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ABSTRACT Group B Streptococcus (GBS) is an opportunistic bacterial pathogen that
contributes to miscarriage, preterm birth, and serious neonatal infections. Studies
have indicated that some multilocus sequence types (STs) of GBS are more likely to
cause severe disease than others. We hypothesized that the ability of GBS to elicit
varying host responses in maternal decidual tissue during pregnancy is an important
factor regulating infection and disease severity. To address this hypothesis, we uti-
lized an antibody microarray to compare changes in production and activation of
host signaling proteins in decidualized telomerase-immortalized human endometrial
stromal cells (dT-HESCs) following infection with GBS strains from septic neonates or
colonized mothers. GBS infection increased levels of total and phosphorylated
mitogen-activated protein kinase (MAPK) family members such as p38 and JNK and
induced nuclear factor kappa B (NF-�B) pathway activation. Infection also altered the
regulation of additional proteins that mediate cell death and inflammation in a
strain-specific manner, which could be due to the observed variation in attachment
to and invasion of the decidual stromal cells and ability to lyse red blood cells. Fur-
ther analyses confirmed array results and revealed that p38 promotes programmed
necrosis in dT-HESCs. Together, the observed signaling changes may contribute to
deregulation of critical developmental signaling cascades and inflammatory re-
sponses following infection, both of which could trigger GBS-associated pregnancy
complications.
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Group B Streptococcus (GBS), also known as Streptococcus agalactiae, frequently
colonizes the gastrointestinal and genitourinary tracts of up to 35% of pregnant

women worldwide (1). Although GBS colonization is often asymptomatic, it can cause
serious complications during pregnancy, including preterm birth and stillbirth, and
result in neonatal sepsis and meningitis (2). As maternal GBS colonization is the primary
risk factor for prenatal and neonatal disease, women are routinely screened for GBS
during pregnancy. In colonized mothers, GBS can induce pregnancy complications by
ascending through the vaginal tract and cervix, crossing the extraplacental membranes
surrounding the fetus, and initiating a fetal infection in utero (3, 4). It is also possible for
infants to become infected as they pass through the birth canal during delivery by
aspirating vaginal fluid containing GBS (3, 4). Newborns exposed to GBS may develop
early-onset disease (EOD), which occurs during the first week after birth and typically
presents as pneumonia and sepsis, or late-onset disease (LOD), which presents as
meningitis and sepsis and occurs from 1 week to 3 months of age (2). To lower the
probability of developing EOD, it is recommended that colonized mothers receive
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intrapartum antibiotic prophylaxis (IAP) during delivery; unfortunately, this intervention
is not effective at reducing the risk of GBS-related pregnancy complications or LOD in
neonates (2).

Dysregulated inflammatory signaling has been shown to contribute to adverse
pregnancy outcomes such as extraplacental membrane weakening, which can lead to
miscarriage, preterm birth, or neonatal sepsis (3, 5–7). To develop novel prevention and
diagnostic strategies capable of combating GBS infection during pregnancy, a more
complete understanding of how GBS modulates host signaling at the maternal-fetal
interface is of critical importance. When GBS ascends the vaginal tract, passes through
the cervix, and enters the uterus, it encounters the extraplacental membranes, which
protect and surround the developing fetus in utero (7). The decidua, or outermost layer
of the extraplacental membranes, is the first layer of cells with which GBS must interact
to gain access to the fetus (7). This tissue layer is composed primarily of decidual
stromal cells (DSCs), though it is also interspersed with macrophages (7).

Results from our group and others have shown that GBS strains belonging to
specific multilocus sequence types (STs), such as ST-17 and ST-19, are more likely to
cause neonatal infections (8–10) and persist in women following childbirth and anti-
biotic prophylaxis (11). ST-17 strains specifically have been linked to late-onset disease
and meningitis (10) and were found to possess unique virulence genes and virulence
characteristics (12–14). Select ST-17 strains evaluated in our prior studies have been
shown to have an enhanced ability to attach to and invade DSCs, express key virulence
genes (15), and persist in macrophages (16, 17). Strains representing other genotypes,
such as ST-12, for instance, were more commonly found in pregnant women than in
infected neonates and were more likely to be lost after antibiotic prophylaxis during
childbirth (11). A select ST-12 strain also survived poorly inside macrophages compared
to a ST-17 strain (16). Moreover, we have recently evaluated a larger panel of 15 GBS
strains representing four STs (e.g., STs 17, 19, 12, and 1) and three capsule (CPS) types
(e.g., CPS III, II, and V) and have found that strains of the same ST and/or CPS type
induce similar cytokine responses from macrophages in vitro (18).

Because of this phenotypic and genotypic variation in clinical GBS strains as well as
the epidemiological relevance of specific strain types, we sought to investigate how
DSC responses vary following exposure to GBS of different genotypes. We hypothesized
that distinct GBS strains would vary in their ability to elicit programmed cell death and
induce inflammatory signaling cascades in infected DSCs. While some death and
inflammatory responses were induced by all GBS strains, others were unique to specific
strains or genotypes. These findings shed light on why certain STs may induce more
severe pathology and provide new insights for the development of novel therapeutic
intervention strategies for the prevention and treatment of GBS disease.

RESULTS
Antibody-based protein array reveals general and strain-specific responses to

GBS infection by DSCs. The antibody array identified many proteins with significantly
altered total or phosphorylated levels in the presence of at least one of the four GBS
strains examined. A subset of these responses varied at 2 h (see Table S1 in the
supplemental material) and 3 h (see Table S2) following infection of decidualized
human endometrial stromal cells (dT-HESCs). Pooling the response targets for all four
strains allowed us to elucidate general DSC responses to GBS infection. When the
targets were grouped according to function, signaling pathways for the regulation of
inflammation and the immune response, cell survival and metabolism, rearrangement
of the cytoskeleton and cell-cell contacts, hormone signaling, and angiogenesis were
most affected (Table 1). Due to the interconnectedness of these pathways, many
proteins fell into multiple categories; the most dramatic responses were observed after
3 h. Notably, a set of 34 proteins had 10-fold increases in phosphorylated or total
protein levels relative to those with mock infection for at least one GBS strain (see Table
S3). Arrestin B, G-protein-coupled receptor kinase 2 (GRK-2), myosin light chain (MLC),
platelet-derived growth factor receptor alpha (PDGFRa), and protein kinase cAMP-
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activated catalytic subunit alpha (PRKACA) were increased by �15-fold, while signal
transducer and activator of transcription 2 (STAT2) had a 142- to 318-fold increase.

