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The Group A Streptococcus Interleukin-8 Protease
SpyCEP Promotes Bacterial Intracellular Survival by
Evasion of Autophagy
René Bergmann1, Giuseppe Gulotta1, Federica Andreoni2, Tomoko Sumitomo3, Shigetada Kawabata3,
Annelies S. Zinkernagel2, Gursharan S. Chhatwal1, Victor Nizet4, Manfred Rohde1, Satoshi Uchiyama1,4✉

Abstract
Autophagy serves an innate immune function in defending the host against invading bacteria, including group A Streptococcus (GAS).
Autophagy is regulated by numerous host proteins, including the endogenous negative regulator calpain, a cytosolic protease. Globally
disseminated serotypeM1T1GAS strains associatedwith high invasive disease potential express numerous virulence factors and resist
autophagic clearance. Upon in vitro infection of human epithelial cell lines with representative wild-type GAS M1T1 strain 5448
(M1.5448), we observed increased calpain activation linked to a specific GAS virulence factor, the interleukin-8 protease SpyCEP.
Calpain activation inhibited autophagy and decreased capture of cytosolic GAS in autophagosomes. In contrast, the serotype M6
GAS strain JRS4 (M6.JRS4), which is highly susceptible to host autophagy-mediated killing, expresses low levels of SpyCEP and does
not activate calpain. Overexpression of SpyCEP in M6.JRS4 stimulated calpain activation, inhibited autophagy, and significantly de-
creased bacterial capture in autophagosomes. These paired loss- and gain-of-function studies reveal a novel role for the bacterial
protease SpyCEP in enabling GAS M1 evasion of autophagy and host innate immune clearance.
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Introduction

Streptococcus pyogenes, also known as group A Streptococcus
(GAS), is a Gram-positive human pathogen associated with a spec-
trum of mild to life-threatening diseases, ranging from pharyngitis
and impetigo, to invasive sepsis and necrotizing fasciitis; over
500,000 deaths annually worldwide are linked to GAS infections
and its complications.1,2 Although GAS is often found extracellularly
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in the host, it is well recognized that the pathogen can reside intracel-
lularly, circumvent bacterial killing and replicate in human macro-
phages,3–6 neutrophils7,8 and epithelial cells.9 Invasion of host cells
and intracellular survival of GAS, despite innate host defenses,
may facilitate GAS penetration into deeper tissues or the blood-
stream and development of severe clinical infections.

A resurgence of invasive GAS infections over the past 40 years
is largely correlated with a globally disseminated clone of the
M1T1 serotype.1,10 During invasion of the host, serotype M1T1
GAS can undergo spontaneous mutations in the CovRS 2-component
system that lead to the strong transcriptional upregulation of mul-
tiple virulence factors, including streptolysin O, streptococcal in-
hibitor of complement, streptokinase A, and the interleukin-8
(IL-8) protease, SpyCEP (also known as ScpC), each of which pro-
motes GAS evasion of the host innate immune mechanisms. Further-
more, mutations in the CovRS locus can suppress expression of strep-
tococcal pyrogenic exotoxin B (SpeB), a broad-spectrum secreted cys-
teine protease that cleaves several GAS virulence factors.11,12

SpyCEP is a serine protease that cleaves and inactivates ELR
motif–positive chemokines such as CXCL8/IL-8, CXCL1/Gro-α
and CXCL6/GCP2.13–16 In addition to this enzymatic activity,
SpyCEP promotes adhesion to and internalization within host en-
dothelial cells17 and epithelial cells.18 These properties help GAS
resist host neutrophil-mediated bacterial clearance, and SpyCEP
has a key role in bacterial dissemination and its expression level
is associated with human invasive disease severity.19

One important intrinsic innate immunemechanism allowing ep-
ithelial cells to capture and clear invading intracellular bacteria is
autophagy,20 sometimes termed xenophagy in reference to clear-
ance of a foreign infectious agent. Historically, autophagywas first
recognized in eukaryotic cells as a highly conserved, intracellular
system that targets, captures and degrades cytosolic components,
including protein aggregates and damaged organelles.21 More re-
cently, studies identified that autophagy serves an innate immune
defense function by targeting and clearing cytosolic bacteria such
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as GAS, Mycobacterium tuberculosis, Salmonella typhimurium
and Streptococcus pneumoniae.22–25 Some pathogenic bacteria
circumvent their own autophagic elimination by means of virulence
factors that (i) inhibit their recognition by the autophagymachinery,
(ii) interfere mechanistically with autophagy functions, or (iii) alter
autophagy regulation.26–29 Indeed, GAS evades recognition by the
autophagy machinery in part by expressing cysteine protease SpeB
that degrades host ubiquitylated adapter proteins, such as p62, nu-
clear dot protein 52 kDa (NDP52) and neighbor of BRCA1
(NBR1), which mark bacteria for destruction.30

