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Streptococcus pyogenes (Group A Streptococcus; GAS) commonly causes pharyngitis
in children and adults, with severe invasive disease and immune sequelae being an
infrequent consequence. The ability of GAS to invade the host and establish infection
likely involves subversion of host immune defenses. However, the signaling pathways and
innate immune responses of epithelial cells to GAS are not well-understood. In this study,
we utilized RNAseq to characterize the inflammatory responses of primary human tonsil
epithelial (TEpi) cells to infection with the laboratory-adapted M6 strain JRS4 and the
M1T1 clinical isolate 5448. Both strains induced the expression of genes encoding a wide
range of inflammatory mediators, including IL-8. Pathway analysis revealed differentially
expressed genes between mock and JRS4- or 5448-infected TEpi cells were enriched
in transcription factor networks that regulate IL-8 expression, such as AP-1, ATF-2, and
NFAT. While JRS4 infection resulted in high levels of secreted IL-8, 5448 infection did
not, suggesting that 5448 may post-transcriptionally dampen IL-8 production. Infection
with 5448AcepA, an isogenic mutant lacking the IL-8 protease SpyCEP, resulted in
IL-8 secretion levels comparable to JRS4 infection. Complementation of 5448 AcepA
and JRS4 with a plasmid encoding 5448-derived SpyCEP significantly reduced IL-8
secretion by TEpi cells. Our results suggest that intracellular infection with the pathogenic
GAS M1T1 clone induces a strong pro-inflammatory response in primary tonsil epithelial
cells, but modulates this host response by selectively degrading the neutrophil-recruiting
chemokine IL-8 to benefit infection.
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Streptococcus pyogenes Primary Tonsil Cell Infection

IMPORTANCE

Group A streptococcal pharyngitis places a significant burden on
global health, with no protective vaccine currently available for
human use. Despite more than 200 different identified GAS M
types, GAS pharyngitis is disproportionately caused by the M1T1
strain in high income countries. An improved understanding
of the host responses that mediate immunity to GAS infection
will help facilitate the development of better strategies to
combat GAS pharyngitis. In this study we investigated innate
immune responses elicited during intracellular infection of
primary human tonsil epithelial cells with the MIT1 strain
5448 at both the gene expression and protein level. We
report that 5448 post-transcriptionally dampens host IL-8
responses during intracellular infection, and this effect is
mediated by the serine protease SpyCEP. Our data reinforces
the idea that the success of the MIT1 clone is due to its
ability to modulate host inflammatory responses to benefit
infection.

INTRODUCTION

Streptococcus pyogenes (Group A  Streptococcus; GAS) is
the most common bacterial cause of acute pharyngitis
(Bisno, 2001), with over 616 million incident cases of GAS
pharyngitis predicted to occur worldwide each year (Ralph
and Carapetis, 2013). GAS pharyngitis has also been associated
with inflammatory complications such as scarlet fever (Wessels,
2016), chronic diseases including tonsillar hypertrophy and
sleep apnea (Viciani et al, 2016), and the post-infectious
sequelae including acute rheumatic fever (Gerber et al., 2009),
poststreptococcal glomerulonephritis (Rodriguez-Iturbe and
Musser, 2008) and guttate psoriasis (Gudjonsson et al., 2003).
During pharyngitis, GAS colonizes the mucosal layers of the
pharynx including the palatine tonsil epithelium, forming
biofilms on the tonsillar surface, and inside tonsillar crypts,
as well as invading the epithelium to survive intracellularly
(Osterlund et al, 1997; Roberts et al., 2012). The ability
of GAS to colonize the host and establish infection likely
involves subversion of host immune defenses (Walker et al.,
2014).

Epithelial cells are among the first cell types encountered
by GAS during pharyngeal infection. During the early stages
of infection, epithelial cells play important roles in barrier
defense, secretion of antimicrobial peptides, and innate immune
signaling (Soderholm et al., 2017). In response to GAS infection,
immortalized epithelial cell lines derived from epithelial cell
cancers, such as Detroit 562 (cancer of the pharynx), HEp-
2 (HeLa derivative epithelial cells derived from the cervix),
HaCaT (skin keratinocytes), and A549 (lung tissue derivative)
cells have been shown to express and/or secrete a wide array
of pro-inflammatory mediators, including chemokines (IL-8,
CXCL2, CXCL3, CCL5/RANTES), cytokines (IL-1a, IL-1p, IL-2,
IL-6, TNFa, TNEB, IFN-y, CSF2, IL-17A, IL-23), growth factors
(IGF-1I), and the eicosanoid prostaglandin E; (Courtney et al.,

1997; Wang et al., 1997; Nakagawa et al., 2004; Klenk et al.,
2005, 2007; Tsai et al., 2006; Rizzo et al., 2013). In addition,
GAS-infected Detroit 562 cells have been shown to secrete
the chemokines CXCL9, CXCL10, and CXCL11 (Egesten et al,,
2007; Linge et al, 2007). However, a potential limitation of
these studies is that immortalized cell lines may not respond
in the same way as primary tonsil epithelial cells to GAS
infection. While the limited studies utilizing human tonsil
explants have been fairly consistent with these cell line results
(Agren et al,, 1998; Wang et al, 2010; Bell et al.,, 2012), as
these studies did not isolate epithelial cells from the tonsil
explant tissue, it is difficult to elucidate the contribution of
tonsil epithelial cells to these immune responses during GAS
infection.

Pro-inflammatory gene expression during GAS infection of
nonpharyngeal-derived immortalized epithelial cell lines has
been shown to be driven by the activation of mitogen-activated
protein kinases (MAPK) signaling pathways (extracellular signal-
regulated kinase, ERK; Jun N-terminal protein kinase, JNK;
and p38), as well as the transcription factors NF-kB and AP-1
(Medina et al., 2002; Tsai et al., 2006; Klenk et al., 2007; Persson
et al., 2015; Chandrasekaran and Caparon, 2016). For example,
exposure of HEp-2 cells to GAS strain A40 resulted in activation
of the classical NF-kB pathway (Medina et al., 2002). Another
study showed that inducible IL-6 and IL-8 production from HEp-
2 cells upon infection with GAS strain M29588 was blocked
by NF-kB and MAPK inhibitors (Tsai et al., 2006). Studies
using the HEp-2 cell line and primary mouse bone marrow-
derived macrophages have also shown that the magnitude of
cytokine responses to GAS infection is often genotype (emm-
type)-dependent, making these findings difficult to generalize for
other emm types (Klenk et al., 2007; Dinis et al., 2014). A possible
explanation for this observation is that certain GAS strains
may be able to subvert host inflammatory responses during
infection. However, the underlying GAS virulence factors and
host-pathogen interactions leading to these differing cytokine
responses are currently not well-defined.