GBS induces MAPK signaling in DSCs. Because pathways affecting stress re-
sponses, inflammatory signaling, and cell death regulation were impacted by GBS
infection, key members involved in these processes were selected for follow-up anal-
ysis. Members of the mitogen-activated protein kinase (MAPK) family, which aid in the
regulation of cellular responses and play roles in death and inflammatory signaling (19),
had the greatest number of significant changes (data not shown). Indeed, significant
changes in protein activity and level were observed in response to GBS infection at
both 2 and 3 h postinfection, particularly for proteins involved in the stress-activated
p38 and Jun N-terminal kinase (JNK) MAPK pathways (data not shown). For example,
significantly increased phosphorylated (active) p38 levels were observed following
infection with all four GBS strains after 3 h (Fig. 1A) even though no difference was
observed for total p38 (Fig. 1B). An increase in phosphorylated (phospho)-JNK was also
observed at 3 h; however, the increase was only significant for the two non-ST-17
strains, GB590 and GB653 (Fig. 1C). No difference in total JNK levels was observed (Fig.
1D), and the variation in protein levels was confirmed using Western blotting (Fig. 1E).

TABLE 1 Proteins with significantly altered total or phosphorylated levels following
infection with at least one of the four GBS strains at 2 or 3 ha

aColor coding corresponds to the number of array hits for each pathway at the two time points tested.
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A significant increase in total but not phosphorylated levels of Fos was observed for
the ST-17 GB411 invasive strain as well as the ST-19 GB590 colonizing strain (Fig. 2A and
B), both of which possess the capsule type (CPS) III. In contrast, the level of phospho-
Jun but not total Jun was increased at 3 h for only the two ST-17 CPS III strains, GB112
and GB411 (Fig. 2C and D). Phosphorylated crystallin �B was also increased by 3 h (Fig.
2E) for all four GBS strains, though the highest levels were seen in GB411. Interestingly,
a decline in total levels of crystallin �B was observed for all infection conditions but was
only significant for the ST-12 CPS II strain, GB653, at 3 h postinfection (Fig. 2F); both
GB411 and GB590 were not quite significant (P � 0.06). As this protein is activated in
response to stress and normally functions to inhibit programmed cell death, enhanced
levels of phospho-crystallin �B along with declining levels of total protein suggest that
the stress of GBS infection induces a shift that can lead to programmed cell death. All
protein levels and differences were confirmed by Western blotting (Fig. 2G).

GBS induces nuclear factor kappa B signaling in DSCs downstream of JNK
MAPK activation. Members of the nuclear factor kappa B (NF-�B) proinflammatory
pathway, which is frequently activated downstream of MAPK signaling, were also
activated following GBS infection (data not shown). To confirm activation of this
pathway, immunofluorescence microscopy was used to examine nuclear localization of
NF-�B in response to mock or GBS infection with each of the four strains at 2 through

FIG 1 GBS induces strain-specific activation of stress-responsive MAPKs. T-HESCs were infected with GBS
for 2 or 3 h (MOI � 10), and host cell lysates were collected for Western blotting. Lysates were assessed
for phosphorylated (active) or total protein levels of p38 (A and B) and JNK (C and D), and densitometry
was used to compare differences between infection conditions. Densitometry values represent pooled
results from at least three independent biological replicates, and error bars represent standard deviations
of the means. Significance was determined by ANOVA (p-p38, P � 0.0001; p38, P � 0.8053; p-JNK, P �
0.0001; JNK, P � 0.4604; p-ERK1/2, P � 0.9963; ERK1/2, P � 0.6838) with post hoc Dunnett’s testing to
compare each infection condition to the mock infection. *, P � 0.05; **, P � 0.01; ****, P � 0.0001. (E)
Representative Western blots from one biological replicate with its corresponding loading control
(GAPDH) are shown. Equal amounts of the same protein lysate preparations were loaded onto the gels
for each protein.
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5 h postinfection (data not shown). A significant increase in NF-�B activation was
observed for all four strains by 5 h postinfection (Fig. 3A). Intriguingly, activation
occurred more rapidly and was more widespread in response to the two non-ST-17
strains than in response to the two ST-17 strains. These results correlated with decreas-
ing levels of the NF-�B inhibitory protein, I�B, which was significantly reduced for all

FIG 2 GBS induces strain-specific activation of downstream MAPK transcription factors and effectors.
Phosphorylated (active) and total protein levels of Fos (A and B), Jun (C and D), and crystallin �B (CRYaB;
E and F) are shown and differences were calculated based on the densitometry values. These values
represent pooled results from at least three independent biological replicates, and error bars represent
standard deviations of the means. Significance was determined by ANOVA (p-Fos, P � 0.1976; Fos, P �
0.0384; p-Jun, P � 0.0003; Jun, P � 0.0001; p-CRYaB, P � 0.0001; CRYaB, P � 0.0114) with post hoc
Dunnett’s testing to compare each infection condition to the mock infection. *, P � 0.05; **, P � 0.01;
***, P � 0.001; ****, P � 0.0001. (G) Representative Western blots from one biological replicate of each
protein target with its corresponding loading control (GAPDH) are shown. Equal amounts of the same
protein lysate preparations were loaded onto the gels for each protein target shown.
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four strains by 3 h postinfection (Fig. 3B). Similarly, depletion of I�B was most pro-
nounced in response to the two non-ST-17 strains. Protein levels were confirmed by
Western blotting (Fig. 3C).

To determine whether the increase in NF-�B activity was occurring downstream of
p38 and JNK, we treated DSCs with the p38 inhibitor SB203580 as well as the JNK
inhibitor SP600125 (data not shown) for comparison to vehicle controls prior to mock
infection or infection with each strain. Although inhibition of p38 did not significantly
decrease NF-�B nuclear localization (Fig. 4A), JNK inhibition contributed to a significant
reduction in activation of NF-�B for each strain at 5 h postinfection (Fig. 4B). Together,
these data suggest that JNK activation contributes to NF-�B pathway activation in the
presence of GBS and that this occurs independently of p38 activity.