Autophagy is regulated by numerous host factors, including
positive and negative regulatory proteins. Positive regulators include
autophagy related 5 (ATG5) and Beclin1, whereas negative regula-
tors include calpains, a group of cytosolic calcium-dependent cyste-
ine proteases.31–33 Calpains regulate a wide range of cellular pro-
cesses by cleaving host proteins and are postulated to inhibit au-
tophagy by degrading the positive regulators ATG5 and Beclin1,
as well as cleaving and activating Gsα, a heterotrimeric G protein
subunit, although the precise mechanisms have yet to be eluci-
dated.32–36 Modulation of host calpain during bacterial infection
has been noted in previous reports. Shigella flexneri switches off
host sumoylation by activation of calcium/calpain during epithe-
lial cell infection.37 Activation of calpain in macrophages infected
with Listeria monocytogenes is linked to its pore-forming toxin
listeriolysin O,38 whereas GAS cytolytic toxin streptolysin S influ-
ences calpain intracellular localization, resulting in degradation of
cell junction proteins and allowing GAS translocation through ep-
ithelial cell barriers.39,40 Group B Streptococcus activates calpain
inmacrophages, leading to disruption of actin andmicrotubule cy-
toskeleton and increased apoptosis.39,41 Here, we demonstrate
that GAS SpyCEP activates calpain to decrease targeting by the au-
tophagy pathway, thereby enhancing GAS intracellular survival.
Figure 1. SpyCEPmediates evasion fromautophagy in the GAS serotypeM1 c
of GAS atMOI = 10 bacteria/cell. A: Survival of bacteria within the endothelial cells wasm
with gentamicin, which kills extracellular bacteria. Intracellular bacterial CFUs at 4 hours
24 hours compared with baseline CFU. B: Representative immunofluorescence micr
immunofluorescence microscopy pictures of intracellular M6.JRS4 and M6.JRS4 pc
condition from at least 7 random pictures recorded per sample. Graph shown in (B)
blot analysis of SpyCEP expression in lysed GAS strains. *P < 0.05, **P < 0.01; one-
C). CFU, colony forming units; GAS, group A Streptococcus; LC3, microtubule-assoc
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Results

SpyCEP mediates M1.5448 autophagy evasion

Intracellular survival in host cells is an important pathogenic
step in the development of invasive GAS infection. We set out to
investigate key virulence factors that promote GAS intracellular
survival. After screening several isogenic gene knockout strains
constructed for GAS strain M1.5448, we observed that a ΔcepA
knockout mutant survived significantly less well than the wild-type
(WT) strain in cultured HEp-2/HeLa epithelial cells (Figure 1A).
As one key intracellular killing mechanism active in HEp-2/HeLa
epithelial cells is autophagy, we used fluorescence microscopy to
compare the efficiency by which the different mutant strains of
M1.5448 were captured within autophagosomes. HEp-2/HeLa
cells stably transfected with microtubule-associated protein light
chain 3 (LC3)–green fluorescent protein (GFP) were infected with
GAS, fixed and evaluated for bacteria that colocalized with the
LC3 autophagosome marker. By this assay, the percentage of in-
tracellular M1.5448 captured in autophagosomes was signifi-
cantly lower (5%–10%) compared with strain M6.JRS4, known
to be highly susceptible to autophagic killing (25%–30%). In
contrast, the M1.5448 ΔcepA mutant associated significantly
more with LC3-GFP (~20%) than the M1.5448 parent strain
(Figure 1B). For gain of function, we cloned and overexpressed
the encoding cepA gene into M6.JRS4, and the resulting M6.
JRS4 (M6.JRS4 pcepA) transformant showed significantly reduced
association with LC3-GFP (10%–15%) (Figure 1C). SpyCEP ex-
pression levels in the various strains were assessed by Western im-
munoblot (Figure 1D).M6.JRS4 had a low SpyCEP expression level
compared with WT M1.5448, whereas SpyCEP overexpression
was confirmed in M6.JRS4 pcepA. Higher expression of SpyCEP
in M1.5448 and M6.JRS4 pcepA correlated with decreased LC3
lone.HEp-2/HeLa epithelial cells were infectedwith different gene knockout strains
easured after 2 hours of HEp-2/HeLa cell infection and 2 and 24 hours of treatment
after inoculation was defined as baseline CFU. % survival was intracellular CFU at

