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ABSTRACT Group B Streptococcus (GBS) is an opportunistic bacterial pathogen that
can contribute to the induction of preterm birth in colonized pregnant women and
to severe neonatal disease. Many questions regarding the mechanisms that drive
GBS-associated pathogenesis remain unanswered, and it is not yet clear why viru-
lence has been observed to vary so extensively across GBS strains. Previously, we
demonstrated that GBS strains of different sequence types (STs) and capsule (CPS)
types induce different cytokine profiles in infected THP-1 macrophage-like cells.
Here, we expanded on these studies by utilizing the same set of genetically diverse
GBS isolates to assess ST and CPS-specific differences in upstream cell death and
inflammatory signaling pathways. Our results demonstrate that particularly virulent
STs and CPS types, such as the ST-17 and CPS III groups, induce enhanced Jun-N-ter-
minal protein kinase (JNK) and NF-κB pathway activation following GBS infection of
macrophages compared with other ST or CPS groups. Additionally, we found that
ST-17, CPS III, and CPS V GBS strains induce the greatest levels of macrophage cell
death during infection and exhibit a more pronounced ability to be internalized and
to survive in macrophages following phagocytosis. These data provide further sup-
port for the hypothesis that variable host innate immune responses to GBS, which
significantly impact pathogenesis, stem in part from genotypic and phenotypic dif-
ferences among GBS isolates. These and similar studies may inform the development
of improved diagnostic, preventive, or therapeutic strategies targeting invasive GBS
infections.
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S treptococcus agalactiae, also known as group B Streptococcus (GBS), commonly col-
onizes the genitourinary and gastrointestinal tracts of approximately one-third of

healthy individuals (1). Although GBS colonization is generally asymptomatic in other-
wise healthy adults, it may lead to severe pregnancy or neonatal complications, such
as preterm birth, stillbirth, and neonatal sepsis and meningitis (1). Maternal GBS coloni-
zation is the foremost risk factor for preterm birth and neonatal disease. Pregnancy
complications in colonized mothers may occur when GBS ascends the mother’s vaginal
tract, crosses the extraplacental membranes, and initiates an infection while the baby
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is still developing in utero (2). Alternatively, babies may be exposed during the birthing
process by inhaling vaginal fluid containing GBS (3). Infected newborns may develop
early-onset disease (EOD) within the first week following delivery, which usually
presents as pneumonia and sepsis, or late-onset disease (LOD), which occurs from 1
week to 3 months after birth and generally presents as meningitis and sepsis (1). The
risk of EOD can be reduced by administering antibiotics prophylactically to colonized
mothers during delivery, but no treatment is currently available to mitigate the risk of
GBS-related pregnancy complications or LOD in neonates (1).

To address the existing gaps in prevention, diagnostics, and treatment of GBS-related
conditions, a more comprehensive understanding of the host immune response to GBS
infection is needed. Prior studies have demonstrated that a dysregulated inflammatory
response can promote severe pregnancy and postdelivery outcomes, including extrapla-
cental membrane weakening and neonatal sepsis (3, 4). The role of macrophages in
responding to both neonatal and in utero infections is of particular relevance. Because
neonates initially have an immature adaptive immune system, they rely heavily on the
innate immune system, in which macrophages play a central role, to combat bacterial
infections (5). Additionally, macrophages are common at the maternal-fetal interface
where they promote maternal tolerance to the developing fetus and destroy pathogens
that cross the extraplacental membranes (6).

We previously tested the role of macrophages in the inflammatory response to GBS
using multiplexed cytokine arrays and enzyme-linked immunosorbent assays (ELISAs)
to compare cytokine production in THP-1 macrophage-like cells in response to differ-
ent sequence types (STs) and capsule types (serotypes) of GBS (7). There is extensive
phenotypic and genotypic variation between GBS strains, and this diversity is believed
to be a key factor in determining the severity of GBS disease (8–11). For example, we
and others have shown that ST-17 GBS strains are more common in severely infected
newborns than in colonized pregnant mothers (12–15). Consistent with these observa-
tions, the aforementioned analysis of macrophage responses to 15 distinct clinical strains
revealed that certain inflammatory cytokines were universally induced in response to all
strains, while other responses were unique to specific strains, genotypes, or serotypes.