FIG 3 GBS induces NF-�B pathway activation. (A) T-HESCs were infected with GBS for 3, 4, or 5 h at an
MOI of 10 prior to fixation, nuclear staining (DAPI), and detection of NF-�B p65 (Alexa Fluor 488) by
immunofluorescence microscopy. Percent NF-�B nuclear localization compares the number of cells with
positive nuclear localization (Alexa Fluor 488) to the total cell number in a given field (DAPI) using
ImageJ. Results from multiple fields from three independent biological replicates were pooled and
graphed for each time point, with error bars representing standard deviations. Significance was deter-
mined by ANOVA (3 h, P � 0.025; 4 h, P � 0.0001; 5 h, P � 0.0001) with post hoc Dunnett’s testing to
compare each infection condition to the mock infection. *, P � 0.05; **, P � 0.01; ***, P� 0.001; ****, P �
0.0001. (B and C) Total levels of I�B were assessed 2 and 3 h postinfection (p.i.) by Western blotting. I�B
was normalized to a beta-tubulin loading control, and densitometry values represent pooled results from
four independent biological replicates. Significance was determined by ANOVA (P � 0.0001) with post
hoc Dunnett’s testing to compare each infection condition to the mock infection. ***, P � 0.001; ****, P �
0.0001.
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GBS induces programmed cell death in DSCs downstream of p38 MAPK acti-
vation. In addition to regulating the induction of many proinflammatory responses,
stress-activated MAPKs often aid in the regulation of programmed cell death (19). The
array data indicated changes in the activation and total protein levels of proteins such
as p53, Akt, and mammalian Ste20-like kinases 1, 2, and 3 (MST 1, 2, and 3, respectively),
which are involved in the regulation of various programmed cell death pathways (data
not shown). To address how DSC signaling responses contribute to the induction of
programmed cell death, we compared changes in cell death during infection using
an ethidium homodimer membrane permeabilization assay. Significantly enhanced
cell death was observed by 4 h in response to all four strains and occurred most
rapidly in response to the ST-12 GB653 strain (Fig. 5A). Inhibition of p38 resulted in
a modest but significant reduction in cell death in response to all four strains (Fig.
5B). In contrast, inhibition of JNK caused a significant increase in cell death in
response to the GB112, GB411, and GB653 strains, with a trend toward increased
cell death in the GB590 strain (P � 0.06) (Fig. 5C). These data indicate that p38
activation contributes to the induction of programmed cell death in response to
GBS infection, while JNK activation has a prosurvival effect, perhaps through its
contribution to NF-�B pathway activation.

FIG 4 Effects of p38 and JNK inhibition on GBS-mediated NF-�B nuclear localization. T-HESCs were
infected with GBS for 5 h at an MOI of 10 prior to fixation, nuclear staining (DAPI), and detection of NF-�B
p65 (Alexa Fluor 488) by immunofluorescence microscopy. Prior to infection, cells were treated for 1.25 h
with 10 �M SB203580 (p38 inhibitor) (A), 25 �M SP600125 (JNK inhibitor) (B) or a vehicle control (DMSO).
Percent NF-�B nuclear localization was determined by comparing the number of cells with positive
nuclear localization (Alexa Fluor 488) to the total cell number in a given field (DAPI) using ImageJ. Results
from at least two fields (�300 individual cells per condition per time point) from each of three
independent biological replicates were pooled and graphed for each time point, with error bars
representing standard deviations. Significance was determined by t tests to compare differences be-
tween the inhibitor treatment for each infection condition with the corresponding vehicle control for the
same infection condition. ns, not significant; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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GBS-mediated cell death in DSCs occurs through RIPK1- and RIPK3-dependent
programmed necrosis. To determine whether cell death was dependent on caspases,
cells were treated with a general caspase inhibitor prior to infection with GBS. The
caspase inhibitor significantly reduced cell death by 10% to 20% under the GB112,
GB411, and GB590 infection conditions (Fig. 6A). To confirm that GBS-induced pro-
grammed cell death was dependent on caspases, we assessed caspase 3/7 activation at
2 through 5 h postinfection (Fig. 6B). Although we saw a slight increase in caspase 3/7
activation at 3 h postinfection, we observed a dramatic loss of caspase 3/7 activity (1.4-
to 2.9-fold) by 4 h postinfection. Activity was further decreased (1.7- to 3.2-fold) at 5 h.
In the presence of staurosporine, however, GBS reduced caspase 3/7 activation to levels
that were 4-fold lower than those observed under mock infection conditions containing
staurosporine (Fig. 6C). These results suggest that GBS infection may be actively
degrading or inhibiting the activation of caspases.

FIG 5 GBS-mediated cytotoxicity in DSCs is influenced by p38 and JNK MAPK signaling. (A) T-HESCs were
infected with GBS for 4, 4, or 5 h at an MOI of 10, and cell death was assessed using an ethidium
homodimer membrane permeabilization assay. Significance was determined by ANOVA (3 h, P � 0.0449;
4 h, P � 0.0001; 5 h, P � 0.0001) with post hoc Dunnett’s testing to compare each infection condition
to the mock infection. *, P � 0.05; ****, P � 0.0001. Effects of p38 inhibition on cell death were assessed
by treating cells for 1.25 h prior to infection with 10 �M SB203580 (B), and effects of JNK inhibition were
assessed by treating cells for 1.25 h prior to infection with 25 �M SP600125 (C). Cell death for p38 and
JNK inhibition compared to corresponding vehicle controls for each infection condition was assessed 4 h
postinfection by ethidium homodimer assay, and significance was determined by t tests. *, P � 0.05; **,
P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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As GBS-infected DSCs did not appear to be undergoing caspase-dependent apo-
ptosis, we explored whether they might be undergoing programmed necrosis, or
necroptosis. Necroptosis is one of the best-characterized forms of programmed necro-
sis and relies on the activation of receptor-interacting protein kinase 1 (RIPK1) and
RIPK3 to form a complex called the necrosome (20–22). Necrosome formation leads to
activation of the protein mixed lineage kinase domain-like (MLKL) and ultimately to cell
rupture and release of inflammatory factors (20–22). To determine whether GBS was

FIG 6 Classic apoptosis is not the primary mechanism by which GBS mediates cytotoxicity in DSCs. (A)
T-HESCs were treated with 50 �M Z-VAD-fmk for 1.25 h prior be being infected with GBS for 4 h at an
MOI of 10. Cell death was assessed using an ethidium homodimer membrane permeabilization assay.
Results from at least three independent biological replicates were pooled, and significance was deter-
mined by t tests to compare each treatment condition to the corresponding vehicle control for the same
strain. ****, P � 0.0001. (B) Activity levels of the executioner caspases 3 and 7 were measured 2 through
5 h postinfection at an MOI of10. Results from at least three independent biological replicates were
pooled, and significance was determined by ANOVA (2 h, P � 0.1615; 3 h, P � 0.3582; 4 h, P � 0.0001;
5 h, P � 0.0001) with post hoc Dunnett’s testing to compare each infection condition to the mock
infection. **, P � 0.01; ****, P � 0.0001. (C) Caspase 3/7 activation 4 h postinfection was assessed in the
presence of 2 �M staurosporine (STS) or DMSO vehicle control. Results from at least three independent
biological replicates were pooled, and significance was determined by t tests to compare each STS
treatment condition to the corresponding vehicle control for the same strain. ***, P � 0.001; ****, P �
0.0001.
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inducing necroptosis in DSCs, cells were treated with RIPK1 and RIPK3 inhibitors prior
to infection (Fig. 7A). Both inhibitors significantly reduced programmed cell death by
10% to 15% in response to all four strains of GBS. Significantly increased levels of
phospho-MLKL (4- to 8-fold) were also observed by 3 h postinfection in response to all
four strains, though no difference was noted for total MLKL levels (Fig. 7B). Protein
levels were confirmed by Western blotting (Fig. 7C).