oscopy pictures of intracellular M1.5448 and M1.5448 ΔcepA. C: Representative
epA. Colocalization with LC3 was calculated by counting at least 100 GAS per
and (C) is a total from 3 independent experiments. Scale bar, 5 μm. D: Western
way ANOVA with Bonferroni multiple comparisons test (A), unpaired t test (B and
iated protein light chain 3; MOI, multiplicity of infection; WT, wild-type.
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targeting, whereas loss of SpyCEP expression in the M1.5448
ΔcepA mutant increased its trapping in autophagosomes.
M1.5448 SpyCEP activates calpain in HEp-2/HeLa epithelial
cells

Calpain is a protease and major endogenous autophagy inhibi-
tor through cleavage and activation of a G protein subunit Gsα,32

and by degrading autophagy-activating proteins such as ATG5
and Beclin1.34,35 To determine if GAS SpyCEP impacted calpain
activation, its activity wasmeasured inHEp-2/HeLa epithelial cells
upon infection with GAS strains. Calpain activity significantly in-
creased after infection with M1.5448 (Figure 2A), and a role of
SpyCEP in calpain activation was confirmed as the M1.5448
ΔcepA mutant showed reduced activation. The M1.5448 ΔcepA
mutant was complemented with a plasmid expressing either WT
SpyCEP (pcepA) or with a previously constructed inactive form of
the peptidase (pcepA*).18 HEp-2/HeLa cell infection with M1.5448
ΔcepA (M1.5448 pcepA) significantly restored activation of intra-
cellular calpain, whereas complementation with the dead enzyme
version M1.5448ΔcepA (M1.5448 pcepA*) did not, indicating
that SpyCEP enzymatic activity is required for calpain activation
(Figure 2A). The low SpyCEP-expressing GAS strain M6.JRS4
did not stimulate calpain activation, whereas the same strain
M6.JRS4 pcepA, overexpressing SpyCEP, boosted calpain activity
significantly (Figure 2B).

To test the direct effect of the SpyCEP peptidase in HEp-2/
HeLa cells independently of other bacterial components, re-
combinant SpyCEP was directly transfected into HEp-2/
HeLa cells. Introduction of SpyCEP by transfection stimu-
lated calpain activation (Figure 2C), but intracellular expres-
sion of inactive SpyCEP* did not. Simple exposure of HEp-2/
HeLa cells to recombinant SpyCEP (Ext rSpyCEP) without
transfection did not lead to calpain activation (Figure 2C). The levels
Figure 2. GAS M1 SpyCEP activates calpain in HEp-2/HeLa epithelial cells.
strains with different SpyCEP expression profiles. C: Calpain activity in HEp-2/HeLa
the presence of extracellular (Ext) recombinant SpyCEP. D: Western blot on GAS-i
results from at least 3 independent experiments. Intracellular calcium concentration
epithelial cells were either treated with 10 μg/mL anti–IL-8 neutralizing antibody or
lysed HEp-2/HeLa cells was measured 2 hours after infection. **P < 0.01. n.s., not
and F), two-way ANOVA with Bonferroni multiple comparisons test (C). GAS, group
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of calpain 1 and calpain 2 proteins expressed in HEp-2/HeLa cells
infected with GAS were measured by Western blot. No changes
in calpain protein levelswere observed afterWTM1.5448GAS in-
fection or infections with other mutant strains of GAS (Figure 2D).
This result indicates that the change in calpain activation was due
to increased enzymatic activity and not increased protein levels.