Here, we expanded on these studies by utilizing the same set of genetically diverse
GBS strains to assess differences in upstream stress and inflammatory signaling path-
ways using protein arrays and quantitative biochemical analyses. Our results demon-
strate ST and CPS-specific differences in the activation of the Jun-N-terminal protein ki-
nase (JNK) and NF-κB pathways. We also observed variation in the level of macrophage
death during infection and differences in macrophage internalization and survival fol-
lowing phagocytosis across GBS strains. These data provide further support for the hy-
pothesis that variable host innate immune responses to GBS, which significantly impact
pathogenesis, stem in part from genotype and phenotype-specific differences in GBS iso-
lates. These and similar studies may inform the development of improved diagnostic or
therapeutic strategies targeting invasive GBS infections.

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

GBS infection in THP-1 macrophages. To evaluate global changes in protein expres-
sion or activation state in macrophages in response to GBS infection, a protein array
analyzing 386 different human proteins was utilized following exposure of THP-1 mac-
rophages to various sequence types of GBS for 1 h. This array identified many proteins
with significantly altered total or phosphorylated levels relative to mock infection con-
trols (see Table S1 in the supplemental material). Results from the five strains were ini-
tially pooled to identify the most common macrophage responses to GBS regardless of
the strain type. Averaging the responses for each protein target identified 16 proteins
with a 2-fold or greater fold change increase (f.c.i.) in phosphorylated or total levels.
These proteins include cofilin 1 (21.3 f.c.i.), STAT1 (4.8 f.c.i.), JNK2 (3.7 f.c.i.), p38a MAPK (3.7
f.c.i.), KIT (3.3 f.c.i.), InsR (3.0 f.c.i.), ACTA1 (3.0 f.c.i.), STAT3 (2.9 f.c.i.), PKCl/l (2.9 f.c.i.),
Connexin 43 (2.8 f.c.i.), KSR (2.6 f.c.i.), p70 S6K (2.6 f.c.i.), JAK1 (2.6 f.c.i.), STAT5A (2.5 f.c.i.),
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STAT5B (2.4 f.c.i.), and RelB (2.2 f.c.i.) (Table S2). When the protein targets were grouped by
function, the most highly affected signaling pathways were those responsible for the regu-
lation of inflammation and the immune response, cell survival and metabolism, rearrange-
ment of the cytoskeleton and cell-cell contacts, hormone signaling, and angiogenesis
(Table 1). Notably, some THP-1 signaling responses were unique to specific GBS strains;
approximately 50 proteins with a fold change of two or more were identified for at least
one of the five GBS strains. These proteins were ACTA1, arrestin b, catenin b, cofilin 1, con-
nexin 43, COT, DNAPK, eIF4G, EphA3, FGRF2, FOS, HCA59, histone H2A.X, histone H2B,
HSP90AB1, Huntingtin, IGF1R, IKKa, InsR, ITSN2, JAK1, JNK2, Jun, Kit, KSR, MEK3/6, MSK1,
MST1, mTOR, NEK2, p38 MAPK, p53, p70 S6K, PAK1, PAK2, PKC, Rb, RelB, ROCK2, RPS6,
SMC1, SRC, STAT1, STAT2, STAT3, STAT5, SYK, Tau, and TEC (Table S1).

GBS induces mitogen-activated protein kinase (MAPK) signaling in macrophages.
The signaling pathway with the most significantly altered protein targets in response
to GBS infection was the MAPK pathway (Table 1). This pathway is critically important
for inducing stress responses to various stimuli, the modulation of inflammatory signal-
ing, and the regulation of cell death signaling cascades (16). Significant changes in pro-
tein activity and level in response to GBS infection were particularly evident in proteins
involved in the stress-activated p38 and Jun-N-terminal kinase (JNK) MAPK pathways
(Fig. S1). For example, p38 was increased up to 3.9-fold in THP-1 cells compared to
mock infection in response to some GBS strains, while JNK was increased up to 4.5-
fold. Consequently, key members of these pathways were selected for follow-up analy-
ses with the five strains included in the array.

Analysis by Western blotting and densitometry indicated significantly increased
phosphorylated (active) p38 levels compared to mock infection in response to infec-
tion with four of the five GBS strains; phospho-p38 levels were consistently higher in
response to the two ST-17 and capsule type III strains (GB112 and GB411) (Fig. 1A and
C). No significant difference was observed in total p38 levels for any of the GBS strains
(Fig. 1B and C), while a modest increase in both phosphorylated (active) and total JNK
was observed in response to the invasive ST-17 strain, GB411. No significant differences
in active or total JNK, however, were observed in response to the remaining strains
(Fig. 1D to F).