The aim of this study was to identify, through the
use of RNAseq and pathway analysis, key innate immune
signaling responses and downstream biological effects that
are initiated by primary human tonsil epithelial (TEpi)
cells upon MIT1 GAS infection. This approach revealed
transcription factor networks, including activator protein-1
(AP-1), activating transcription factor 2 (ATF-2), and nuclear
factor of activated T cells (NFAT) pathways, as signaling
hubs that control GAS-regulated IL-8 expression. Subsequent
validation studies revealed that, whilst infection of TEpi
cells with the laboratory-adapted GAS strain JRS4 induced
strong IL-8 secretion, infection with the clinical M1T1 clone
(strain 5448) did not, which we demonstrate to be dependent
on the activity of the IL-8 protease SpyCEP. This study
provides insight into the modulation of the tonsillar immune
response during infection with M1T1 GAS strains, which may
contribute to the success of this globally-disseminated human
pathogen.
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RESULTS

Intracellular Infection of TEpi Cells With
5448 or JRS4 GAS Strains Induces the
Transcriptional Upregulation of Multiple

Pro-inflammatory Pathways

Previous studies utilizing immortalized epithelial cell lines have
shown an array of pro-inflammatory mediators are induced
following GAS challenge (Courtney et al., 1997; Wang et al.,
1997; Klenk et al., 2005, 2007; Tsai et al., 2006; Egesten et al.,
2007; Linge et al., 2007), however, the response of primary tonsil
epithelial cells to GAS infection has not been characterized.
In addition, different GAS serotypes have previously been
shown to induce epithelial inflammatory responses of differing
magnitudes (Klenk et al, 2007; Persson et al, 2015). To
investigate whether this variation exists in primary cells and
to identify potential mechanisms, we performed RNAseq on
TEpi cells infected with GAS strains JRS4 or 5448, for 6h
at a multiplicity of infection (MOI) of 5, an MOI where no
significant difference in cell death was observed between the
two strains and mock-treated cells (Figure S1). No difference
in intracellular bacteria numbers or intracellular survival was
observed between JRS4 and 5448 GAS strains (Figure S2).
After 6h infection of TEpi cells with 5448, 1109 genes were
significantly up or down regulated in comparison to uninfected
(mock) TEpi cells (adjusted P < 0.05, Log2 fold change >1
or <-1), and 153 genes were differentially expressed following
infection with the JRS4 strain in comparison to mock cells.
Due to the large difference in the number of differentially
expressed genes induced between the two strains at this
threshold, the top 100 most differentially expressed genes in
JRS4-infected and 5448-infected TEpi cells in comparison to
mock cells (Tables S1, S2) were used to construct predicted
protein-protein interaction networks. Both strains resulted in
the expression of an abundance of inflammatory mediators
by the TEpi cells, and amongst these was a highly connected
network of interacting proteins, with inflammatory mediators
such as IL-8 and IL-6 at the core of the network (Figures 1A,B).
Within these networks, interacting genes encoding proteins
from several inflammatory pathways were identified. For 5448-
infected TEpi cells, these genes included transcription factors
and signaling proteins from the AP-1, ATF-2, and NFAT
transcription factor networks (FOSB, FOSLI, ATF3, EGRI,
EGR2, EGR3, EGR4, DUSP5). Cytokines (TNF, IL6, CSF2,
LIF), chemokines (IL8, CXCL2, CCL20, CXCL3), and peptide
hormones (EDNI) regulated by these pathways were also
detected. Other interacting genes detected including those
encoding components of the NF-kB pathway (NFKBIE, TRAFI,
BIRC3, TNFAIP3), apoptosis (BBC3, PMAIP1, BCL2A1, IRFI),
and MAPK pathway (GADD45B, PIM1I) (Figure 1A). For JRS4-
infected TEpi cells, interacting genes were also detected for
AP-1, ATF-2, and NFAT transcription factor networks, for
transcription factors/signaling proteins (JUN, FOSB, FOSLI,
ATF3, DUSPI, DUSP5, EGR2, EGR3), and inflammatory
transcriptional targets of these pathways (TNF, IL8, IL6,
IL1B, MMPI, CXCLI, CXCL2, CXCL3, CCL20). Interacting
genes were also detected for tight junctions and epithelial

barrier integrity (OCLN, CLDN4, CLDNI, GRHLI1, GRHL3;
Figure 1B).

Pathway enrichment tests identified a role for the AP-1, ATF-
2, and NFAT transcription factor networks and GPCR signaling
in TEpi cell responses to 5448 infection (Figure 1C). These
pathways are known to drive the transcription of inflammatory
cytokines such as IL6, TNE and IL8 following activation
(Eliopoulos et al., 1999; Jundi and Greene, 2015; Kaunisto et al.,
2015). Fewer genes were significantly differentially expressed
following JRS4 infection, but many of the induced pathways
were common to 5448-infected TEpi cells (Figure 1D). This
indicated that 5448 induces a stronger TEpi cell inflammatory
response, at the transcriptional level, compared to JRS4 infection.
No pathways were enriched and significantly downregulated
following either 5448 or JRS4 infection. Metadata from group
comparisons is shown in Tables S1, S2.

5448 GAS Infection Activates Inflammatory
Pathways Which Lead to Inducible /L8

Expression

The expression of genes contributing to each pathway was
visualized using a heat map. The differences in amplitude
of response between 5448- and JRS4-infected TEpi cells was
consistently observed across each up-regulated network, and
was apparent for the AP-1, ATF-2, and NFAT transcription
factor networks (Figures 2A-C). Euclidean distance of samples
showed highest similarity between replicates from each infection
condition, with AP-1 and ATF-2 networks separating 5448-
infected TEpi cells from mock-treated or JRS4-infected cells
(Figures 2A,B). For JRS4-infected TEpi cells, most differentially
expressed genes are at a lower expression level than following
5448-infection. A protein-protein interaction network derived
from the top 100 most differentially expressed genes in 5448-
infected TEpi cells compared to JRS4-infected cells, revealed gene
clusters of transcription factors and cytokines/chemokines from
the AP-1 and NFAT transcription factor networks (FOSB, EGRI,
EGR2, EGR3, EGR4, TNE, LIF, CXCL2, CCL20). Pathway analysis
also detected an enrichment of differentially expressed genes in
the NFAT and AP-1 networks (Figure S3, metadata shown in
Table S3).