Calpain activity depends largely on calcium (Ca2+) levels; thus,
we quantified the intracellular Ca2+ in the differentially infected
cells. We observed no differences in HEp-2/HeLa cells' intracellu-
lar Ca2+ levels when comparing M1.5448 WT to the isogenic
M1.5448 ΔcepAmutant (Figure 2E). SpyCEP is a potent IL-8 pro-
tease, and we probed whether IL-8 degradation might mediate
calpain activation. However, IL-8-neutralizing antibodies did not
influence the observed changes in calpain activation (Figure 2F).
Thus, the boost in calpain activity after GAS infection does not
seem to be dependent upon differential Ca2+ changes nor SpyCEP
cleavage and inactivation of IL-8.
Calpain activation by SpyCEP leads to autophagy
inhibition

To assess whether SpyCEP-mediated calpain activation facili-
tates GAS inactivation and evasion of autophagy, we infected
LC3-GFP–transfectedHEp-2/HeLa cells with GAS, in the presence
or absence of a calpain inhibitor calpeptin, and measured activa-
tion of autophagy by counting the number of autophagosomal
puncta. Autophagy inhibition by WT M1.5448 or M6.JRS4
pcepA, which have higher SpyCEP expression, was reversed by
the addition of calpeptin (Figure 3A and 3B). These results were
further confirmed by Western blot analysis for LC3 conversion
(LC3-I to LC3-II), which indicates autophagosome formation.
WTM1.5448 GAS LC3 conversion levels were comparable to un-
infected cells, whereas isogenic M1.5448 ΔcepA had increased LC3
conversion, indicating reduced autophagy evasion (Figure 3C).
A and B: Calpain activity in lysed HEp-2/HeLa epithelial cells infected with GAS
cells transfected with (Int) recombinant SpyCEP and inactive SpyCEP* and in

nfected HEp-2/HeLa cell lysates. E: Western blot pictures are representative of
in GAS-infected HEp-2/HeLa cells was measured using Fura-2. F: HEp-2/HeLa
the isotype control 2 hours before infection by GAS strains. Calpain activity in
significant; one-way ANOVA with Bonferroni multiple comparisons test (A, B, E
A Streptococcus; WT, wild-type.

https://journals.lww.com/imd


Figure 3. Calpain activation by SpyCEP leads to autophagy inhibition. A and B: Hep-2/HeLa epithelial cells stably transfected with LC3-GFP were treated or not
with 50 μM calpeptin, a calpain inhibitor, for 24 hours before infection. Four hours after infection with GAS strains, activation of autophagy was analyzed by counting
LC3-GFP puncta per cell on immunofluorescence microscopy pictures. C: Four hours after infection with GAS strains, activation of autophagy was analyzed by LC3
Western blot. The picture of the Western blot is a representative of 3 independent experiments. The bar graph showing signal intensity of the Western blot derived from
the average of 3 experiments. D: Percentage of intracellular GAS in association with autophagosomes (colocalized with LC3-GFP) was counted and calculated.
*P < 0.05, **P < 0.01. n.s., not significant; two-way ANOVA with Bonferroni multiple comparisons test (A and B), one-way ANOVA with Bonferroni multiple comparisons
test (C), unpaired t test (D). GAS, group A Streptococcus; GFP, green fluorescent protein; LC3, microtubule-associated protein light chain 3; WT, wild-type.
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Inhibition of calpain activation with calpeptin increased the associa-
tion of intracellular WT M1.5448 and M6.JRS4 pcepA with LC3-
GFP, erasing the prior differences between strains (Figure 3D). These
results indicate that SpyCEP expression induces calpain activity,
which helps GAS to evade autophagosomal targeting.
SpyCEP is essential for GAS evasion of host intracellular
killing by autophagy

Intracellular M1.5448 successfully resides and replicates in the
host cell cytoplasm, whereas the GAS strainM6.JRS4 is efficiently
captured and controlled by autophagosomes.30 To prove whether
SpyCEP can promote GAS escape from autophagosomes, we ex-
amined the susceptibility of intracellular M1.5448 and its iso-
genic M1.5448 ΔcepAmutant to penicillin, an antibiotic that en-
ters into the cytosol, but not into compartments of the endocytic
pathway, such as autophagosomes.42 First, infected HEp-2/HeLa
cells were treated with gentamicin to kill all extracellularly lo-
cated bacteria, and intracellular replication and survival of the
M1.5448, M1.5448 ΔcepA, M6.JRS4 and M6.JRS4 pcepA
strains were assessed. We found that SpyCEP-expressing strains
M1.5448 andM6.JRS4 pcepA replicated intracellularly, whereas
the M1.5448 ΔcepA mutant and M6.JRS4 did not (Figure 4A).
HEp-2/HeLa cell viability after these infection conditions did
not differ statistically between WT (79% ± 2%) and ΔcepA
(78% ± 3%) strains.