Enhanced phosphorylated levels in the downstream stress-activated MAPK pathway
targets FOS, and JUN supported GBS-induced activation of the p38 and JNK MAPK
pathways. We observed significant increases in phospho-FOS in response to all strains
except GB590 (Fig. 1G and I) and in phospho-JUN for three of the five strains (GB112,
GB411, and GB590) (Fig. 1J and L). Nonetheless, these proteins trended toward increased
active levels for all strains tested. A significant increase in the total levels of these down-
stream targets, however, was not observed for any of the strains (Fig. 1H, I, K and L).

To determine whether these strain-specific differences in the activation of the p38
and JNK MAPK pathways were consistent with responses induced by GBS strains with
the same STs and CPS types, an additional set of 10 diverse GBS clinical isolates was
evaluated. Consistent with our earlier results, most of the additional strains tested
induced significant increases in phospho-p38 levels (Fig. S2A and E). Similarly, only an
invasive ST-17 strain (GB418) and an invasive ST-12 strain (GB910) exhibited significant
increases in phospho-JNK levels, though several others trended toward enhanced
phospho-JNK (Fig. S2C and E). Neither total p38 nor total JNK levels were significantly
enhanced in response to any of the additional strains tested (Fig. S2B, D, and E).

Next, we pooled the normalized densitometry results from the p38 and JNK
Western blot analyses by ST and CPS type as a more robust method to compare MAPK
pathway activation between these groups. Interestingly, phospho-p38 was significantly
increased in response to all four STs (Fig. 2A) and all three CPS types (Fig. 2E) compared
to mock infection. No significant differences were observed between STs or CPS types
by analysis of variance (ANOVA) and post hoc Tukey’s tests for phospho-p38, though
the greatest phospho-p38 levels were observed in the ST-17 and CPS III strains. Total
p38 levels were not significantly altered in response to any of the ST or CPS groups
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TABLE 1 Cellular pathways affected by GBS infection in macrophagesa

aColor coding corresponds to the number of array hits for each pathway with the darker shades having more
hits.
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(Fig. 2B and F); however, phospho-JNK was significantly increased for the ST-17 strains
compared to the mock infection and ST-1 strains (Fig. 2C). When stratified by CPS, no
significant differences were observed relative to the mock infection or other groups by
Tukey’s test, though CPS III bordered on significance (P=0.0564) relative to the mock

FIG 1 GBS induces strain-specific activation of stress-responsive MAPKs. THP-1 macrophages were infected with GBS
at a multiplicity of infection (MOI) of 10 for 1 h, washed, and treated with antibiotics for an additional hour prior to
lysate collection. (A to L) Lysates were assessed for phosphorylated (active) or total protein levels of p38 (A to C), JNK
(D to F), FOS (G to I), and JUN (J to L), 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 mean. Significance was determined by ANOVA (P values: phospho-p38,
0.0001; total p38, 0.2608; phospho-JNK, 0.119, total JNK, 0.0316; phospho-FOS, 0.0136; total FOS, 0.818; phospho-JUN,
0.0347; total JUN, 0.0663) with post hoc Dunnett’s testing to compare each infection condition to the mock infection
(*, P=0.01 to 0.05; **, P=0.001 to 0.01; ***, P=0.0001 to 0.001; ****, P, 0.0001). Representative Western blots from
one biological replicate with its corresponding loading control (GAPDH) are shown (C, F, I, and L). Equal amounts of
the same protein lysate preparations were loaded onto the gels for each protein.
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infection (Fig. 2G). Total JNK levels were not significantly increased in response to any
of the ST or CPS groups (Fig. 2D and H).

GBS induces nuclear factor kappa B signaling in macrophages downstream of
p38 and JNK MAPK activation. The MAPK pathway initiates numerous downstream
signaling cascades, including the nuclear factor kappa B (NF-κB) pathway. NF-κB is a
central regulator of many proinflammatory cellular responses (17). Since the antibody
array data indicated activation of several key NF-κB pathway proteins, this pathway
was also selected for follow-up analyses with all 15 strains. To confirm pathway activa-
tion, immunofluorescence microscopy was used to examine nuclear localization of NF-
κB in response to mock or GBS infection (Fig. 3 and Fig. S3 to S6). Notably, a significant
increase in NF-κB activation was observed for all 15 strains compared to the mock
infection controls (Fig. 3A and D and Fig. S3 to S6). After stratifying by ST, the ST-17
strains induced the greatest degree of NF-κB activation, which was significantly higher
than each of the other three STs analyzed (Fig. 3B). The ST-1 strains also induced NF-κB
nuclear localization at levels that were significantly higher than those of the ST-19 and
ST-12 strains (Fig. 3B). When grouped by serotype, CPS III and CPS V induced similarly
high levels of NF-κB activation, which were significantly higher than those observed
for CPS II strains (Fig. 3C).