Transcription factor motif enrichment using HOMER motif
analysis software was performed on the top 400 differentially
expressed genes for 5448-infected and JRS4-infected TEpi cells
(Heinz et al., 2010). Enrichment of known motifs in differentially
expressed genes identified enrichment of motifs for NF-kB
(Oeckinghaus and Ghosh, 2009) and serum response factor (SRF)
(Spencer and Misra, 1996) transcription factors in both JRS4- and
5448-infected TEpi cells (Figure 2D). Forty-two 5448-induced
genes contained the NF-kB motif (enrichment P < 0.001), and
this motif was also highly represented in genes responding
to JRS4 infection (38 differentially expressed genes contained
the motif, enrichment P < 0.01). Similarly, 21 differentially
expressed genes contained the SRF motif following 5448 infection
(enrichment P < 0.001), and 19 differentially expressed genes
(P < 0.01) contained the SRF motif following JRS4 infection.
The basic Leucine Zipper Domain (bZIP) motif (Ellenberger
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et al., 1992) was also enriched after infection with either
GAS strains [21 differentially expressed genes following 5448
infection (enrichment P < 0.001); 58 differentially expressed
genes following JRS4 infection (enrichment P < 0.001)]. The
bZIP recognition motif is bound by multiple transcription factors
including ATF-1 and Fosl2/Fra-2, which are members of the AP-1
and ATF-2 transcription factor networks (Hai and Curran, 1991).
This analysis indicates that the same signaling pathways are
engaged by both strains, but the amplitude of signaling is reduced
in JRS4-infected TEpi cells, perhaps by abrogated feedforward
amplification via cytokine signaling.

5448 Suppresses Levels of Secreted IL-8 in

Primary Human Tonsil Epithelial Cells
The RNAseq highlighted increased IL8 mRNA expression
following both JRS4 and 5448 infection, with 5448-infected

TEpi cells inducing IL8 mRNA to levels that were 23-fold
higher than mock cells, and 2.9-fold higher than JRS4-infected
cells (Figure 2E). These strain differences in inducing IL8 were
confirmed by qRT-PCR analysis of gene expression at 6h post-
infection; in these experiments, IL8 mRNA levels were 21-fold
higher in 5448-infected TEpi cells than in mock cells, and 2.2-
fold higher than JRS4-infected cells (Figure 2F). To determine
whether the increased IL8 transcription following GAS infection
resulted in increased IL-8 production by these cells, we next
quantified IL-8 secretion by TEpi cells. TEpi cells were cultured to
confluent monolayers, infected with GAS strains JRS4 and 5448
at multiple MOIs (1, 5, and 10), and IL-8 levels quantified by
ELISA at 6, 12, and 24 h post-infection (Figure 3). Surprisingly,
while the IL-8 response to JRS4 infection increased in a time-
and MOI-dependent manner, the IL-8 response to 5448 infection
did not increase above that of mock cells, and decreased with
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increasing MOL In order to ensure the differences in cytokine
secretion were not due to differences in cell death induced
by the two GAS strains, tonsil cell death was measured by
quantifying the lactate dehydrogenase levels released by TEpi
cells following with each strain (Figure S1). Both strains induced
TEpi cell death at 24 h, however the level of cell death induced
by JRS4 and 5448 was not significantly different between the two
strains.

SpyCEP Degrades IL-8 During Infection of
TEpi Cells

We considered the possibility that the decrease in levels
of secreted IL-8 in 5448-infected TEpi cells may relate
to proteolytic degradation of this key neutrophil-recruiting
chemokine. SpyCEP is a 170 kDa serine protease expressed on
the surface of GAS, which proteolytically cleaves and abrogates
the activities of the human chemokines CXCL1, CXCL2, CXCL6,
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and CXCLS8/IL-8, impairing neutrophil recruitment to the
site of infection (Edwards et al,, 2005; Hidalgo-Grass et al.,
2006; Sumby et al, 2008; Zinkernagel et al., 2008; Turner
et al, 2009). In order to investigate the impact of SpyCEP
expression on IL-8 secretion during intracellular GAS infection
of TEpi cells, the GAS strains 5448, JRS4, and 5448 SpyCEP
knockout (5448 AcepA) were utilized. A plasmid expressing 5448-
derived SpyCEP (pDCermcepA) was introduced into both JRS4
and 5448 AcepA strains to confirm SpyCEP specificity for the
observed phenotype. Comparison of the genome sequences of
JRS4 (Port et al., 2015) and 5448 (Fiebig et al., 2015) revealed
that both GAS strains contained the SpyCEP encoding gene
cepA, that would encode proteins with 99% amino acid sequence
identity, and conserve the catalytic triad residues required for
serine-protease activity. However, several amino acid differences
between 5448 and JRS4 were observed in the N-terminal region
of SpyCEP (Figure $4), suggesting that there might be differences
in secretion and/or cell surface localization of this protein
between 5448 and JRS4. To determine whether both GAS strains
produce surface-anchored SpyCEP, western blot analysis was
employed to detect SpyCEP expression in the cell wall fraction of
GAS strains (Figure 4A). Equivalent protein concentrations were
loaded for 5448, JRS4, and 5448 AcepA strains. A protein band
at the predicted molecular weight of the surface-bound cleaved
form of SpyCEP (150 kDa) was detected for both the 5448 and
JRS4 strains. This protein band was not detected for 5448 AcepA.
Detectable levels of the 170 kDa protein, corresponding to the
uncleaved form of SpyCEP, were observed following introduction
of cepA on a plasmid in strains 5448 AcepA (pDCermcepA) and
JRS4 (pDCermcepA).