Morphologically, the GBS-infected cells had a swollen appearance consistent with
the onset of the membrane permeabilization that occurs during necrotic cell death
(data not shown). Interestingly, by 4 to 5 h postinfection, infected cells underwent a
noticeable reduction in nuclear size with an accompanying shriveled appearance of the
cell body. This reduction was most noticeable following exposure to the GB653 strain
and in the presence of the JNK inhibitor (data not shown), which could be due to
continued breakdown of the ruptured membranes as the infection progressed.

FIG 7 GBS induces necroptosis in infected DSCs. (A) T-HESCs were treated with 15 �M GSK-872 or 50 �M
necrostatin-1 for 1.25 h prior be being infected with GBS for 4 h at an MOI of 10. Cell death was assessed
using an ethidium homodimer membrane permeabilization assay. Results from at least three indepen-
dent biological replicates were pooled, and significance was determined by t tests to compare each
treatment condition to the corresponding vehicle control for the same strain. ***, P � 0.001; ****, P �
0.0001. Levels of phosphorylated (active) and total MLKL were assessed by Western Blotting in T-HESC
lysates 2 and 3 h post-GBS infection at an MOI of 10. (B) Phosphorylated and total levels of MLKL were
normalized to GAPDH, and densitometry values represent pooled results from at least three independent
biological replicates. Significance was determined by ANOVA (p-MLKL, P � 0.0001; MLKL, P � 0.871) with
post hoc Dunnett’s testing to compare each infection condition to the mock infection. **, P � 0.01; ***,
P � 0.001; ****, P � 0.0001. (C) Representative Western blots from one biological replicate of each protein
target with its corresponding loading control (GAPDH) are shown. Equal amounts of the same protein
lysate preparations were loaded onto the gels for each protein target shown.
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GBS induces general and strain-specific changes in decidual cytokine signaling.
Because GBS infection increased both proinflammatory and prodeath signaling path-
ways, we also investigated how GBS infection impacts cytokine production in DSCs
via cytokine array (data not shown). Despite significant activation of p38, JNK, and
NF-�B, only minimal production of most proinflammatory cytokines was observed
in DSCs in response to all four GBS strains (Fig. 8A). Cytokine array analyses
indicated modest GBS-induced cytokine elevation for leukocyte activators such as
granulocyte colony-stimulating factor (G-CSF) and interleukin 4 (IL-4) as well as for
multifunctional proinflammatory cytokines such as I-309 and IL-6 and the angio-
genesis regulator angiogenin. In contrast, many leukocyte activators and chemo-
kines, such as epithelial-neutrophil activating peptide 78 (ENA-78), IL-8, and
granulocyte-macrophage colony-stimulating factor (GM-CSF), were markedly down-
regulated during all GBS infections compared to those with mock infection. The
same was true for several multifunctional proinflammatory cytokines, including
IL-1� and tumor necrosis factor alpha (TNF-�) as well as regulators of cell growth
and embryonic and placental development (e.g., fibroblast growth factor 4 [FGF-4],
Flt-3 ligand, placental growth factor [PLGF], and transforming growth factor �1
[TGF-�1]).

It is interesting to note that several strain-specific cytokine responses were also
observed (Fig. 8B). The ST-17 GB411 strain isolated from a neonate with sepsis induced
more widespread reductions in inflammatory and growth and development-related
cytokines than the other three GBS strains isolated from colonized mothers. This
invasive strain also induced lower levels of the anti-inflammatory cytokine IL-13.

GBS strains exhibit variation in attachment to and invasion of DSCs and lysis
of RBCs. The ability of each of the strains to attach to and invade DSCs under
conditions matching those used in the signaling analyses was evaluated. Though only
a small percentage of the total bacterial population attaches to and invades DSCs under
these conditions, our results demonstrate that the two ST-17 strains attached and
invaded the cells better than the two non-ST-17 strains (Fig. 9A to C). In addition, we
evaluated variation in the production of �-hemolysin/cytolysin (�H/C), which has been
shown to be cytolytic against multiple host cell types and can cause damage to
maternal and fetal tissues during pregnancy (23). Our results indicate that the ST-12
strain (GB653) induced more rapid red blood cell (RBC) lysis than the ST-17 and ST-19
strains as well as control strain GB37 (Fig. 10), which was previously shown to lack �H/C
production (24). These findings were consistent with the cytotoxicity trends observed
in DSCs.

DISCUSSION

The goal of this study was to characterize general and strain-specific responses
induced in DSCs following infection with four unique GBS clinical isolates. The use of
an antibody-based protein array enabled the identification of major pathways involved
in the regulation of inflammation and immune responses, cell survival and metabolism,
cytoskeletal and cell-cell contact regulation, hormone signaling, and angiogenesis that
are modulated in response to GBS infection. We anticipate that GBS-mediated altera-
tion of specific inflammatory and immune responses impacts the ability of infected
mothers and neonates to appropriately recognize and respond to GBS infection.
Changes in the regulation of cell survival, cytoskeleton rearrangements, and cell-cell
contacts are likely to influence GBS colonization and invasion of host cells and nega-
tively impact the integrity of infected tissue, which may also contribute to extrapla-
cental membrane weakening as was discussed in a prior study (25). Additionally,
GBS-mediated modulation of cellular metabolism, hormone signaling, and angiogen-
esis could have severe impacts on fetal development, perhaps contributing to out-
comes such as miscarriage or stillbirth.

The MAPK family, particularly, members of the p38 and JNK pathways, had the
greatest number of pathway members whose total or phosphorylated levels were
altered in the presence of GBS infection. Strain-specific differences were also observed.
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A.
Shared T-HESC cytokine responses to GBS

Cytokines with increased production Cytokines with reduced production
GB112 GB411 GB590 GB653 GB112 GB411 GB590 GB653

GCSF 1.15 1.88 1.16 1.17 ENA-78 0.66 0.67 0.77 0.61
GRO 1.48 1.17 1.56 0.89 GM-CSF 0.49 0.28 0.70 0.41
I-309 1.01 1.17 1.23 2.08 IL-1β 0.54 0.56 0.58 0.78
IL-4 1.90 0.97 1.25 1.34 IL-5 0.71 0.84 0.68 0.64
IL-6 1.54 1.10 1.29 1.25 IL-8 0.96 0.84 0.67 0.41
IL-13 1.52 0.88 1.56 1.79 TARC 0.53 0.71 0.64 0.62
IL-15 1.21 0.96 1.23 1.27 TGF-β1 1.24 0.42 0.73 0.79
Angiogenin 1.44 1.09 1.33 1.17 TNF-α 0.95 0.43 0.61 0.62
MIF 1.24 1.19 1.26 1.10 BNDF 0.85 0.63 0.87 0.65