To determine whether the increase in NF-κB activity was occurring downstream of
p38 or JNK activation, we treated THP-1 cells with a p38 inhibitor (SB203580 [SB]), a
JNK inhibitor (SP600125 [SP]), or a vehicle control (dimethyl sulfoxide [DMSO]) prior to

FIG 2 GBS sequence type (ST) and capsule (CPS) type influences MAPK activation. (A to H) Densitometry
results from p38 and JNK Western blot analyses from all 15 strains were grouped according to sequence
type (A to D) and capsule group (E to H). Within these groups, changes in phosphorylated or total
protein levels were pooled and normalized to the mock infection results. Statistics were calculated using
at least three independent biological replicates per strain; each ST or CPS group includes a minimum of
three unique clinical isolates. ANOVAs (panel A, P, 0.0001; B, P= 0.6643; C, P= 0.0194; D, P= 0.2133; E,
P, 0.0001; F, P= 0.6147; G, P= 0.0177; H, P= 0.2363), and post hoc Tukey’s tests (*, P=0.01 to 0.05; **,
P=0.001 to 0.01; ***, P=0.0001 to 0.001; ****, P, 0.0001) were used to compare the mean of each ST or
CPS group to the mean of every other ST or CPS group. Comparisons to the mock infection are indicated
with black asterisks, while comparisons to other ST or CPS groups are indicated with gray asterisks.

Flaherty et al. Infection and Immunity

May 2021 Volume 89 Issue 5 e00647-20 iai.asm.org 6

https://iai.asm.org


GBS infection. We selected the invasive ST-17 CPS III GB411 strain for these experiments,
as both p38 and JNK signaling were observed in THP-1 macrophages following infection
with this strain. Importantly, p38 inhibition significantly reduced NF-κB activation by
approximately 10%, while JNK inhibition significantly reduced NF-κB activation by nearly
30% (Fig. 4A and B).

FIG 3 GBS-mediated NF-κB signaling in macrophages varies by sequence and capsule type. THP-1 macrophages
were infected with GBS at a MOI of 10 for 1 h, washed, and treated with antibiotics for an additional hour prior
to fixation, nuclear staining (DAPI), and detection of NF-κB p65 (Alexa Fluor 488) by immunofluorescence
microscopy. The percentage of NF-κB 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 three
independent biological replicates were pooled for each of the 15 GBS strains analyzed. For each biological
replicate, results were pooled from at least three separate fields to obtain a minimum of 2,500 cells per
condition. (A) ANOVA (P, 0.0001) and a post hoc Dunnett’s test (*, P=0.01 to 0.05; **, P=0.001 to 0.01; ***,
P=0.0001 to 0.001; ****, P, 0.0001) were performed to compare the mean of the mock infection to the mean of
each of the other infection conditions. (B and C) Results were then grouped according to ST (B) or CPS type (C),
and ANOVAs (P values: B, P, 0.0001; C, P, 0.0001) and post hoc Tukey’s tests (*, P=0.01 to 0.05; **, P=0.001 to
0.01; ***, P=0.0001 to 0.001; ****, P, 0.0001) were used to compare the mean of each to the mean of every
other ST or CPS group. Comparisons to the mock infection are indicated with black asterisks, while comparisons
to other ST or CPS groups are indicated with gray asterisks. (D) Representative microscopy images of NF-κB
localization for each condition are shown.
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p38 and JNK MAPK influence GBS-mediated cytokine activation. To elucidate
whether the activation of p38, JNK, and their downstream mediators contributed to
the GBS-induced cytokine responses observed in our earlier study (7), we treated THP-
1 macrophages with p38 and JNK inhibitors prior to infection with GB411. Inhibition of
both p38 and JNK significantly reduced the production of RANTES, interleukin-6 (IL-6),
and MCP-2 in response to GBS (Fig. 5A to C). Inhibition of p38 also significantly
reduced the production of MIG (monokine induced by gamma interferon or CXCL9) fol-
lowing GBS infection, while JNK inhibition did not significantly alter the production of
this cytokine (Fig. 5D). Interestingly, p38 inhibition significantly increased IL-1b in
response to GBS, whereas JNK inhibition significantly reduced IL-1b (Fig. 5E). JNK inhi-
bition also resulted in a significant increase in the production of the anti-inflammatory
cytokine IL-10 following GBS infection but p38 inhibition had no effect on IL-10 pro-
duction (Fig. 5F).