The levels of IL-8 secreted by TEpi cells following intracellular
infection with GAS strains (MOI of 5) at 6 and 24h post-
infection were measured by ELISA. At 6h post-infection, IL-
8 secretion was not significantly elevated for all infections
compared to mock cells (Figure4B). At 24h post-infection,
JSR4 induced a significant increase in levels of secreted IL-8
compared to mock TEpi cells, whilst 5448 did not induce an
IL-8 response. 5448 AcepA induced an IL-8 response similar to
JRS4 levels, and the complemented 5448 AcepA (pDCermcepA)
IL-8 response was similar to 5448 levels. Infection with JRS4

expressing cepA (pDCermcepA) significantly reduced the IL-
8 response of TEpi cells in comparison to JRS4-infected cells
at 24h post-infection (P < 0.05; Figure4B). To determine
whether the presence or absence of SpyCEP expression impacts
the level of TEpi cell death, lactate dehydrogenase release was
used to quantify cell death following GAS intracellular infection.
No significant difference in cell death was observed between
cells infected with 5448, 5448 AcepA, 5448 AcepA (pDCermcepA),
JRS4, or JRS4 (pDCermcepA) (Figure 4C). To confirm that the
effect of SpyCEP on IL-8 production was due to its ability to
proteolytically degrade IL-8, we next quantified IL-8 levels by
ELISA following incubation of recombinant IL-8 with each GAS
strain over a time course. Both JRS4 and 5448 strains degraded
IL-8, however 5448 degraded IL-8 more efficiently than JRS4 after
4h incubation (p < 0.001). IL-8 degradation was not observed
following incubation with 5448 AcepA, whilst the complemented
strains 5448 AcepA (pDCermcepA) and JRS4 (pDCermcepA)
exhibited enhanced IL-8 degradation (Figure 4D).

DISCUSSION

Whilst GAS is the most common cause of bacterial pharyngitis,
our understanding of the host innate immune responses during
GAS colonization of the tonsil is surprisingly limited. Given
that the M1T1 strain disproportionately causes GAS pharyngitis
in high income countries, a better understanding of the host
responses that mediate immunity to M1T1 GAS infection could
lead to the development of better therapeutic and preventative
strategies to combat GAS pharyngitis. Moreover, understanding
the fundamental aspects of host innate immunity is likely to
provide additional insights into the pathology of other bacterial
pathogens that colonize the human pharynx.

Here we demonstrate that the highly successful and globally-
disseminated M1T1 GAS clone (strain 5448) induces a strong
pro-inflammatory transcriptional response, yet degrades IL-
8 post-transcriptionally through expression of a protease. IL-
8 plays an important role in the recruitment of neutrophils
during infection (Tsai et al., 2006), which is likely an important
protective mechanism elicited by epithelial cells during GAS
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FIGURE 4 | SpyCEP expression by 5448 results in reduced IL-8 secretion by TEpi cells during GAS intracellular infection. (A) Western blot analysis of cell wall extracts
for detection of SpyCEP. Equivalent protein concentrations were loaded for 5448, JRS4, and 5448 AcepA (100 .g), whilst 5 g was loaded for 5448 AcepA
(pDCermcepA) and JRS4 (pDCermcepA). (B) IL-8 present in supernatants due to secretion by TEpi cells following GAS intracellular infection at 6 and 24 h
post-infection, measured by ELISA. (C) Cell death measured by percentage of LDH released from TEpi cells at 6 and 24 h post-infection. (D) GAS strains were
incubated with recombinant IL-8 at 37" C. SpyCEP activity correlates with IL-8 degradation as assessed by ELISA. For (B-D), data are plotted as the mean + s.e.m.
and represent three independent experiments performed in triplicate and analyzed by two-way ANOVA with Tukey's post-test. Significance shown is relative to mock
at each timepoint, unless otherwise indicated. *P < 0.05; **P < 0.01; **P < 0.001; ***P < 0.0001.
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pharyngitis (Persson et al., 2015). IL-8 was one of the most
differentially expressed chemokines at the level of mRNA
expression following intracellular infection with both 5448 and
a laboratory-adapted strain (JRS4). In contrast, whilst JRS4
infection resulted in the secretion of IL-8 at levels significantly
higher than mock TEpi cells, 5448 infection did not result in
increased levels of secreted IL-8 beyond that observed for mock
TEpi cells. This lack of response in 5448-infected cells was found
to be dependent on the expression of the GAS virulence factor
SpyCEP. The function of SpyCEP has been defined by previous
studies as a serine protease that cleaves the human chemokines
CXCL1, CXCL2, CXCL6, and CXCL8/IL-8, abrogating their
biological activity, and enabling resistance of GAS to phagocytic
clearance (Edwards et al., 2005; Sumby et al., 2008; Zinkernagel
et al,, 2008; Turner et al., 2009). SpyCEP expression by the 5448
strain has also been reported to decrease the adherence and
invasion of GAS into epithelial cells, as well as impair biofilm
formation, suggesting that SpyCEP expression may modulate
colonization and GAS-host cell interactions (Andreoni et al.,
2014). This study highlights the important role played by SpyCEP
during infection, by demonstrating that different GAS strains
(5448 and JRS4) exhibit varying levels of IL-8 degradative activity,
resulting in varying levels of IL-8 secretion during intracellular
infection of primary epithelial cells.

SpyCEDP is a highly conserved virulence factor across GAS M
types (Sumby et al., 2008); however different GAS strains have
been shown to exhibit varying levels of SpyCEP activity as a

