was contributing
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FIG 6 SLS enhances activation of the p38 MAPK pathway in infected keratinocytes. HaCaTs were infected with GAS for 4 h via direct infection or for 7 h via the
Transwell infection system (at MOI = 10), and lysates were assessed for activation of p38 pathway members. Densitometry analysis of three independent Western blots
per target protein was performed to quantify the relative levels of activation of p38 pathway proteins in response to GAS infection using the Transwell or direct infection
systems. Averages of data from three biological replicates are shown, with error bars representing standard deviations. Relative levels of activation of proteins are
represented as phosphorylated/total protein levels. Statistical significance was determined for each infection condition compared to uninfected cells. Overall P values
were determined by ANOVAL. (A) Left, P = 0.0027; right, P = 0.0113. (B) Left, P < 0.0001; right, P = 0.0003. (C) Left, P = 0.0004; right, P = 0.0063. (D) Left, 0.0003;
right, P = 0.0142. Dunnett’s tests were performed post hoc to compare data from each condition to the corresponding uninfected control mean.

to cell death, we treated keratinocytes with a p38 inhibitor, SB203580,
prior to infection with GAS. Inhibition of p38 activity with SB203580
dramatically reduced keratinocyte death during GAS infection in a
dose-dependent manner (Fig. 7A). Treatment of HaCaT cells with
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the p38 inhibitor prior to infection by the AsagA mutant had no effect
on cell death (Fig. 7B), while it significantly reduced cell death in
response to infection by the AsagA+sagA complementation strain
(Fig. 7C). These data demonstrate that SLS-induced keratinocyte cell
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FIG 7 SLS promotes keratinocyte cell death through activation of the p38 MAPK pathway. Keratinocytes were treated with p38 inhibitor SB203580 for 2 h prior
to infection with GAS. The inhibitor significantly reduced SLS-dependent keratinocyte death as demonstrated by ethidium homodimer membrane permeabi-
lization assay. These data represent the average results of three biological replicates, with error bars representing standard deviations. Statistical significance was
determined for each condition compared to control vehicle-treated cells. Overall P values were determined by ANOVA. (A) P < 0.0001. (B) P < 0.0001. (C) P <
0.0001. Dunnett’s tests were performed post hoc to compare each condition to the corresponding vehicle control infection (i.e., WT+DMSO).

death is dependent on the activation of the p38 signaling cascade in
host cells.

SLS-dependent p38 MAPK activation leads to downstream
NF-kB signaling. In addition to regulating the balance of cell
survival and cell death, p38 frequently plays an important role in
the induction of proinflammatory responses, such as activation of
nuclear factor kappa B (NF-kB). Our array data showed an in-
crease in the level of phosphorylated IkB kinase (IKKa), increased
RelB (an NF-kB subunit), and increased levels of several NF-kB
gene targets, including IkBa (inhibitory protein of NF-kB),
COX2 (prostaglandin pathway), several superoxide dismutases
(involved in dealing with oxidative stress), heat shock protein 90
(chaperone involved in stress responses), and STAT3 (regulating
cell death and cytokine signaling) (see Table S1, S2, and S3 in the
supplemental material). Activation of NF-kB signaling has previ-
ously been associated with GAS infection, but the virulence factors
involved in its activation have not been fully characterized (38—
40). To confirm that SLS influences the activation of this inflam-
matory pathway in epithelial cells, we used immunofluorescence
microscopy to visualize localization of the NF-kB p65 subunit
during GAS infection of keratinocytes. In its active form, the
NF-kB nuclear localization sequences are exposed, leading to its
translocation to the nucleus, where it can affect transcription (41).
Both direct infection and Transwell infection of HaCaT keratino-
cytes with WT GAS or the sagA-complemented strain resulted in
the robust activation of NF-kB, as seen by a significant increase in
nuclear localization (Fig. 8). In contrast, infection with the SLS-
deficient mutant resulted in only minimal NF-kB nuclear local-
ization, similar to that seen with the uninfected control (Fig. 8).
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Consistent with these observations, infection with SLS-producing
GAS strains led to a significant loss in total levels of the NF-kB
inhibitory protein, IkBa, compared to results seen with the unin-
fected controls (see Fig. S6 in the supplemental material). To-
gether, these results indicate that SLS is a significant contributor to
NF-kB activation during GAS infection of epithelial keratino-
cytes.