These data indicate that SpyCEP promotes GAS intracellular
persistence and replication. When infected HEp-2/HeLa cells were
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treated with a combination of gentamicin and penicillin to kill ex-
tracellular bacteria, WT M1.5448 was cleared more efficiently
than theM1.5448 ΔcepAmutant (~70% vs 30% within 10 hours
from start of treatment; Figure 4B), suggesting M1.5448 localiza-
tion to the cytosol rather than within autophagosomes. Thus,
SpyCEP enables GAS to escape capture in autophagosomes and
to reside and multiply in the cytosol.

Addition of 3-methyladenine (3-MA), a compound that blocks
autophagosome formation via the inhibition of type III phos-
phatidylinositol 3-kinases (PI-3 K),3 2 hours before bacterial infec-
tion allowed the M1.5448 ΔcepA mutant to replicate intracellu-
larly as efficiently as the M1.5448 WT strain, and the M6.JRS4
WT strain to survive as efficiently as the M6.JRS4 pcepA strain
(Figure 4C and 4D). These results again support a capacity of au-
tophagy to defend against intracellular bacterial replication, whereas
SpyCEP allows GAS to subvert autophagy-mediated killing.
Discussion

Autophagy can be deployed as an innate immune mechanism to
target, capture and kill cytosolic and vacuole-associated bacteria,
a process sometimes designated xenophagy. Several important
bacterial pathogens have developed mechanisms to circumvent
this host defense. For example, S. typhimurium inhibits the signal-
ing cascade that initiates autophagy,43 S. flexnerimasks itself with
host proteins to evade recognition by the autophagy machinery,28

and Staphylococcus aureus inhibits fusionwith lysosomes to survive
and replicate within autophagosomes.44 Barnett et al.30 reported



Figure 4. SpyCEP is essential for GAS evasion of host intracellular killing by autophagy. Intracellular growth and survival of GAS strains in HEp-2/HeLa cells
was analyzed, defining 4 hours postinfection as baseline for comparison at later time points. A: Intracellular survival of GAS strains with extracellular killing (gentamicin).
B: Intracellular survival of GAS strains with extracellular and cytoplasmic killing (gentamicin + penicillin). C: Intracellular survival of GAS strainswith andwithout autophagy
inhibition (3-MA, 5 mM) gentamicin + 3-MA. D: Intracellular survival of GAS strains with and without gentamicin + penicillin + 3-MA. *P < 0.05, **P < 0.01. n.s., not
significant; one-way ANOVA with Bonferroni multiple comparisons test, M1.5448 compared with M1.5448 ΔcepA and M6.JRS4 compared with M6.JRS4 pcepA.
3-MA, 3-methyladenine; CFU, colony forming units; GAS, group A Streptococcus; WT, wild-type.
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that GAS strainM1.5448 is resistant to autophagy-mediated killing, in
contrast to strainM6.JRS4, whichwas used extensively in early studies
of autophagy-mediated innate immunity againstGAS.Onemechanism
by which GASM1 decreases recognition by the autophagy machinery
is expression of the cysteine protease SpeB. This protease degrades host
ubiquitylated adapter proteins, such as p62,NDP52 andNBR1,which
normally bind to both ubiquitin and the ubiquitin-like protein LC3,
linking ubiquitin-tagged bacteria to the autophagicmachinery.45 In this
study,we identify an additionalmechanism bywhichGASM1 escapes
autophagy.GASprotease SpyCEPactivates the host protease calpain, a
known endogenous autophagy inhibitor, to block autophagy and
avoids capture in autophagosomes.

We provide several lines of evidence in support of this conclu-
sion. (i) Targeted mutagenesis of spyCEP decreased GAS activa-
tion of host calpain, increased activation of autophagy, and in-
creased GAS association with the LC3 autophagosome marker;
(ii) inhibition of calpain with calpeptin increased activation of au-
tophagy and increased association of intracellular GAS with LC3;
(iii) purified SpyCEP activated calpain and inhibited autophagy;
and (iv) overexpression of SpyCEP in the autophagy-susceptible
M6.JRS4 strain boosted host calpain activation and resistance to
autophagy. We thus conclude that SpyCEP, previously recognized
as an IL-8 peptidase and mediator of adhesion to host endothelial
cells,18 has an additional role in GAS evasion of autophagic
clearance.