result of covRS mutation (Turner et al., 2009). Our results show
that whilst both JRS4 and 5448 GAS strains express SpyCEP
at similar levels (Figure 4A), JRS4 showed reduced efficiency
in cleaving human recombinant IL-8 (Figure 4D). This reduced
SpyCEP activity could explain the IL-8 secretion detected during
JRS4 intracellular infection of TEpi cells (Figure 4B). In contrast,
5448 efhiciently cleaved human recombinant IL-8, supporting
the hypothesis that 5448 SpyCEP degrades IL-8 during TEpi
cell infection. The cause of this difference in SpyCEP activity
or protein levels is unknown. Amino acid sequence alignment
shows the 3 amino acids encoding the catalytic triad responsible
for serine protease activity and the residues around this region
are conserved, while the N-terminal region of cepA shows some
variability in amino acids for JRS4, as compared to 5448. It
is not known what role these specific residues play in the
protease activity of SpyCEP. However, the N-terminal region
is an important component of the protease, as it encodes the
20 kDa fragment that is cleaved from the 170 kDa full length
SpyCEP resulting in protease activity (Zingaretti et al., 2010).
This 20 kDa fragment then associates with the 150 kDa cell-
wall anchored portion of SpyCEP, with both fragments required
for protease activity (Zingaretti et al., 2010). Previous studies
have also shown that different GAS M types induce differing
levels of secreted IL-8 by immortalized epithelial cells (Klenk
et al., 2007; Persson et al., 2015); differences between GAS M
types in the capacity of SpyCEP to cleave IL-8 could explain this
observation.
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Whilst this study has shown that 5448-derived SpyCEP
induces IL-8 degradation during intracellular GAS infection, the
cellular location where SpyCEP encounters IL-8 is not known.
IL-8 secretory pathways are not well-characterized in epithelial
cells; however, the current understanding is that intracellular IL-
8 is trafficked in secretory vesicles (Stanley and Lacy, 2010). Some
studies have reported cytoplasmic IL-8 present in the epithelial
cells from human tissue biopsies (Murphy et al., 2005; Ulukus
et al., 2009) and in Chlamydia trachomatis infected HeLa cells
(Buchholz and Stephens, 2006), suggesting that there may be
another uncharacterized mechanism by which epithelial cells
secrete IL-8. Cytoplasmic IL-8 would enable SpyCEP direct access
to cleave IL-8 during intracellular infection. It is also plausible
that SpyCEP degradation of IL-8 does not occur intracellularly.
SpyCEDP is cell wall anchored in the strains utilized in this study,
however, SpyCEP secretion and extracellular release of SpyCEP
during infection could also contribute to the IL-8 degradation
observed.

Previous studies have demonstrated that, during infection
of immortalized epithelial cells, GAS activates the AP-1, NF-
kB, and MAPK pathways, leading to increased expression and
secretion of key cytokines and chemokines, particularly IL-8 and
IL-6 (Medina et al., 2002; Tsai et al., 2006; Klenk et al., 2007;
Persson et al.,, 2015; Chandrasekaran and Caparon, 2016). These
inflammatory responses serve as an early signaling system to
activate and recruit immune cells to the site of infection, thereby
helping combat bacterial infection. The findings from this study
show that both 5448 and JRS4 GAS strains induce the expression
of inflammatory mediators enriched in the AP-1, ATF-2, and
NFAT pathways, all of which are linked to the production of
IL-8 (Eliopoulos et al., 1999; Jundi and Greene, 2015; Kaunisto
etal,, 2015). Both NFAT and ATF-2 are able to bind cooperatively
with transcription factors of the AP-1 (Fos/Jun) family to
composite NFAT:AP-1 or ATF-2:AP-1 sites. These sites are found
in the regulatory regions of genes that are inducibly transcribed
during immune responses, including cytokines and other genes
critical to immune signaling and activation (Rao et al., 1997).
HOMER analysis detected the enrichment of motifs in the
promoters of differentially expressed genes for NF-kB and the
MAPK-activated transcription factor SRE indicating that these
pathways are likely upstream of AP-1/ATF-2/NFAT-mediated
gene expression, as detected by RNAseq at 6h post-infection.
5448 and JRS4 GAS infection also activated G protein-coupled
receptor (GPCR) signaling (Figures 1C,D), which is another
pathway that may regulate inflammatory responses during GAS
infection (Bestebroer et al., 2010). GPCRs play a critical role
in modulating the expression or activity of transcription factors
through complex signaling networks, which includes NF-«B,
AP-1 MAPK, NFAT, SRE, and ATF-2 (Reichle, 2010; Sun and
Ye, 2012). Inflammatory mediators such as chemokines and
complement proteins can stimulate the activation of specific
GPCRs, leading to the expression of cytokines such as IL-6,
IL-8, TNF-a, and IL-1B (Ye, 2001; Lodowski and Palczewski,
2009). It should also be noted that 5448-infection was found to
induce an inflammatory transcriptional response in TEpi cells of
a much higher magnitude than during JRS4-infection. Previous
studies have also shown that the magnitude of host inflammatory

mediators in response to GAS is emm-type dependent (Klenk
et al., 2007; Dinis et al.,, 2014; Persson et al., 2015). As 5448
is an M1T1 clinical GAS isolate and JRS4 an M6 laboratory
adapted isolate, there is likely a difference in the virulence
factor expression profiles of these strains during intracellular
infection, which may be driving the large difference in TEpi
cell transcriptional responses detected. The virulence factors
responsible for this, however, remain to be defined.

In summary, we have shown the pathogenic M1T1 strain 5448
induces robust changes in pro-inflammatory gene expression
following intracellular infection of primary human tonsil
epithelial cells, and degrades host-protective neutrophil-
recruiting IL-8, which is driven by the activity of the GAS serine
protease SpyCEP. This is an exciting and potentially novel
mechanism by which a bacterial pathogen modulates the host
inflammatory response and supports the hypothesis that the high
burden of pharyngitis caused by M1T1 GAS is due to its ability
to modulate host inflammatory responses that are triggered by
infection.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
GAS MIT1 strain 5448 was originally isolated from a patient
with necrotizing fasciitis and toxic shock syndrome (Chatellier
et al, 2000). JRS4 is a streptomycin-resistant derivative of
D471, a rheumatic fever-associated isolate (Norgren et al., 1989).
5448 AcepA and 5448 AcepA complemented with pDCermcepA
are described by Zinkernagel et al. (2008). JRS4 (pDCermcepA)
was generated by isolating total DNA from 5448AcepA
(pDCermcepA), using Wizard® Plus SV miniprep DNA
Purification System (Promega, A1460). Plasmid DNA was then
purified using the Qiagen DNeasy blood and tissue kit (Cat.
# 69504). The pDCermcepA plasmid was then transformed
into E. coli MC1061, and purified by Qiagen Plasmid PlusMidi
Kit (Cat. #12943). JRS4 was electroporated with 2 pg of
pDCermcepA, before being plated onto Todd-Hewitt agar
supplemented with 0.2% yeast extract (THY) and erythromycin
(4 pg/ml) for 48h at 37°C. GAS strains were grown in Todd-
Hewitt broth supplemented with 0.2% yeast extract (THY) at
37°C. Where appropriate, erythromycin was supplemented at
4 pg/ml.