Ck β 8-1 1.08 0.57 0.84 0.77
Eotaxin-2 0.85 0.75 1.12 0.76
FGF-4 0.57 0.30 0.43 0.32
Flt-3 Ligand 0.75 0.55 0.43 0.63
Fractalkine 0.87 0.67 0.74 0.71
GCP-2 0.85 0.62 0.75 0.58
GDNF 0.85 0.70 0.83 0.71
IGFBP-1 1.02 0.61 0.73 0.73
IGFBP-4 0.84 0.76 0.45 0.58
LIGHT 0.89 0.70 0.76 0.80
MCP-4 0.80 0.64 0.69 0.61
MIP-3α 0.71 0.38 0.76 0.58
NAP-2 0.68 0.73 0.82 0.53
NT-3 0.84 0.84 0.94 0.72
PLGF 0.41 0.49 0.44 0.52

B.
Unique T-HESC responses to specific GBS strains and sequence types

Unique ST-17 vs. non-ST-17 responses Unique responses to GB112 (Colonizing ST-17)
GB112 GB411 GB590 GB653 GB112 GB411 GB590 GB653

FGF-6 1.49 1.43 0.57 0.98 IL-4 1.90 0.97 1.25 1.34
NT-4 1.25 1.23 0.45 0.73 IL-6 1.54 1.10 1.29 1.25
IGFBP-4 0.84 0.76 0.45 0.58 MCP-2 1.70 0.51 1.17 1.01
IL-8 0.96 0.84 0.67 0.41 TNF-α 0.95 0.43 0.61 0.62
Osteoprotegerin 0.96 0.99 0.68 0.82 TNF-β 1.32 0.80 1.03 0.76
TGF-β3 0.85 0.67 1.13 1.04 IGFBP-3 1.59 0.97 0.90 1.13

Unique responses to GB411 (Invasive ST-17) Unique responses to GB590 (Colonizing ST-19)
GB112 GB411 GB590 GB653 GB112 GB411 GB590 GB653

GCSF 1.15 1.88 1.16 1.17 GRO 1.48 1.17 1.56 0.89
IL-3 0.84 1.27 0.93 1.02 GRO-α 1.14 0.75 1.58 0.78
IL-13 1.52 0.88 1.56 1.79 IL-1α 0.83 1.12 0.63 1.28
MCP-1 0.89 1.33 0.98 0.86 IL-12 1.12 0.86 0.65 1.05
MCP-2 1.70 0.51 1.17 1.01 IL-16 1.05 0.88 0.62 0.88
IL-15 1.21 0.96 1.23 1.27 NT-4 1.25 1.23 0.45 0.73
IFN-γ 1.16 0.52 0.73 1.01 Osteopontin 1.03 1.03 0.60 1.00
MDC 0.99 0.57 1.12 0.72
SDF-1 0.99 0.55 0.75 0.91 Unique responses to GB653 (Colonizing ST-12)
TGF-β1 1.24 0.42 0.73 0.79 GB112 GB411 GB590 GB653
BLC 1.06 0.60 0.96 0.77 I-309 1.01 1.17 1.23 2.08
Ck β 8-1 1.08 0.57 0.84 0.77 IL-5 0.71 0.84 0.68 0.64
IGFBP-1 1.02 0.61 0.73 0.73 IL-7 0.97 0.81 1.10 0.60
TGF-β3 0.85 0.67 1.13 1.04 MIG 1.24 1.08 1.27 0.76

MIP-1b 1.12 0.69 1.06 0.63
EGF 1.10 0.73 1.01 0.66
IGF-I 0.89 0.85 0.99 0.62

FIG 8 DSC cytokine responses to specific GBS strains or genotypes. Values are expressed as a ratio of the densitometry value of each
infection condition compared to that for mock infection. Values of �1 indicate an increase, and values of �1 indicate a decrease. (A)
Responses with similar trends for all four infection conditions are shown if an increase or decrease of �15% from mock infection was
observed for at least three of the four strains. (B) Responses that were unique to specific GBS strains or sequence types (STs) are shown.
Pink cells indicate increased fold changes and blue cells indicate decreased fold changes, while bolded values are �1.5-fold higher
or lower than that for the mock infection. Underlined values indicate cases where the mock infection and the infection condition
being compared both had values that were similar to or less than the internal negative-control values; such values are likely to be
below the range of accurate detection.
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Our data also suggest that JNK contributes to NF-�B pathway activation, while p38
promotes the induction of programmed cell death in DSCs. The connection between
p38 activation and enhanced cytotoxicity was further supported by the increase in
phospho-crystallin �B with an accompanying decline in total protein levels. As this
protein is activated in response to stress and normally functions to inhibit programmed
cell death, the observed changes suggest that the stress of GBS infection induces a
signaling shift that ultimately leads to programmed cell death.

Activations of p38, JNK, and NF-�B have been observed in macrophage cell lines in

FIG 9 GBS strains exhibit various attachment and invasion capabilities in DSCs. T-HESCs were infected
with GBS for 2 h at an MOI of 10. The number of bacteria for each condition is expressed relative to the
total number of bacteria in each well at the end of the infection period (2 h). (A) The percentages of
cell-associated bacteria include both attached and invaded bacteria relative to the final inoculum. (B) The
percent invaded values represent bacteria obtained from lysed DSCs 1 h post-antibiotic treatment (to kill
extracellular bacteria) and normalized to the final inoculum. (C) The percent attached values represent
the percent invaded values subtracted from the percent associated values. Results were pooled from at
least three independent biological replicates, each of which was performed in triplicates. Error bars
represent standard deviations of the means. Significance was determined by ANOVA (P � 0.0001 for all)
followed by post hoc Tukey’s tests to compare the mean of each condition to the means of each of the
other conditions. *, P � 0.05; ****, P � 0.0001.

FIG 10 GBS strains exhibit differential hemolytic activity. The upper and lower limits of RBC lysis were
determined by using the detergent Triton X-100 as a positive control and PBS as a negative control;
percent RBC lysis was determined relative to these values. Three biological replicates were averaged for
each condition (each performed in technical triplicates), and error bars represent standard deviations of
the means. Significance was determined by ANOVA for each time point (2 h, P � 0.7442; 6 h, P � 0.0001;
24 h, P � 0.0001), and Tukey’s tests were performed post hoc to determine differences in RBC lysis
between treatments for each time point. No significant differences were observed at 2 h; significant
differences at 6 h are indicated in black, while significant differences at 24 h are indicated in gray. *, P �
0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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response to GBS infection, where they were associated with cytokine activation and
neonatal sepsis. Activation of these key host pathways, however, was not previously
reported in DSCs in response to GBS (26–29). It has been observed, however, that
increased activation of NF-�B and downstream cytokine signaling in decidual tissue are
associated with miscarriage (30) and that other bacterial pathogens could activate
these pathways to promote inflammation, contractions, and extraplacental membrane
weakening (7, 31–34).Therefore, it is possible that activation of the proinflammatory
and pro-cell death pathways identified in this study could have serious impacts on fetal
and maternal health during pregnancy.