p38 and JNK MAPK play contrasting roles in the regulation of GBS-mediated
macrophage cell death. In addition to regulating inflammatory responses, the stress-
activated MAPKs, p38 and JNK, are key mediators of cell death (16). Depending on the
specific cellular and environmental conditions, these mediators have been shown to ei-
ther promote or inhibit cell death. Using an ethidium homodimer membrane perme-
abilization assay, we compared changes in THP-1 cell viability 24 h postinfection.
Significantly enhanced cell death was observed in response to all 15 GBS strains com-
pared to mock infection (Fig. 6). When the strains were grouped by STs, significantly
higher levels of cell death were observed in response to the ST-17 strains compared to
the ST-19 and ST-12 strains (Fig. 6B). ST-1 strains induced macrophage death at levels
similar to the those of ST-17 strains. When grouped by serotype, CPS III strains induced
significantly higher levels of cell death than CPS II strains but were similar to the CPS V
strains (Fig. 6C). Notably, treatment of the THP-1 macrophages with p38 and JNK inhibi-
tors prior to infection with GB411 contributed to significant changes in cell death.

FIG 4 GBS-mediated NF-κB signaling in macrophages occurs downstream of MAPK activation. THP-1
macrophages were treated with a p38 inhibitor (SB203580, 10mM), a JNK inhibitor (SP600125, 25mM),
or a vehicle control (DMSO) 1.25 h prior to infecting them with GBS at a MOI of 10 for 1 h. The cells
were washed and treated with antibiotics for an other hour prior to fixation, nuclear staining (DAPI),
and detection of NF-κB p65 (Alexa Fluor 488) by immunofluorescence microscopy. The percentage of
NF-κB 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 three
independent biological replicates were pooled for each condition, each of which was obtained from
at least three separate fields for a minimum of 2,200 cells per condition. (A) ANOVA (P, 0.0001) and
a post hoc Tukey’s test (*, P= 0.01 to 0.05; **, P= 0.001 to 0.01; ***, P= 0.0001 to 0.001; ****,
P, 0.0001) were used to compare the mean of each ST or CPS group to the mean of every other ST
or CPS group. For simplicity, only statistical differences for the GB411 infection conditions are shown.
There was no statistical difference between the mock infection vehicle control and mock infection
inhibitor treatments, but GB411 conditions were all significantly increased compared to all mock
infection conditions. (B) Representative microscopy images of NF-κB localization (Alexa Fluor 488) for
each condition are shown.

Flaherty et al. Infection and Immunity

May 2021 Volume 89 Issue 5 e00647-20 iai.asm.org 8

https://iai.asm.org


Inhibition of p38 resulted in a significant increase in macrophage cell death in response
to GBS infection, while inhibition of JNK caused a significant decrease (Fig. 6D).

GBS strains exhibit variation in phagocytic uptake and in their ability to
survive in macrophages. The antibody array identified many proteins involved in
pathways that regulate cytoskeletal rearrangements and downstream immunological
responses, such as Fc gamma R-mediated phagocytosis and Toll-like receptor signal-
ing. Based on these observations and data generated in our prior study (10), we investi-
gated whether specific GBS traits impact the rate of phagocytic uptake by macro-
phages or the ability to survive within the macrophages after phagocytosis. Our results
regarding ST or CPS-based differences in phagocytic uptake show that the ST-17 stains
had significantly greater percentages of internalized bacteria relative to other STs after
1 h (Fig. 7A to C). Macrophage viability was similar among a subset of GBS strains
examined at this 1-h time point in our initial analyses (data not shown). Together, these

FIG 5 p38 and JNK MAPK influence GBS-mediated cytokine activation. THP-1 macrophages were treated with a
p38 inhibitor (SB203580, 10mM), a JNK inhibitor (SP600125, 25mM), or a vehicle control (DMSO) 1.25 h prior to
infecting them with GBS at a MOI of 10 for 1 h. They were washed and treated with antibiotics for an
additional hour prior to collecting cell culture supernatants for cytokine analysis. Data from at least three
independent biological replicates were pooled to determine the average cytokine concentrations (pg/ml)
produced under each of the infection conditions shown. The average and standard deviation of each condition
were plotted for comparison, and significance was determined by ANOVA, followed by post-ANOVA Dunnett’s
tests (*, P= 0.01 to 0.05; **, P= 0.001 to 0.01; ***, P= 0.0001 to 0.001; ****, P, 0.0001) to compare the mean of
each condition to the mean of the GB411 vehicle control infection condition (GB411 DMSO). All cytokines
tested had ANOVA P values of ,0.0001.
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data suggest that ST-17 strains are phagocytosed by macrophages at significantly
higher rates than other STs. When the strains were grouped by serotype, we observed
equal phagocytic uptake of the CPS III and CPS V strains, with notably lower uptake of
CPS II strains by comparison (Fig. 7B and D).