Human Primary Tonsil Epithelial Cells

Human primary tonsil epithelial (TEpi) cells were purchased
from Sciencell Research Laboratories, California (Cat. #2560).
TEpi cells consist of a heterogeneous population of actively
differentiating stratified squamous epithelial cells and reticulated
epithelial cells isolated from the tonsil explants of an individual
donor (Lot. No. 10474, 10 y.o. male, caucasian). TEpi cells were
cultured at 37°C under a 5% C0O,/20% O, atmosphere in Tonsil
Epithelial Cell Medium (Sciencell, Cat. #2561) supplemented
with 1% Tonsil Epithelial Cell Growth Supplement (Sciencell,
Cat. #2562). TEpi cells were cultured on poly-L-lysine coated
tissue culture vessels (Greiner Bio-one). At 95% confluency, cells
were trypsinized and handled according to instructions provided
by the manufacturer. TEpi cells were cultured for several weeks
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with media changed every 2-3 days, and utilized for experiments
at passage 4.

Intracellular Infection Assays

TEpi cells were seeded at a density of ~2 x 10* viable cells
per well in 24-well tissue culture plates or 12 x 10* viable cells
per well in 6 well plates coated with poly-L-lysine. Cells were
grown at 37°C under a 5% CO,/20% O, until they formed a
confluent monolayer. Immediately prior to infection, the TEpi
medium was removed, and replaced with fresh TEpi medium.
GAS strains were grown to early stationary phase (ODgpp = 1.2
for 5448 and ODggy = 1.6 for JRS4), re-suspended in cell culture
medium, and then added to cell monolayers at the required
multiplicity of infection (MOI). For the cytotoxicity assay, MOIs
of 1, 5, and 10 were utilized, whilst for all other experiments
an MOI of 5 was used. Controls included for each experiment
were cells not exposed to bacteria (mock). At 2 h post-infection,
the media was aspirated and cells were washed twice with fresh
media, before TEpi media containing 100 jug/ml of gentamicin
was added to each well for the duration of the experiment to kill
extracellular GAS (Barnett et al., 2013). For each strain, colony
forming unit (CFU) assays were performed following infection
to retrospectively determine MOI. Bacterial cultures were serially
diluted in PBS, before being spotted in triplicate onto THY agar
plates and left to incubate for 24h at 37°C. Bacterial colony
numbers were then counted and the average CFU/ml calculated.

Cytotoxicity Assay

Cell death following GAS infection was quantified by measuring
lactate dehydrogenase (LDH) release from cell supernatants,
using CytoTox96® Non-Radioactive Cytotoxicity —Assay
(Promega, G1781), as per the manufacturers instructions.
Cells lysed in 0.2% Triton-X 100/1 x PBS were included as
a positive control for 100% cell death, for each condition
at each time point. Sample absorbance was measured by
spectrophotometer (SpectraMax Plus 384, Softmax Pro 5.4
software) at an absorbance of 490 nm. Sample readings were
analyzed by Prism 7 software and divided by the positive control
for cell lysis to give a percentage of total cell death for each
sample.

RNA Extraction

Tissue culture medium was aspirated from TEpi cell monolayers
and RNA lysis buffer [Buffer RLT (Qiagen) plus 0.1M -
mercaptoethanol] added to each well. Cells were scraped into the
buffer using a cell-scraper, and passed through a QIAshredder
homogenizer column (Qiagen, Cat. #79654) by centrifugation.
RNA was then isolated using the RNeasy Mini Kit (Qiagen,
Cat. #74104), according to the manufacturers instructions.
Absorbance of RNA samples was measured at 260 nm using a
ND1000 Nanodrop (Biolab), and RNA concentration (jLg/ml)
was determined by the Ajgy reading: Aysp = 1.0 is equivalent
to 40 ug/ml RNA. RNA integrity of each RNA sample was
confirmed by Agilent 2100 BioAnalyzer analysis (RIN score
of > 7.0).

RNA Sequencing and Bioinformatics
Analyses

Confluent 6-well plates of TEpi cells were infected with
JRS4 or 5448, as described above, at an MOI of 5 for 6h.
Mock-treated cells were included as a control. RNA from
four biological replicates was extracted, as described above.
RNA-Seq libraries were generated using the Illumina TruSeq
Stranded mRNA LT Sample Prep Kit (Illumina, RS-122-2101/RS-
122-2102), according to the standard manufacturer’s protocol
(Illumina, 15031047 Rev. E October 2013). Total RNA was
enriched for mRNA using an oligo-dT bead isolation method.
The enriched mRNA was then subjected to a heat fragmentation
step aimed at producing fragments between 120 and 210 bp
(average 155 bp). cDNA was synthesized from the fragmented
RNA using SuperScript II Reverse Transcriptase (Invitrogen,
Catalog no. 18064014) and random primers. The resulting
cDNA was converted into dsDNA in the presence of dUTP
to prevent subsequent amplification of the second strand and
thus maintaining the “strandedness” of the library. Following
3’ adenylation and adaptor ligation, libraries were subjected to
15 cycles of PCR to produce libraries ready for sequencing.
The libraries were quantified on the Agilent BioAnalyzer 2100
using the High Sensitivity DNA Kit (Agilent, 5067-4626).
Libraries were pooled in equimolar ratios, and the pool was
quantified by qPCR using the KAPA Library Quantification
Kit—Illumina/Universal (KAPA Biosystems, Part no. KK4824)
in combination with the Life Technologies Viia 7 real time PCR
instrument. Library preparation was performed at the Institute
for Molecular Bioscience Sequencing Facility (University of
Queensland).

Sequencing was performed using the Illumina NextSeq500
(NextSeq control software v2.0.2.1/Real Time Analysis v2.4.11).
The library pool was diluted and denatured according to the
standard NextSeq protocol (Illumina, Document # 15048776
v02), and sequenced to generate single-end 76 bp reads using a
75 cycle NextSeq500/550 High Output reagent Kit v2 (Illumina,
FC-404-2005). After sequencing, fastq files were generated
using bcl2fastq2 (v2.17.1.14). Sequencing was performed at
the Institute for Molecular Bioscience Sequencing Facility
(University of Queensland).