Prior studies by our laboratory and others have shown that both
SpeB and SpyCEP may be essential to GAS survival within the host,
depending on the context of infection. GAS causes a wide array of
superficial and invasive diseases and expresses different virulence
factors during superficial versus invasive infections. For example,
M1 GAS SpyCEP is highly upregulated during invasive infection,
whereas SpeB can be downregulated.46 The complementary functions
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of the 2 proteases may assist GAS in evading autophagy during both
superficial mucosal and later invasive stages of diseases.

One of the main factors that activate calpain in host cells is in-
tracellular calcium. We did not see differences in intracellular cal-
cium levels of the HEp-2/HeLa cells infected with M1.5448 WT
and M1.5448 ΔcepA. Epithelial cells secrete IL-8 upon bacterial
entry,47 and because SpyCEP is an enzyme that cleaves and inacti-
vates IL-8, we hypothesized that IL-8 might be a trigger for host
calpain activation. Inhibition of IL-8 activity using a neutralizing
antibody did not change calpain activation measured in HEp-2/
HeLa cells infected with M1.5448 WT and M1.5448 ΔcepA.
Thus, the exact mechanism by which SpyCEP activates host
calpain remains unknown. We have shown that the enzymatic ac-
tivity of SpyCEP is required to activate calpain, suggesting that
proteolytic degradation of host proteins may be involved. How-
ever, the host factor(s) with which SpyCEP directly interacts has
yet to be identified. Calpain also influences other host factors
and processes that could impact GAS invasion.

Group B Streptococcus (Streptococcus agalactiae) induces
calpain activation in macrophages, resulting in cleavage of cyto-
skeleton proteins andmacrophagemembrane permeability disrup-
tion.41 One GAS virulence factor, the pore-forming toxin strepto-
lysin S, facilitates GAS invasion into deeper tissues via degradation
of epithelial intercellular junctions, which results from recruitment
of calpain to the plasma membrane.40 Activation of calpain by
SpyCEP might have roles in GAS pathogenesis beyond autophagy
inhibition, a potential topic for future studies.

The M6.JRS4 strain is a laboratory-adapted strain previously
described to have low or deficient expression of many virulence
factors.30,48 Here, we show that this strain also has a very low ex-
pression of SpyCEP (Figure 1D). Lack of this major virulence fac-
tor certainly increases its susceptibility to autophagy-mediated killing,
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Bergmann et al., Infectious Microbes & Diseases (2022) 4:3 Infectious Microbes & Diseases
consistent with the impaired virulence of this strain in mice.49 By acti-
vating host calpain and inhibiting autophagy, the globally dissemi-
nated GAS M1T1 WT strain evades autophagy-mediated killing
in epithelial cells. This may represent a critical mechanism for the
pathogen in establishing invasive infections.
Materials and methods

Bacterial strains

All GAS strains were grown in Todd-Hewitt medium (BD Bacto,
Franklin Lakes, New Jersey) with 0.2% yeast extract (BD Bacto)
(THY) at 37 °C. These include GAS strains M6.JRS4,50 M1.5448,
mutant M1.5448 ΔcepA,13 complemented strain M1.5448 ΔcepA
(M1.5448 pcepA) with SpyCEP expression restored by plasmid
complementation using the expression plasmid pcepA, M1.5448
ΔcepA (M1.5448 pcepA*) expressing an inactive form of SpyCEP,
SpyCEP*18 and M6.JRS4 pcepA constructed by introducing plas-
mid pcepA13 into M6.JRS4 by electroporation.

Cell culture and transfections

Cell lines were cultured at 37 °C in 5%CO2. HEp-2 cells are ep-
ithelial cell lines derived from HeLa cell contamination (ATCC);
thus, we call these cells Hep-2/HeLa cells throughout.20–53 Hep-
2/HeLa cells were grown in Dulbecco's modified Eagle's medium
(DMEM; Gibco) containing 10% fetal bovine serum (FBS; PAA
Laboratories GmbH). GFP-LC3–expressing plasmid DNAwas in-
troduced into HEp-2/HeLa cells by electroporation using the
Amaxa Nucleofector kit (Lonza AG, Basel, Switzerland) following
the manufacturer's instruction. Transfection of recombinant SpyCEP
and SpyCEP* into HEp-2/HeLa cells was performed using PULSin
protein delivery reagent (Polyplus transfection, Illkilch, France)
following the manufacturer's instruction.