We next sought to determine whether SLS-dependent p38
MAPK signaling was initiating NF-kB activation. Pharmacologi-
cal inhibition of p38 activity with SB203580 during GAS infection
significantly reduced SLS-dependent NF-kB nuclear localization,
suggesting that p38 is a major upstream contributor to SLS-de-
pendent NF-kB signaling (Fig. 9). To ascertain whether activation
of the NF-kB pathway downstream of p38 signaling plays a role in
the induction of SLS-mediated keratinocyte death, we treated ke-
ratinocytes with the NF-kB inhibitor curcumin prior to GAS in-
fection. Treatment with curcumin significantly reduced SLS-de-
pendent keratinocyte cell death, suggesting that p38-driven
activation of the NF-«kB pathway plays a role in the induction of
programmed cell death in keratinocytes during GAS infection (see
Fig. S7 in the supplemental material).

SLS-dependent keratinocyte death occurs primarily through
programmed necrosis. Bacterial pathogens have been observed to
induce death in host cells through both caspase-dependent and
caspase-independent mechanisms (42—49). To address the depen-
dence of SLS-mediated keratinocyte cell death on the presence of
caspases, we treated HaCaT cells with the pan-caspase inhibitor
Z-VAD-fmk prior to infection with WT GAS, the AsagA mutant,
or the sagA-complemented strain. General inhibition of caspases
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FIG 8 Streptolysin S enhances proinflammatory signaling through activation of nuclear factor kappa B (NF-kB). HaCaT human keratinocytes were infected
directly with GAS atan MOI of 10 for 4 h (A and B) or for 8 h using the Transwell infection system (C and D). The averages of data from three biological replicates
are represented for each condition (B and D), with error bars representing standard deviations. Overall P values were determined by ANOVA. (A) P = 0.0013.
(B) P < 0.0001. Dunnett’s tests were performed to compare each condition to the corresponding uninfected control condition.

using this inhibitor did not significantly reduce GAS-dependent
cell death at 6 h p.i., though the inhibitor did effectively reduce
staurosporine-induced membrane permeabilization to control
levels (see Fig. S8 and S9 in the supplemental material). These
results suggest that GAS-induced keratinocyte cell death occurs
primarily through a caspase-independent mechanism. The two
primary forms of caspase-dependent cell death are apoptosis and
pyroptosis, the latter of which is an inflammatory form of pro-
grammed cell death that induces inflammasome activation and
plays an important role in the immune response (50, 51). To pro-
vide additional evidence that SLS-dependent host cell death does
not require caspase activation, we investigated activation of spe-
cific caspases associated with apoptosis and pyroptosis during
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GAS infection. Following infection, we utilized a luminescence-
based CaspaseGLO kit (Promega) to determine the activity levels
of executioner caspases 3 and 7, which are key mediators of apop-
tosis. Our results indicated that GAS infection induces a slight
increase in the activity of caspases 3 and 7 but that their activity is
not SLS dependent, as we detected similar levels across infection
conditions by 6 h postinfection (see Fig. S8 in the supplemental
material). Since caspases 3 and 7 are activated downstream of both
the intrinsic and extrinsic apoptotic cascades, we concluded that
SLS-dependent keratinocyte death does not rely on the induction
of the classic apoptosis cascade. Similarly, we did not observe SLS-
dependent activation (cleavage) of procaspase-1 to caspase-1 in
infected keratinocytes from 0 to 6 h p.i. (see Fig. S8). As cleavage of
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FIG 9 Streptolysin S enhances activation of nuclear factor kappa B (NF-kB) downstream of p38 activation. HaCaT human keratinocytes were infected directly
with GAS at an MOI of 10 for 4 h following a 2-h preincubation with DMSO or p38 activity inhibitor SB203580 at a concentration of 10 uM or 50 M. (A)
Pretreatment with the inhibitor significantly decreased NF-kB nuclear localization in GAS-infected cells. (B) The averages of the results from three biological
replicates are graphed for each condition, and error bars represent standard deviations. ANOVA (P < 0.0001) followed by a Dunnett’s test was used to determine
significance. The mean data from each condition were compared to data from the WT+DMSO condition.