Quality-checked RNAseq FASTQ libraries were aligned
to the reference Human genome (hgl9) using the Subread
(Liao et al., 2013) library version 1.18 for the R package for
statistical computing version 3.2.1, with default mapping
parameters. Reads were summarized and annotated to Ensembl
version 69 transcripts and genes using the featureCounts
function of Subread. A known batch effect in the post-
normalized log2 expression data was successfully corrected
for using the removeBatchEffect function of limma (Ritchie
et al., 2015) version 3.26.8. Batch-corrected RPKM (Reads
Per Kilobase of transcripts per Million mapped reads)
and TMM normalized, log2 transformed expression data is
available in Stemformatics (Wells et al., 2013) at http://www.
stemformatics.org/datasets/view/6991. Raw data and count
tables have been deposited to NCBI's Gene Expression
Omnibus (GEO) (Edgar et al, 2002) under accession
GSE107001.
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Differential expression analysis was separately performed
using R version 3.2.2 using the limma library version 3.26.8.
The known batch effect was specified as part of the linear model
and factored into the analysis. Genes were tested for differential
expression if they displayed one count per million in all replicates
of at least one phenotypic group. We used limmas Voom
function to modify linear model fitting parameters based on the
mean variance trend of counts observed. Input counts were TMM
(Oshlack et al., 2010; Robinson and Oshlack, 2010) normalized
and median-centered in addition to the log2 and count-per-
million transforms applied by Voom. For downstream analyses,
genes were considered differentially expressed with a Benjamini-
Hochberg adjusted p < 0.05 and a Log2FC >1 or < —1.

RNAse(q Interaction Networks and
Pathway Analysis

Protein-protein interaction networks from the top 100
differentially expressed genes (at an adjusted P < 0.05) from
each group comparison (5448-infected TEpi cells vs. mock cells,
JRS4-infected TEPi cells vs. mock cells, and 5448-infected vs.
JRS4 infected TEPi cells) were constructed using STRINGdb.com
(Szklarczyk et al., 2017). Network edges show the confidence
of interactions, where the line thickness indicates the strength
of data support. Active interaction sources include textmining,
experiments, databases, co-expression, neighborhood, gene
fusion, and co-occurrence. Minimum required interaction score
of medium confidence (0.400). Pathway over-representation
analysis of all differentially expressed genes (adjusted P < 0.05,
Log2FC >1 or <-1) for 5448-infected TEpi cells in comparison
to mock cells and JRS4-infected TEpi cells in comparison
to mock cells was performed using InnateDB.com (Breuer
et al, 2013). Hypergeometric analysis algorithm was used,
with Benjamini-Hochberg correction method. HOMER motif
analysis software was used to identify enriched transcription
factor recognition motifs within the regulatory regions of the
top 400 differentially expressed genes for 5448-infected tonsil
epithelial cells and JRS4-infected TEpi cells (Heinz et al., 2010).
Motif finding parameters: motifs of a length of 8, 10, or 12 bases
from —300 to +50 bases relative to the transcription start site,
with 2 mismatches allowed in global optimization phase. The
background gene list used comprised of all gene IDs detected
by RNAseq. Heat maps were drawn using R (version 3.3.2)
gplots package, using RNAseq data available at NCBI's Gene
Expression Omnibus (GEO) (Edgar et al., 2002), under accession
GSE107001.

Real-Time qPCR

cDNAs were synthesized from extracted RNA using the
Superscript®  First-Strand Synthesis System (Thermofisher
scientific, Cat. #18080051), as per the manufacturer’s
instructions. ¢cDNA was diluted to 1 ng/ul in RNase-free
water and used for qPCR. The relative expression of target genes
was determined using the Applied Biosystems (ABI) ViiA™ 7
Real-Time PCR System. A 15 pl reaction mixture was prepared
with 2 x SYBR Green PCR Master Mix (Qiagen) (7.5 pl),
200nm of forward and reverse primers, and 3 pl of diluted
c¢DNA. cDNA and reagent master mixes (primer pair and SYBR
Green) were automatically loaded into the 384-well plate using

the Eppendorf epMotion 5075 robot and Eppendorf epBlue
software. All cDNA samples were run in triplicate in a 384-well
plate. Primers designed to amplify IL8 were as follows: Forward
(5" - 3) GGAGAAGTTTTTGAAGAGGGCTGA, and Reverse
(5 3): TGCTTGAAGTTTCACTGGCATCTT. Standard
qPCR cycles were used (10 min at 95°C step for polymerase
activation, followed by 40 cycles of two-step thermal cyclic PCR
at 95°C for 15s and 60°C for 1 min). mRNA levels for specific
genes were quantified relative to expression of the house-keeping
gene hypoxanthine-guanine phosphoribosyltransferase (HPRT).
Primers designed to amplify HPRT were as follows: Forward (5’
- 3): TCAGGCAGTATAATCCAAAGATGGT, and Reverse (5
- 3'): AGTCTGGCTTATATCCAACACTTCG. qPCR data was
analyzed using QuantStudio™ Software V1.2 and GraphPad
Prism 6. The following equation was used to calculate relative
gene expression: Gene/house-keeping gene = 272C% where
ACt = geneci-house-keeping genec; (the difference in cycle
thresholds).

IL-8 ELISA

TEpi cells were infected with GAS as described above.
At each time point post-infection, the media was removed
from each well and centrifuged at 13,000 x g for 5min
at 4°C. The pellet was then discarded and the supernatant
stored at —80°C. IL-8 protein levels were measured by
ELISA according to manufacturer’s directions (BD Biosciences
OptEIA™, Cat. # 555244) using 96 well-microplates (Greiner
Bio-One, Cat. # 655001). O-phenylenediamine dihydrochloride
(Thermo Scientific Pierce, Cat. # 34006) was used as a substrate
for horseradish peroxidase. Sample absorbance was measured
by spectrophotometer (SpectraMax Plus 384, Softmax Pro 5.4
software) at 492nm, with A correction at 570 nm. Sample
readings were analyzed using Prism 7 software, and protein
concentrations were interpolated by linear regression of samples
against a known standard curve of human IL-8.