When the viability of the internalized GBS was assessed at 24 h, similar trends were
observed. ST-17 strains had the most viable bacteria relative to the final inoculum, fol-
lowed by ST-19 and ST-1 strains, with ST-12 strains having the lowest numbers of

FIG 6 GBS-mediated cytotoxicity in macrophages is influenced by ST and CPS type and regulated by p38 and
JNK MAPK. THP-1 macrophages were infected with GBS at a MOI of 10 for 1 h, washed, and treated with
antibiotics for 24 h. Cell death was assessed using an ethidium homodimer membrane permeabilization assay.
Results from at least three independent biological replicates performed in technical triplicate were pooled for
each of the conditions analyzed. (A) ANOVAs and post hoc Dunnett’s tests were used to compare each
infection condition to the mock infection. (B and C) ANOVA and post hoc Tukey’s tests were used to compare
the mean of each ST or CPS group to the mean of every other ST or CPS group. Statistical comparisons
between mock and infection conditions are shown with black asterisks, while comparisons between STs and
CPS groups are shown in gray. (D) THP-1 macrophages were treated with a p38 inhibitor (SB203580, 10mM), a
JNK inhibitor (SP600125, 25mM), or a vehicle control (DMSO) 1.25 h prior to infection with GBS at a MOI of 10
for 1 h. ANOVA and post hoc Dunnett’s tests were used to compare the p38 and JNK inhibitor conditions
(10mM SB203580 and 25mM SP600125, respectively) to the corresponding vehicle control (DMSO). ANOVA P
values for all comparisons were ,0.0001. Dunnett’s test significance values: *, P=0.01 to s0.05; **, P=0.001 to
0.01; ***, P= 0.0001 to 0.001; ****, P, 0.0001.
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viable bacteria (Fig. 7E and F). When grouped by serotype, CPS III strains had the most
viable bacteria, followed by CPS V strains, with CPS II strains having minimal viable bac-
teria remaining (Fig. 7E and G).

MAPK signaling influences phagocytosis and survival of GBS in macrophages.
To determine the role of p38 and JNK in phagocytic uptake of GBS, GB411 was used to
infect THP-1 macrophages for 1 h following treatment with p38 or JNK inhibitors.
Notably, inhibition by both p38 and JNK significantly reduced GBS uptake by macro-
phages at the 1-h time point (Fig. 8A and B). We also assessed the role of p38 and JNK
in GBS survival in macrophages 24 h following antibiotic treatment. Inhibition of both

FIG 7 GBS strains exhibit variation in phagocytic uptake and survival in macrophages. (A) THP-1 macrophages
were infected with GBS at a MOI of 10 for 1 h prior to the collection of a final inoculum sample. (B to G) Cells
were washed and treated with antibiotics for 1 h (B to D) or 24 h (E to G). The percentage of internalized,
viable GBS relative to the final inoculum was determined by CFU counting at both time points. Results from at
least three independent biological replicates performed in technical triplicate were pooled for each of the
conditions analyzed. In panels A, B, and E, ANOVAs and post hoc Tukey’s tests were used to compare the mean
of each infection condition to the mean of every other condition. Statistical results for these comparisons are
summarized in Table S3 due to the large number of significant results. In panels C, D, F, and G, ANOVA and
post hoc Tukey’s tests were used to compare the mean of each ST or CPS group to the mean of every other ST
or CPS group. ANOVA P values for all comparisons were ,0.0001. Tukey’s test significance values: *, P= 0.01 to
0.05; **, P= 0.001 to 0.01; ***, P= 0.0001 to 0.001; ****, P, 0.0001.
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p38 and JNK resulted in significantly lower numbers of viable GBS inside macrophages
than in the vehicle controls (Fig. 8C). This trend was maintained when the number of
viable bacteria at 24 h was normalized to the number of internalized bacteria at the 1-
h time point for the corresponding infection conditions (Fig. 8D).