procaspase-1 is a major hallmark of pyroptosis, we concluded that
pyroptosis is unlikely to be the primary mechanism of keratino-
cyte death during GAS infection. These results were consistent
with the observation that pan-caspase inhibition did not signifi-
cantly reduce SLS-dependent keratinocyte death during infection.

As our results indicated that SLS-mediated host cell death does
not rely on caspase activation, we hypothesized that SLS was in-
ducing programmed necrosis in GAS-infected keratinocytes. To
investigate this hypothesis, we began by evaluating the localization
of high-mobility group box protein 1 (HMGBI1), a chromatin-
binding protein that is present in the nucleus of almost all healthy
eukaryotic cells (48, 52, 53). HMGBI can be used to distinguish
apoptosis from necrosis because it is released extracellularly dur-
ing necrotic death but is sequestered in the nucleus during apop-
totic death, even in the case of secondary necrosis (48, 52, 53).
Though distinct HMGBI nuclear localization was clearly appar-
ent under all conditions at 3 h postinfection (data not shown), we
observed a notable SLS-dependent reduction in HMGB1 nuclear
localization in infected keratinocytes by 6 h p.i. (Fig. 10). These
results suggest that SLS induces keratinocyte death through pro-
grammed necrosis.

One of the best-characterized subtypes of programmed necro-
sis is necroptosis, which is defined as a proinflammatory cell death
mechanism that depends on the formation of a complex between
receptor-interacting protein kinase 1 (RIPK1) and RIPK3 (54,
55). This interaction can be inhibited by necrostatin-1, which tar-
gets the kinase activity of RIPK1 (54-56). Similarly to other mech-
anisms of programmed necrosis, necroptosis induces plasma
membrane rupture and exhibits a lack of specific apoptotic mark-
ers such as chromatin condensation and caspase activation (54,
55). Given the observed SLS-dependent plasma membrane per-
meabilization and caspase-independent keratinocyte death, we
next determined if necroptosis was a possible mechanism for SLS-
mediated host cell death. To address this issue, we treated kerati-
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nocytes with necrostatin-1 prior to GAS infection. Treatment with
necrostatin-1 during WT GAS infection and sagA complementa-
tion strain infection significantly inhibited keratinocyte death to
levels similar to those seen in control treatments (Fig. 11; see also
Fig. S9 in the supplemental material). Furthermore, necrostatin-
1-mediated inhibition of keratinocyte death during GAS infection
was observed only in the presence of SLS, as the addition of necro-
statin-1 did not significantly reduce cell death during SLS-defi-
cient GAS infection (Fig. 11). Consistent with these data, we ob-
served a significant reduction in SLS-dependent keratinocyte
death following pharmacological inhibition of RIPK3 and its
direct downstream target, mixed-lineage kinase domain-like
(MLKL) (see Fig. S10 in the supplemental material). The depen-
dence of SLS-induced host cell death on RIPK1 and RIPK3 kinase
activity suggests that SLS may mediate its cytotoxic effects through
a necroptosis-like mechanism. We are currently investigating this
possibility by assessing whether GAS infection promotes the in-
teraction of RIPK1 and RIPK3 with other host proteins known to
be involved in the regulation of programmed necrosis. Further
investigation will provide additional details on the signaling cas-
cades that link SLS-dependent modulation of Akt-p38-NF-kB sig-
naling to the induction of RIPK1/RIPK3-dependent programmed
necrosis in infected host cells.