Because bacterial pathogens have been reported to induce cell death in multiple
host cell types through both caspase-dependent and caspase-independent mecha-
nisms (35–42), we investigated whether GBS infection of DSCs induced caspase acti-
vation. Although a reduction in cell death was observed in the presence of a pan-
caspase inhibitor, significant reductions in the levels of the executioner caspases 3 and
7 were seen in the presence of GBS. These results differ from those described for
endothelial cells and macrophages, where GBS induced classic apoptosis following
infection (43, 44). Our data also suggest that GBS induces activation of other caspases,
particularly caspase 1, which promotes programmed cell death through nonapoptotic
mechanisms (45). These results also indicate that GBS has a mechanism to actively
degrade proapoptotic caspases or inhibit their activation, as GBS dramatically reduced
caspase 3 and 7 activity in the presence of staurosporine. Although caspase inhibition
has been observed during infection with other bacterial pathogens (46), this mecha-
nism has yet to be described in response to GBS.

Our results provide convincing evidence that the primary mechanism of pro-
grammed cell death in DSCs in response to GBS is necroptosis. Indeed, inhibitors of
necrosome components significantly reduced cell death in response to GBS, and
consistent with this, significant increases in the activity of MLKL, a key downstream
protein of this cell death cascade, were observed. Furthermore, the cells underwent
visible morphological changes that were consistent with this form of cell death (47).
These results, however, do not rule out the possibility that other nonapoptotic forms of
cell death, such as caspase 1-dependent pyroptosis, may also be occurring in the
infected cell population. One study, for instance, demonstrated that GBS induces
membrane permeabilization and fetal injury through both nucleotide-binding domain
and leucine-rich repeat containing protein (NLRP) inflammasome-dependent and
-independent mechanisms in a murine model of in utero infection (48). Such a scenario
could explain the modest reduction in cell death that we observed in the presence of
the general caspase inhibitor Z-VAD-fmk. Although necroptosis was not previously
reported in response to GBS infection, it has been observed in other cell types in
response to related streptococcal species (49, 50). Indeed, necrosis and general cyto-
toxicity following GBS infection have been observed in a variety of other cell types and
tissues in studies where the specific mechanism of cell death was not determined
(51–54). It is possible that further evaluation of such models will reveal GBS-mediated
necroptosis in some of these cell types as well.

Despite our observations that proinflammatory pathways are activated in response
to GBS and evidence for the induction of a highly proinflammatory form of pro-
grammed cell death in GBS-infected DSCs, we failed to observe high levels of proin-
flammatory cytokines by cytokine array. This apparent contradiction may be due to the
cell culture model itself or the timing of NF-�B activation in infected cells. High levels
of nuclear localized NF-�B, which drives the production of many proinflammatory
cytokines, were not observed in response to most of the GBS strains until 4 to 5 h
postinfection. Importantly, our cytotoxicity studies indicated that by this time, a large
percentage of the cell population was already undergoing programmed cell death.
Thus, by the time the cells receive the signal to produce proinflammatory cytokines,
there is little time to do so before they are killed. However, once these decidual cells
rupture at the culmination of necroptosis, it is likely that a variety of damage-associated
molecular patterns (DAMPs) and various inflammatory mediators are released (20). In
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vivo, we anticipate that such factors would signal to other nearby cells and surrounding
tissues to induce a variety of proinflammatory responses that lead to immune activa-
tion, local tissue destruction, extraplacental membrane weakening, and dissemination
of GBS into deeper tissues. Nonetheless, these outcomes would be dependent on the
timing and intensity of the response and will require further investigation using more
quantitative approaches and different model systems. Indeed, one limitation of this
work is the loss of biological context when host-microbe interactions are modeled in
vitro, as the situation is likely more complicated in vivo, given the potential input of
other cell types and soluble paracrine mediators such as sex hormones. The new
knowledge revealed by the present in vitro work will need to be confirmed in tissue
models or, optimally, in vivo.

Future work will also explore changes to some of the other major signaling
pathways identified in the array. Such pathways include those that affect fetal devel-
opment, including hormone signaling and angiogenesis, as well as pathways involved
in colonization of maternal and fetal tissues. It will also be interesting to assess host
signaling responses across a larger panel of GBS clinical isolates to determine whether
factors such as ST, capsule type, or clinical source (colonizing versus invasive) impact
the key host responses that were identified. Indeed, GBS strains of various genetic
backgrounds have been shown to vary in their ability to attach to and invade DSCs (15),
which was confirmed for the strains evaluated in this study. It is therefore possible that
these differences partly contribute to the variation in host cell signaling responses that
were observed. Intracellular bacterial populations could impact death and inflamma-
tory signaling pathways differently than extracellular populations, perhaps accounting
for some of the differences in the timing and intensity of the observed responses. The
GBS strains examined also varied in �H/C production, and enhanced lysis of RBCs
correlated with enhanced inflammatory responses by DSCs. This trend suggests that
the hemolysin may be a contributing factor to the strain-specific differences in host cell
death and inflammatory signaling pathways that were observed.

Though we primarily investigated the role of MAPK signaling in inflammation and
programmed cell death responses, many of the other pathways identified through the
KEGG and STRING array analyses also interface with the MAPK pathway. Together, these
pathways form extensive and complex signaling networks that influence a diverse array
of cellular functions. Extensive analysis will be required to piece together how these
pathways interact during GBS infection and to understand how GBS-induced changes
in host signaling contribute to specific pregnancy complications and various aspects of
neonatal disease. Further evaluation of the differences in host responses between
strains may also shed light on why certain sequence types tend to cause more severe
cases of disease and may reveal potential therapeutic targets to combat GBS neonatal
infections.

MATERIALS AND METHODS
Bacterial strains and culture conditions. Four previously characterized GBS strains were used in

this study; three strains (GB00112 [capsule {CPS} type III, ST-17], GB00590 [CPS III, ST-19], and GB00653
[CPS II, ST-12]) were isolated from colonized mothers (11) and one (GB00411 [CPS III, ST-17]) was from a
neonate with EOD (10). Strains were grown in Todd-Hewitt broth (THB) at 37°C for 16 to 20 h, washed
in sterile phosphate-buffered saline (PBS), and resuspended in cell culture medium prior to infection of
host cells.