DISCUSSION

Through our array analysis of the macrophage response to GBS infection, we identi-
fied numerous general and strain-specific changes in cellular signaling cascades. Some
of the key changes in macrophage signaling involved activation of the p38 and JNK
MAPK pathways following GBS infection. Our subsequent studies revealed that
changes in the activation of these pathways are important for the regulation of many
downstream responses to GBS, including NF-κB activation, cytokine production, macro-
phage cell death, GBS phagocytic uptake, and GBS survival in macrophages following
phagocytosis. Of note, many of the specific proteins and signaling pathways affected
in THP-1 cells were similar to those identified in our prior study examining GBS infec-
tion in decidual human endometrial stromal cells (dT-HESCs), while others were unique
to macrophages (18).

Some of the observed responses were found to be regulated by both p38 and JNK,
while others were regulated primarily by one or the other. For example, inhibition of
JNK reduced NF-κB activation more dramatically than inhibition of p38. These results
suggest that both p38 and JNK contribute to NF-κB activation following GBS infection
of macrophages but that JNK may be the more significant upstream mediator of this
response. Similarly, though both p38 and JNK aid in the modulation of the macro-
phage cytokine response to GBS infection, they play redundant roles with respect to
some cytokines (i.e., RANTEs, IL-6, and MCP-2) and distinct (i.e., MIG, IL-10) or contrast-
ing (i.e., IL-1b) roles with respect to others. Additional differences were observed for
GBS-induced macrophage cell death. Inhibition of p38 significantly increased cell
death, indicating that the observed activation of p38 by GBS has a prosurvival effect in
the infected macrophages. In contrast, inhibition of JNK caused a significant decrease
in macrophage cell death, suggesting that signaling changes in JNK may contribute to

FIG 8 p38 and JNK signaling influence phagocytosis and survival of GBS in macrophages. (A) THP-1
macrophages were treated with a p38 inhibitor (SB203580, 10mM), a JNK inhibitor (SP600125, 25mM),
or a vehicle control (DMSO) 1.25 h prior to GBS infection at a MOI of 10 for 1 h and collection of the
final inoculum sample. (B and C) Cells were washed and treated with antibiotics for 1 h (B) or 24 h
(C). The percentage of internalized, viable GBS relative to the final inoculum was determined via CFU
counting at both time points. (D) The percentage of viable, internalized bacteria at 24 h was also
normalized to the percentage of viable, internalized bacteria at 1 h for the corresponding treatment
condition. Results from at least three independent biological replicates performed in technical
triplicate were pooled for each of the conditions analyzed. ANOVAs (P values: A, P= 0.506; B and C,
P, 0.0001; D, P= 0.0045) and post hoc Dunnett’s tests (*, P= 0.01 to 0.05; **, P= 0.001 to 0.01; ***,
P= 0.0001 to 0.001; ****, P, 0.0001) were used to compare the mean of each inhibitor condition to
the mean of the DMSO vehicle control condition.
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the induction of cell death in macrophages in response to GBS infection. When we
assessed the roles of p38 and JNK with respect to GBS uptake by macrophages and
GBS survival within macrophages, however, their roles were similar. Both p38 and JNK
promoted GBS phagocytosis by macrophages as well as GBS survival within macro-
phages since greater bacterial numbers were observed in the absence of the inhibitors
for these proteins.

Our results are largely supported by prior studies that have demonstrated GBS-
mediated activation of p38, JNK, and NF-κB pathways in macrophages and other phag-
ocytes (19–33). However, our work expands upon these prior studies by analyzing a
more comprehensive assortment of host signaling proteins as well as 15 unique clinical
isolates, including four GBS STs and three serotypes. To our knowledge, most analyses
focusing on the role of these signaling responses during GBS infection have been lim-
ited to a single GBS strain, have utilized heat-killed or otherwise inactivated GBS, or
have assessed the host response to purified GBS components rather than live bacteria
(19–33).

Through our comparisons of key macrophage responses to these distinct ST and
CPS groups, we observed that ST-17 strains, which have been linked to more severe
disease outcomes than other STs (15, 34), induced the most robust stress and inflam-
matory signaling responses. Of the three serotypes, CPS III induced the most dramatic
increase in stress and inflammatory pathway signaling followed by CPS V. These CPS
types have previously been associated with severe disease (8, 10, 15, 34, 35). Here, we
provided a link between these epidemiological and bacterial virulence factor-based
studies and the macrophage inflammatory response at the cellular level. Our findings
indicate that some of the reported differences in the virulence of these strains may be
explained by their differential ability to activate key stress and inflammatory pathways
in infected macrophages.