Infection of cultured cells

GAS strains grown to optical density (OD) at 600 nm (OD600)
of 0.4 were used to inoculate confluent HEp-2/HeLa cells at a mul-
tiplicity of infection (MOI) of 10. After 2 hours, gentamicin, which
kills extracellular bacteria, was added to the wells with or without
penicillin, which kills both extracellular and free cytosolic bacteria,
depending on the experiments performed.

Calpain activity measurement

Calpain activity was measured using a commercial assay kit
(Abcam, Cambridge,Massachusetts) following themanufacturer's
instruction. Briefly, after 4 hours of infection byGAS strains, HEp-
2/HeLa cell lysate was incubatedwith the substrate (Ac-LLY-AFC)
and reaction buffer for 1 hour at 37 °C in the dark. Calpain cleav-
age of the substrate was measured by fluorescence at a wavelength
of 505 nm after excitation at 400 nm.

IL-8 neutralization

HEp-2/HeLa cells were treated with 10 μg/mL anti–IL-8 neutraliz-
ing antibody (Abcam) or isotype control (Abcam) 2 hours before in-
fection. The calpain activity assay was performed as described above.

Intracellular free calcium measurement

Host intracellular free calcium was measured using the fluores-
cence Ca2+ indicator dye Fura-2 following the protocol previously
described.28 In brief, HEp-2/HeLa cell monolayers were cultured to
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semiconfluence in 96-well flat bottom plates. Cells were incubated in
phenol red–free DMEM + 4 mM probenecid (Sigma) + 5 mM Fura-
2, AM (Abcam) + 10% pluronic F-127 (Sigma, St. Louis, Missouri)
for 30 minutes at 37 °C. After incubation, cells were washed 3 times
with culture media before infection with GAS strains at an MOI of
100. The infected monolayer was monitored at 37 °C in a Varioscan
Flash fluorescent plate reader (Thermo Scientific, Waltham,
Massachusetts) every 5 minutes for 240 minutes with excitation and
emission wavelengths of 380 and 510 nm, respectively. Intracellular
free Ca2+ was calculated by the equation [Ca2+]i = Kd[(R −Rmin)/(Rmax

− R)]. The maximal fluorescence ratio (Rmax) was determined by
adding 0.1% Triton X-100, and the minimal fluorescence ratio (Rmin)
was determined by subsequent addition of 5 mM BAPTA.

Antibodies

Primary antibodies used were rabbit polyclonal antisera raised
against whole GAS bacteria (anti-GAS), rabbit anti-LC3B (Novus
Biologicals Littleton, Colorado), monoclonal rabbit anti-LC3B
(D11) XP (Cell Signaling, #3868; antibody dilution 1:1000), rab-
bit anti-actin (Sigma-Aldrich, A5060; antibody dilution 1:1000),
rabbit anti-SpyCEP, rabbit anti–calpain 1 large subunit and rabbit
anti–calpain 2 large subunit (Cell Signaling, #2556 and #2539, re-
spectively; antibody dilution 1:1000). Secondary antibodies used
for immunofluorescence microscopy were Alexa Fluor–conjugated
goat anti-rabbit antibodies (Invitrogen, A-11046, A-21244; dilution
1:300). Secondary antibodies used forWestern blots were horserad-
ish peroxidase (HRP)–conjugated polyclonal goat anti-rabbit anti-
body (Dako, P0448; antibody dilution 1:3000).

Recombinant SpyCEP purification

The expression vector for SpyCEP inEscherichia coliwas a gift from
Dr Susanne R. Talay. Expression of the SpyCEP gene was induced for
4 hours at 30 °C and 120 rpm using isopropylthio-β-galactoside
(IPTG: 1mM) after the strain had reached an OD of 0.5 to 0.6.
Bacterial cells were then centrifuged using a Sorvall centrifuge at
3000 to 8000 rpm at 4 °C, washed twice with cold phosphate-buffered
saline (PBS), treated with lysis buffer and protease inhibitor, then
lysed using a FrenchPress. The cell lysate was centrifuged at
13,000 rpm for 15 minutes at 4 °C, the supernatant loaded onto
an Ni-proteino column (Macherey-Nagel), and the protein was
purified following the manufacturer's protocol. Recombinant
SpyCEP was dialyzed in PBS overnight.