DISCUSSION

In this report, we provide evidence that the mechanism of host
cytotoxicity exerted by streptolysin S in GAS-infected keratino-
cytes involves temporal inactivation of the cytoprotective factor
Akt and subsequent activation of the p38 MAPK cascade. Activa-
tion of this pathway promotes inflammatory signaling via NF-kB
activation and drives SLS-dependent programmed cell death in
keratinocytes. We hypothesize that activation of this cascade leads
to the production of NF-kB-regulated inflammatory cytokines,
such as TNF-a, which may serve as a positive-feedback signal for
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FIG 10 Release of nuclear HMGBI1 from keratinocytes during GAS infection is dependent on the presence of streptolysin S. HaCaT human keratinocytes were
infected directly with GAS at an MOI of 10 for 6 h prior to fixation and staining. Confocal microscopy images shown represent one of three independent
biological replicates. Actin is stained in red (rhodamine-phalloidin), and HMGB1 is shown in green (goat anti-rabbit IgG Alexa Fluor 488).

the initiation of programmed cell death in infected host cells (Fig.
12). Future experiments will aim to identify the specific signaling
mediators downstream of NF-«B that ultimately trigger keratino-
cyte death. Our studies showed that SLS-dependent cell death is
caspase independent, induces release of the necrotic marker
HMGBI from the nucleus, and can be reduced through pharma-
cological inhibition of RIPK1, RIPK3, and MLKL. Together, these
findings suggest that SLS-mediated keratinocyte death occurs
through programmed necrosis.

Recent studies have demonstrated that other bacterial patho-
gens, including Salmonella enterica serovar Typhimurium, Legio-
nella pneumophila, Clostridium septicum, and Clostridium per-
fringens, can induce programmed necrosis in infected host cells
(46-49). Of note, the induction of programmed necrosis in both
Clostridium septicum and Clostridium perfringens was found to be
dependent on cytolytic toxins produced by these species (48, 49).
These findings suggest that, in addition to their well-characterized
Iytic functions, these and other bacterial cytolytic toxins may be
important mediators of host signaling cascades at sublytic concen-
trations. A study by Goldmann et al. in 2009 provided the first
indication that Streptococcus pyogenes cytolysins are involved in
the induction of programmed necrosis in infected host cells (17).
In that study, infected macrophages were observed to undergo a
highly orchestrated form of programmed cell death which was
independent of caspase activation and involved loss of mitochon-
drial membrane potential, induction of reactive oxygen species,
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and activation of host proteases such as calpains (17). These cyto-
toxic effects were dependent on the expression of both streptoly-
sin S and streptolysin O (17). Itis possible, given our findings, that
SLS-mediated programmed necrosis is a major mechanism of
host cytotoxicity during group A Streptococcus infection that is
common to several cell types, including keratinocytes and macro-
phages.

The M1T1 5448 strain used in these studies has been observed
to induce similar levels of SLS-dependent cell death in HaCaT
keratinocytes and in A549 epithelial cells (6). Datta and colleagues
have reported that, although the greatest reduction in GAS-medi-
ated keratinocyte cytotoxicity occurs during infection with mu-
tants lacking both SLS and SLO, SLS was determined to serve as
the predominant contributor to cytotoxicity in epithelial cells,
given the parameters of their study. These results are in line with
our observations of a substantial reduction in host cytotoxicity
when keratinocytes were infected with the SLS-deficient mutant
compared to the wild-type strain or sagA-complemented strain.
Of note, we observed a modest but significant increase in cytotox-
icity in cells infected with SLS-deficient GAS compared to unin-
fected cells, and we speculate that SLO, along with other virulence
factors, may contribute to this effect. Ruiz et al. investigated the
cytotoxic role of SLO during keratinocyte infection using an M6
JRS GAS strain (30). LDH and ethidium homodimer assays were
used to assess cytotoxicity in their study. Ruiz et al. reported an
SLO-dependent phenotype showing a much higher level of cell
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FIG 11 RIPK1 contributes to the activation of programmed cell death in GAS-infected keratinocytes. HaCaTs were incubated with the RIPK1 kinase inhibitor
necrostatin-1 for 1 h prior to infection with GAS at an MOI of 10. Cell death was determined by ethidium homodimer membrane permeabilization assay at 6 h
postinfection. The averages of results from three biological replicates are shown for each condition, and error bars represent standard deviations. Statistical
significance was determined for each condition compared to control vehicle-treated cells. Overall P values were determined by ANOVA. (A) P < 0.0001. (B) P <
0.0001. (C) P < 0.0001. Dunnett’s tests were performed post hoc to compare each condition to the corresponding vehicle control infection (i.e., WT+DMSO).

death than that observed in our studies as well as in those
reported by Datta et al. Given these findings, we speculate that
strain-specific differences in SLO expression may account for
some of the differences in host cytotoxicity seen during GAS
infections (30).