Cell culture and infection. Telomerase-immortalized human endometrial stromal cells (T-HESCs;
ATCC CRL-4003) (55) were cultured in Dulbecco’s modified Eagle medium (DMEM)/nutrient mixture
Ham’s F-12 with L-glutamine (Sigma) containing 1.5 g/liter sodium bicarbonate (J.T.Baker), 1% BD
Biosciences ITS� universal culture supplement premix containing insulin, human transferrin, and sel-
enous acid (Corning), 10% charcoal-treated fetal bovine serum (FBS; Atlanta Biologicals), and 2%
antibiotic-antimycotic (Gibco). Cells were maintained at 37°C with 5% carbon dioxide, and seeded into
24-well, 6-well, or 10-cm dishes (MidSci) for infection experiments. Confluent cells were decidualized
(dT-HESCs) as previously described (15) by incubation with 0.5 mM 8-bromo-cyclic AMP (cAMP) (Sigma)
for 3 to 5 days in T-HESC medium.

Prior to bacterial infection, dT-HESCs were washed with PBS and resuspended in T-HESC infection
medium. Overnight GBS cultures were centrifuged, washed in PBS, and resuspended in T-HESC infection
medium. The optical density at 600 nm (OD600) of each culture was normalized to calculate the
multiplicity of infection (MOI), which was verified using standard mammalian cell counting and CFU
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quantification. dT-HESCs were infected with the normalized cultures of GBS at an MOI of 10 bacteria per
host cell and incubated at 37°C with 5% CO2 for 2 to 5 h.

Antibody array. The KAM-900P antibody microarray kit (Kinexus, Vancouver, Canada) includes
antibodies to 386 different human proteins with 613 phosphorylation site-specific antibodies and 265
pan-specific antibodies. Phosphorylation of specific sites provides information about a protein’s activity
or regulatory state, while pan-specific sites provide information regarding total protein level within the
cell. Following GBS infection of dT-HESCs, media and nonadherent bacteria were aspirated, and the cells
were washed twice with PBS, lysed with Kinexus lysis buffer, and disrupted using microprobe sonication
(Branson Sonifier 250). The protocols for protein collection, labeling, and antibody array incubation were
according to the manufacturer’s instructions. Data were submitted to Kinexus for signal detection and
statistical analysis to compare each infection condition to the corresponding mock infection control for
each time point.

Proteins with z-score ratios greater than 1.0 or less than �1.0 were considered significant. Addition-
ally, proteins identified as “priority” or “possible leads” (referred to as “leads”) were included in follow-up
annotations and pathway groupings. A priority lead was defined as a protein with phosphorylated or total
level percent changes from control (%CFC; control refers to mock infection) of �300% (equivalent to a fold
change of 6), a sum of percent error ranges of �0.75 � %CFC value, and at least one globally normalized
intensity value �1,500, as described in the Kinexus KAM-900P instructions. A possible lead was defined as a
%CFC of �150 (equivalent to a fold change of 3), a sum of percent error ranges of �0.85 � %CFC value, and
at least one globally normalized intensity value of �1,000. Following this statistical analysis, proteins with
phosphorylated or total levels that were significantly altered compared to those with mock infection or
were identified as possible leads were functionally annotated and grouped into major signaling path-
ways using the KEGG and STRING software programs and the UniProt protein database (49).

SDS-PAGE and Western blotting. The protein concentration of each dT-HESC sample lysate was
determined by bicinchoninic acid (BCA) assay (Pierce) using bovine serum albumin (BSA) protein
standards and normalized prior to loading the samples on a 4% to 15% polyacrylamide gel (Bio-Rad).
Samples were transferred to a polyvinylidene difluoride (PVDF) membrane and blocked in 5% BSA (Fisher
Scientific) plus 0.1% Tween 20 (Sigma) in Tris-buffered saline (TBS); membranes were incubated with
primary antibodies overnight at 4°C. Primary antibodies obtained from Cell Signaling were used at a
dilution of 1:1,000, and antibodies obtained from Santa Cruz Biotechnology were used at a dilution of
1:500. The membranes were washed for 1.5 h in TBS plus 0.1% Tween 20 and incubated with goat
anti-mouse or goat anti-rabbit IgG-horseradish peroxidase (HRP) secondary antibodies (Life Technolo-
gies) at a dilution of 1:5,000 for 1.5 h at room temperature. Membranes were then washed for 1.5 h in
TBS plus 0.1% Tween 20, incubated with ECL chemiluminescence reagent (Pierce), and developed using
an Amersham Imager 600 (GE Life Sciences). Relative protein levels were quantified by densitometry
using ImageJ, and values from at least 3 independent biological replicates were pooled for each protein
target. To account for possible differences in loading or protein transfer, GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) or beta-tubulin was used as the loading control to determine the normalized
protein levels that are reported for each protein analyzed. Graphed densitometry data represent
averaged values from 3 to 5 biological replicates and error bars indicate the standard deviations from the
means.

Immunofluorescence staining and imaging. Cells were plated in sterile 24-well cell culture-treated
plates, and GBS was added as described by Flaherty et al. for group A Streptococcus (49). Following
infection, cells were washed in PBS and fixed overnight in a 4% paraformaldehyde solution in PBS
(wt/vol). Treated cells were washed in PBS and blocked for 2 h at room temperature in PBS with 1%
(wt/vol) normal goat serum, 2% (vol/vol) Triton, and 0.5% (vol/vol) Tween 20. The cells were washed with
PBS for 1.5 h, incubated with primary antibody (1:400) in blocking solution overnight at 4°C, washed in
PBS for 1.5 h, and incubated for 2 h at room temperature in secondary antibody (goat anti-rabbit IgG
Alexa Fluor 488) at a 1:400 ratio of antibody to blocking solution. Cells were washed for 1 h and added
to DAPI (4=,6-diamidino-2-phenylindole) nuclear stain (1:500) in blocking solution for incubation at room
temperature (30 min) prior to a final wash in PBS for 30 min at room temperature. The plates were stored
in PBS at 4°C prior to imaging, which was performed using a BioTek Cytation 3 Imager (20� objective).
ImageJ and Adobe Photoshop Lightroom 6 were used to process the captured images. At least three
biological replicates were performed per condition for all immunofluorescence experiments, with
multiple fields captured and counted per condition to obtain the reported data. Statistics were calculated
from at least 275 cells per condition, which were pooled from the three biological replicates. Averaged
values from each replicate were graphed with error bars representing the standard deviations from the
means.

Antibodies and stains. Antibodies to NF-�B p65 (8242S), I�B� (9242S), beta-tubulin (2128S), GAPDH
(5174S), phospho-MAPK p38 (T180�Y182; 4511S), total MAPK p38 (8690S), phospho-extracellular signal-
regulated kinase 1 and 2 (ERK1/2) (T202�Y204; 4370T), total ERK1/2 (4695T), total crystallin �B (45844S),
total stress-activated protein kinase (SAPK)/JNK (9252T), phospho-MLKL (S358), and total MLKL (98110T)
were obtained from Cell Signaling Technology. Antibodies to phospho-JNK (T183�Y185; 6254),
phospho-Fos (S374; 81485), total c-Fos (166940), phospho-Jun (S63; 822), total c-Jun (74543), and
phospho-crystallin �B (S59; 365884) were obtained from Santa Cruz Biotechnology. Goat anti-rabbit and
anti-mouse IgG-HRP secondary antibodies (31460 and 31430) were obtained from Thermo Fisher
Scientific. DAPI nuclear stain was obtained from Cell Signaling, and goat anti-rabbit IgG Alexa Fluor 488
was obtained from Molecular Probes (Life Technologies).