Western blot

HEp-2 cells were grown in 12-well plates to 70% to 80%
confluency. After GAS infection, samples were lysed by the addi-
tion of 150 μL of 1� sodium dodecyl sulfate (SDS) sample buffer
(62.5 mMTris, 2%wt/vol SDS, 10% glycerol, 50 mM dithiothre-
itol, 0.01%wt/vol bromphenol blue), heated for 5 minutes at 95 °C,
run on SDS-PAGE, and electro-transferred to nitrocellulose. Blocking
was performed for 1 hour at room temperature in blocking buffer
[1� Tris-buffered saline (TBS; Sigma), 0.05% Tween-20, 5% wt/
vol nonfat dry milk]. After washing in TBS-T (1� TBS, 0.05%
Tween-20), the membrane was incubated overnight at 4 °C with
primary antibodies in 1� TBS-T, 5% bovine serum albumin (dilu-
tions mentioned above). After washing in 1� TBS-T, the mem-
branes were incubated with HRP-conjugated secondary antibodies
for 1 hour at room temperature. Signal detection of the washed
membranes was performedwith the SuperSignalWest Pico Chemilu-
minescent Substrate (Thermo Scientific) and exposure to x-ray films.
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SpyCEP Western blot

GAS strains grown to an OD600 of 0.4 were washed 3 times
with PBS and were resuspended in 100 μL of DMEM at a concen-
tration of 1 � 109 colony forming units (CFU)/mL. Mutanolysin
(Sigma) was added at a concentration of 2500 U/mL, and the sam-
ples were incubated at 37 °C for 1 hour. After incubation, 5� SDS
sample buffer was added to the samples followed by heating for
5 minutes at 95 °C. For each sample, 15 μL was run per well on
an SDS-PAGE following the protocol described above.

Immunofluorescence microscopy

HEp-2/HeLa cells were cultured on glass coverslips and infected
with GAS strains as described above. For positive controls, cells
were treated with 50 nM rapamycin for 18 hours. At 4 hours post-
infection, coverslips were washed 4 times with Hanks' balanced
salt solution and fixed in 1% paraformaldehyde (PFA). After sev-
eral washes, coverslips were mounted onto glass slides with Pro-
Long Gold anti-fade reagent with DAPI (Molecular Probes). The
activation of autophagy was analyzed by counting LC3-GFP+

puncta. To analyze intracellular GAS in autophagosomes, fixed
cells were blocked in PBS containing 10% FBS. Extracellular bac-
teria were stained with anti-GAS rabbit antiserum followed by
Alexa Fluor 350–conjugated goat anti-rabbit antibody (1:300;
Invitrogen). Coverslips were again blocked and permeabilized in
10% FBS + 1% PFA + 0.3% Triton X-100 in PBS for 60 minutes
and stained with GAS rabbit antisera followed by Alexa Fluor
647–conjugated goat anti-rabbit antibodies (1:300; Invitrogen) in
PBS+10%FBS+0.3%TritonX-100.Coverslipswere thenmounted
onto glass slides using ProLong Gold anti-fade reagent (Molecular
Probes). Stained samples were examined using Zeiss Axio Imager
A2 with a Zeiss AxioCam MRm camera and ZEN 2011 software
at �1000 magnification with oil immersion. At least 7 random pic-
tures (average 15 cultured cells/picture) were recorded per sample.

GAS intracellular growth assay

HEp-2/HeLa cells were infected with GAS strains as described
above. For inhibition of autophagy, the cells were treated with
5 mM3-MA 2 hours before bacterial infection. After 2 hours, cells
were washed once with 10% FBS + DMEM and then incubated in
10%FBS + DMEMwith 100mg/mL gentamicin to kill extracellu-
lar bacteria. After 2 hours, the cells werewashed 3 times with 10%
FBS + DMEM. Cells from 3 wells were lysed and plated in serial
dilutions to determine intracellular GAS CFUs used as a baseline.
All the other wells were incubated with media containing gentami-
cin alone or gentamicin + 100U/mL penicillin G. After different in-
cubation times, cells were washed 3 times with PBS, treated with
100 mL of trypsin, and lysed by the addition of 0.025% Triton
X-100. Percent CFU recovered after 24 hours was calculated con-
sidering 2 hours as 100%. Cell lysates were serially diluted and
plated on blood agar plates for bacterial enumeration.

Statistics

For statistical analysis, the mean ± standard error of the mean
for 3 independent experiments is shown in figures unless otherwise
stated. We analyzed numeric data for statistical significance using
Student unpaired t test or analysis of variance (ANOVA) with
Prism software (GraphPad). P values of less than 0.05 were con-
sidered as statistically significant. Significance are presented as
**P < 0.01 or *P < 0.05.
122
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