Although SLS has historically been characterized as a simple
membrane lysin, our findings indicate that SLS induces specific
and precise alterations in host signaling cascades at sublytic con-
centrations. Our observations echo recent reports that sublytic
doses of many other bacterial cytotoxins initiate highly coordi-
nated signaling responses in host cells (19-21, 34-36). Wiles et al.
demonstrated that uropathogenic Escherichia coli alpha-hemoly-
sin downregulates the Aktl cytoprotective cascade in bladder ep-
ithelial cells by inducing changes in intracellular calcium levels;
this shift leads to the activation of calcium-dependent Akt phos-
phatases and the ultimate loss of this key prosurvival mediator
(19). Staphylococcus aureus alpha-toxin and aerolysin from Aero-
monas hydrophila have also been shown to specifically downregu-
late Aktl activity during infection (19). Similarly, activation of
p38 and NF-kB inflammatory signaling has been observed in re-
sponse to many other bacterial toxins, including pneumolysin
from Streptococcus pneumoniae, alpha-hemolysin and Panton-
Valentine leucocidin from Staphylococcus aureus, streptolysin O
from S. pyogenes, and anthrolysin O from Bacillus anthracis (20,
21, 34-36). While the induction of inflammatory cascades is a
crucial component of the host immune response to bacterial in-
fection, excessive activation of both p38 MAPK and NF-kB can
contribute to significant host tissue damage and progression to
severe disease.

Many bacterial cytotoxins initiate their effects on host sig-
naling cascades by forming a pore in the host cell membrane
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(19-21, 34-36). Because of its lytic capabilities, SLS has also
historically been described as a pore-forming toxin, despite the
lack of definitive evidence to support this hypothesis. Inciden-
tally, recent evidence from our laboratory suggests that SLS
may actually target specific ion channels on host cell mem-
branes, leading to membrane rupture as a result of ionic im-
balance (D. L. Higashi, N. Biais, D. L. Donahue, J. A. Mayfield,
C. R. Tessier, K. Rodriguez, B. L. Ashfeld, J. Luchetti, V. A.
Ploplis, F. J. Castellino, and S. W. Lee, submitted for publica-
tion). Whether SLS mediates its effects through direct pore
formation or by manipulating ion channel function, there is
convincing evidence indicating that SLS induces osmotic stress
in host cells (6-17, 26). Interestingly, osmotic stress resulting
from a variety of stimuli has been shown to trigger loss of Akt
signaling and to stimulate the p38 MAPK cascade (19-21, 34—
36, 57). The ability to induce osmotic stress in infected host
cells, whether directly or through an alternative mechanism,
may explain the similarities observed in the host signaling re-
sponses to structurally unrelated bacterial cytolysins.

These recent insights regarding bacterial cytotoxin func-
tion, coupled with our findings, strengthen the case for reeval-
uating the physiological role of these toxins in the context of
infection. It is possible that the modulation of specific host
signaling pathways is a primary function of many cytolytic tox-
ins, such as SLS, under physiologically relevant infection con-
ditions. Should this be the case, it may be possible to supple-
ment current antibiotic-based treatments with highly specific
therapies to target the host signaling cascades that are being
modulated by toxin-producing pathogens during infection.
We anticipate that further investigation into the mechanisms
by which SLS enhances programmed cell death and inflamma-
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tory signaling in epithelial keratinocytes will provide impor-
tant insights pertaining to Streptococcus pyogenes pathogenesis
and aid in the identification of new therapeutic strategies to com-
bat severe group A Streptococcus disease.
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