GAS Cell Wall Fractionation and Western
Blot Analysis

The fractionation protocol was adapted from Sumby et al.
(2008). GAS strains were grown to mid-exponential phase
(ODggp = 0.45) in THY containing 28 pm E-64 (Sigma-Aldrich,
E3132), before being pelleted by centrifugation at 8,000 x g for
20min at 4°C. The bacterial pellet was washed twice with TE
buffer (50 mM Tris-HCl, 1 mM EDTA; pH 8.0), supplemented
with 1 mM PMSF (Sigma-Aldrich, P7626). The bacterial pellet
was then resuspended in cold TE-sucrose buffer (50 mM Tris-
HCI, 1mM EDTA, 20% w/v sucrose; pH 8.0), supplemented
with 5mg lysozyme (Amresco, Cat. #0663), 200 U mutanolysin
(Sigma-Aldrich, M9901), and protease inhibitor cocktail (Roche,
Cat. #1187358). Samples were incubated for 2h at 37°C with
shaking (200 rpm). Samples were centrifuged at 16,000 x g
for 5min at room temperature, and supernatants containing
the cell wall fraction were retained. Protein concentrations
were determined using bicinchoninic acid (BCA) assay (Thermo
Scientific, Cat. #23225) following the manufacturer’s instructions.
Equivalent protein concentrations of samples were diluted in
SDS-PAGE loading buffer/0.1 M DT, boiled for 5min at 100°C,
before being loaded and resolved on a SDS-PAGE gel prepared
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as described by previous studies (Schigger and von Jagow,
1987). Proteins were transferred to a methanol-activated PVDF
membrane (Immobilon-FL, Millipore) using a wet transfer
apparatus (Bio-Rad) at 100V for 2h. Membranes were then
blocked in Odyssey blocking buffer for 1h at room temperature.
For detection of SpyCEP protein produced by GAS strains,
anti-SpyCEP sera was generated by immunizing 4-6 week old
BALB/c mice using purified recombinant SpyCEP (amino acids
40-683) in its inactive form (D151A S617A), and used at
1:1,000 dilution. This polyclonal antibody was cross-absorbed
twice against cell-wall extract from 5448 AcepA (pDCermcepA)
that had been impregnated onto methanol-activated PVDF
membranes. Secondary antibody conjugated with a fluorescent
dye (Anti-mouse IgG, Alexa Fluor® 488 Conjugate #4408, Cell
Signaling Technology®) was utilized, and bound secondary
antibody was detected using near-infrared (NIR) western blot
detection system Odyssey CLx (Li-Cor Biosciences).

IL-8 Degradation Assays

GAS strains grown to early stationary phase in THY broth
were pelleted and washed twice in PBS before dilution to
an ODggg of 0.40. GAS was then added to DMEM + 10%
FCS containing 400 pg/ml of recombinant human IL-8 (BD
Biosciences Pharmingen™, Cat. # 554609), and incubated at
37°C. IL-8 alone and 5448AcepA were included as negative
controls.
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Table S1 | Metadata for transcriptome interaction network and pathway analysis
of 5448 intracelluarly infected TEpi cells. Pathway over-representation analysis
performed using InnateDB of all differentially expressed genes (adjusted P < 0.05,
Log2FC >1 or <-1). All significantly over-represented pathways are shown
(adjusted P < 0.05). Protein-protein interaction data type from stringDB output
described.

Table S2 | Metadata for transcriptome interaction network and pathway analysis
of JRS4 intracellularly infected TEpi cells. Pathway over-representation analysis
performed using InnateDB of all differentially expressed genes (adjusted P < 0.05,
Log2FC >1 or <-1). All significantly over-represented pathways are shown
(adjusted P < 0.05). Protein-protein interaction data type from stringDB output
described.

Table S3 | Metadata for transcriptome interaction network and pathway analysis
of 5448 intracellularly infected TEpi cells in comparison to JRS4 infected cells.
Pathway over-representation analysis performed using InnateDB of all differentially
expressed genes (adjusted P < 0.05, Log2FC >1 or <-1). All significantly
over-represented pathways are shown (adjusted P < 0.05). Protein-protein
interaction data type from stringDB output described.

Figure S1 | TEpi cell death during intracellular infection with JRS4 or 5448 GAS
strains. Cell death measured as percentage of LDH released from TEpi cells after
6 or 24 h following GAS infection. Data are plotted as the mean + s.e.m. and
represent three independent experiments performed in triplicate and analyzed by
two-way ANOVA with Tukey's post-test. Significance shown is relative to mock,
unless otherwise indicated. *P < 0.05; ***P < 0.001.

Figure S2 | Invasion rate and intracellular survival of JRS4 and 5448 GAS strains
during TEpi cell infection. Confluent TEpi cells were infected with either GAS strain
at an MOI of 5. (A) Invasion rate was measured at each time post-infection by
lysing TEpi cells with 0.2% Triton X-100, before performing a colony forming unit
(CFU) assay. TEpi cells infected in parallel were washed and treated with
gentamicin for 2 h, before being lysed and CFU assay performed. The invasion
rate was measured by dividing the CFU counts of gentamicin treated TEpi cells by
non-gentamicin treated wells at each time point. (B) Intracellular survival of GAS
was measured by infecting confluent TEpi cells with either GAS strain for 2 h,
before replacing the media with gentamicin-containing media for the duration of
the experiment. At each time point post-infection, TEpi cells were lysed with 0.2%
Triton X-100 and CFU assay performed. Results are representative of three
independent experiments.

Figure S3 | Amino acid sequence alignment between the cepA genes of 5448
and JRS4. The amino acid residues required for serine protease activity are
highlighted (red boxes). An asterisk (*) indicates positions which have a conserved
residue, a colon (:) and green lettering indicates conservative amino acid changes,
and a period (.) and blue lettering indicates semi-conservative changes.
Non-conservative changes are indicated by red lettering. 5448 GenBank
accession number: CP008776, SpyCEP protein ID: AKK70939; JRS4 GenBank
accession number: CPO11414, SpyCEP protein ID: AKI75695.

Figure S4 | RNAseq transcriptome network and pathway enrichment of 5448
GAS-intracellularly infected primary tonsil epithelial cells in comparison to
JRS4-infected cells. (A) Protein-protein interaction network from the top 100
differentially expressed genes (at an adjusted P < 0.05) for 5448-intracellularly
infected TEpi cells in comparison to JRS4-infected TEpi cells, generated using
STRINGdDb (http://string-db.org/). Network edges show the confidence of
interactions, where the line thickness indicates the strength of data support.
Active interaction sources include textmining, experiments, databases,
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co-expression, neighborhood, gene fusion and co-occurrence. Minimum required
interaction score of medium confidence (0.400). Non-protein coding genes and
disconnected nodes are not shown. Node color is arbitrary. (B) Pathway
over-representation analysis of all differentially expressed genes (adjusted
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