Vehicle controls and chemical inhibitors. For each experiment involving chemical inhibitors, sterile
dimethyl sulfoxide (DMSO; Sigma) was used as the chemical solvent and experimental vehicle control.
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SB203580 (Cell Signaling) was used to inhibit p38 MAPK activity, and SP600125 (Cell Signaling) was used
to inhibit JNK activity. Z-VAD-fmk (ApexBio) was used as a general caspase inhibitor, and staurosporine
(Cell Signaling), which is a potent protein kinase inhibitor that induces apoptosis, was used as a positive
control for caspase 3/7 activation and induction of apoptosis. Necrostatin-1 (Sigma-Aldrich) was used to
inhibit RIPK1 kinase, and GSK872 (Calbiochem) was used to inhibit RIPK3. Each inhibitor (except
staurosporine) was incubated with each of the GBS strains used in this study at time points and drug
concentrations matching experimental conditions to determine effects on GBS growth and viability (data
not shown). Following incubation in liquid media, bacterial samples were collected from each sample/
condition, plated on Todd-Hewitt agar, and grown overnight at 37°C in 5% CO2 to quantify CFU/ml from
the liquid cultures as conducted previously (49).

Ethidium homodimer cell death and caspase 3/7 activity assays. dT-HESCs were plated in 24-well
tissue culture plates and infected with GBS using the conditions described above (MOI � 10). Cell death
was determined using the membrane permeabilization method described by Flaherty et al. (49). Briefly,
after infection, the cells were washed with sterile PBS. Cells were then covered and incubated at room
temperature for 30 min with 4 �M ethidium homodimer 1 (Fisher Scientific) in PBS. The level of
fluorescence was determined using a BioTek Cytation 3 plate reader set to 528 nm excitation and 617 nm
emission. 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 permea-
bilization values were obtained individually for each well by dividing the initial fluorescence reading
(posttreatment) by the second fluorescence reading (postsaponin). For each biological replicate, treat-
ment conditions were performed in technical triplicates (at minimum), and at least 3 independent
biological replicates were performed and pooled per condition. The pooled average and standard
deviation from each condition were plotted for comparison.

To detect caspase 3/7 activity, the dT-HESC cells were infected at an MOI of 10 for 2 to 5 h and treated
with Caspase-Glo 3/7 reagent (Promega), which contains both cell lysing agents and the luminescent
caspase substrate to promote caspases 3 and 7 are executioner caspases that mediate activation of
classic apoptosis (47). Luminescence values were determined using a BioTek Cytation 3 plate reader.

Cytokine arrays. Supernatant collection, processing, and analysis methods were adapted from those
described previously (18, 49); modifications included the time point of sample collection, the human cell
type analyzed, and the bacterial species tested. Briefly, the supernatants containing bacteria and secreted
proteins were collected and centrifuged (2,400 relative centrifugal force [rcf] for 10 min) after a 5 h
infection and stored at �20°C. Following centrifugation (16,000 rcf) for 5 min to remove debris, the
Abcam Human Cytokine Antibody Array kit (ab133998) was used according to the manufacturer’s
instructions to quantify relative cytokine levels per sample using an Amersham Imager 600 (GE Life
Sciences). Cytokine functions were defined by UniProt (http://www.uniprot.org/). Densitometry was
performed using ImageJ to determine relative protein levels; values were corrected using internal
positive controls for each array, and the normalized values were graphed. Each infection condition was
compared to the corresponding mock infection condition to calculate fold changes. A fold change of
�1.5 was considered biologically significant.

Association assays. As described previously (15), dT-HESCs were infected for 2 h at an MOI of 10
bacteria per host cell. Briefly, wells were washed with PBS after a 2-h incubation at 37°C with 5% CO2 to
remove nonadherent bacteria. The number of associated bacteria (attached and invaded) was quantified
following lysis of the dT-HESCs with 0.1% Triton X-100 (Sigma), plating on Todd-Hewitt agar, and
incubating overnight at 37°C. The percentage of bacterial cells that had invaded host cells was quantified
after adding 100 �g/ml of gentamicin (Gibco) and 5 �g/ml of penicillin G (Sigma) and incubating at 37°C
for 1 h to kill extracellular bacteria. The number of attached bacteria was calculated by subtracting the
number of invaded bacteria from the number of associated bacteria. All data were expressed as
percentages of the total number of bacteria per well at the end of the 2-h infection period. Assays were
run in triplicates at least three times.

RBC lysis. Whole sheep blood was washed three times in PBS and diluted to a final concentration
of 1:20 (vol/vol) in PBS. GBS cultures were diluted to an OD600 value of 0.1 in cell culture infection
medium and combined with the blood/PBS mixture at a 1:5 ratio (bacteria to blood) and incubated at
37°C for 2 h, 6 h, or 24 h. A mixture of 1% Triton in PBS and blood was used as a positive control,
representing 100% RBC lysis, and PBS was used as a negative control for RBC lysis. Each test condition
was performed in triplicates for each of three biological replicates. After the incubation period, the
samples were centrifuged at 275 rcf for 10 min, and an aliquot (200 �l) of the supernatant was collected
from each sample and transferred to a clear, flat-bottom 96-well plate for analysis. A microplate reader
was used to determine sample absorbance at 450 nm, a wavelength that allows for detection of the
heme released from the lysed RBCs. Percent lysis was determined by normalizing absorbance values to
the Triton positive control (100% lysis) and PBS buffer as the negative control. GBS strain GB00037, which
was previously shown to exhibit decreased hemolysis and pigmentation (24), was also examined for
comparison.

Data analysis. All statistical analyses were carried out using GraphPad Prism 6.0 or Microsoft Excel.
Normal distribution was assumed for all data 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 using Student’s t tests, and P values of �0.05 were considered
significant. For larger data sets comparing 3 or more groups, analysis of variance (ANOVA) was used to
calculate P values followed by post hoc Dunnett’s tests for comparing each mean to a control mean for
each experiment. When the mean of each condition was to be compared to the mean of all other
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conditions, post hoc Tukey’s tests were used after the ANOVA. P values of �0.05 were considered
significant. Individual P values from t tests, post hoc Dunnett’s tests, and post hoc Tukey’s tests are
reported in the figure legends.
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