Differences in stress and inflammatory signaling may, in turn, be tied to differential
uptake and survival in macrophages. Our data show that ST-17 strains are phagocy-
tosed by macrophages at significantly higher rates than other STs, which may partially
explain the greater impact these strains have on MAPK signaling in macrophages. This
work expands upon our prior studies demonstrating strain-specific differences in GBS
phagocytic uptake and survival within macrophages (10). By assessing uptake and
long-term survival within macrophages using a larger assortment of clinical isolates,
we have further supported our conclusion that ST-17 strains are phagocytosed either
more rapidly or to a greater extent than other STs and that they are more resistant to
phagocytic killing. Interestingly, these findings conflict with our prior study using heat-
inactivated versions of many of the same strains, in which no link between phagocytic
uptake and ST or CPS type was observed (19). This discrepancy indicates that the viru-
lence factors driving differential macrophage uptake and survival require active
changes in protein expression, which can only be achieved by live bacteria.
Furthermore, we observed that macrophages require p38 and JNK to efficiently phago-
cytose GBS. Generally, this would be considered a beneficial host response to assist
with clearing the bacterial infection. The activation of these pathways, however, pro-
motes the survival of GBS inside macrophages once it is internalized, which could
enhance pathogenesis. Indeed, this may be an important mechanism for GBS move-
ment across protective tissue barriers to promote dissemination in cases of severe
disease.

Overall, we demonstrated enhanced activation of the MAPK and NF-κB pathways in
response to certain GBS STs and CPS types and confirmed the role of these effectors in
the induction of several important macrophage responses to GBS infection (Fig. 9).
Such findings are critical to guide the development of diagnostic strategies to identify
higher-risk GBS infections as well as p38 and JNK MAPK-based therapeutics to reduce
the severity of GBS infection. Nonetheless, future work is needed to explore the physio-
logical implications of these findings in vivo to confirm that the observed host
responses are consistent with those occurring in human extraplacental membranes
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(EPMs). Comparing the activation of these inflammatory mediators in EPMs from moth-
ers with pre- and full-term deliveries will indicate how well our model mimics the GBS-
macrophage interaction in this particular context. Additional in vivo studies are also
needed to determine whether the observed changes in host cell signaling primarily
benefit the host or the pathogen. Use of a pregnant murine model, for example, could
confirm if inhibiting these inflammatory mediators reduces preterm birth or fetal de-
mise rates. These approaches are important next steps for the development of thera-
peutic interventions capable of alleviating harmful GBS-induced inflammation during
pregnancy or in neonates suffering from GBS-induced complications.

MATERIALS ANDMETHODS
Bacterial strains. This study utilized 15 previously characterized GBS strains, which were isolated

from neonates with invasive disease (15) or colonized mothers before or after childbirth (34). Strains
were selected based on ST, CPS, and source (Table 2). Differential cytokine production induced in THP-1
macrophages was observed with these strains previously (7), as was variation in phagocytic uptake using
heat-inactivated versions of the strains (19). Five strains (GB00112 and GB00411 [ST-17], GB00590 [ST-
19], GB00653 [ST-12, and GB00037 [ST-1]) were used for the antibody array analyses assessing changes
in cell signaling proteins, while the remaining 10 strains were evaluated using additional biochemical
analyses to further assess hits and signaling pathways identified in the arrays. Strains were grown at 37°
C for 16 to 20 h in Todd-Hewitt broth (THB), subcultured to THB and grown to log phase (optical density
at 600 nm [OD600] of 0.4), washed in sterile phosphate-buffered saline (PBS), and resuspended in RPMI
1640 (Gibco) prior to infection.

THP-1 cell culture and infection. THP-1 cells (ATCC TIB-202) were cultured at 37°C with 5% CO2 in
RPMI 1640 medium supplemented with 2mM L-glutamine (Gibco), 10% fetal bovine serum (FBS; Atlanta
Biologicals), and 1% penicillin/streptomycin (Gibco); phorbol 12-myristate 13-acetate (PMA; Sigma) was
used to differentiate cells into macrophage-like cells as described (7, 10). The cells were seeded at a den-
sity of 1� 106 cells per well in 24-well plates or at 4� 106 cells per well in 6-well plates.

PMA-treated THP-1 cells were washed with PBS, and fresh RPMI 1640 medium was added prior to
infection with GBS at a multiplicity of infection (MOI) of 10 bacteria per host cell as described previously
(7). Briefly, the infected cells were incubated for 1 h at 37°C with 5% CO2. Following aspiration of extrac-
ellular bacteria and medium, the cells were washed, and fresh RPMI 1640 with 2% FBS, 100mg/ml genta-
micin (Gibco), and 5mg/ml penicillin G (Sigma) were added. Cells were incubated for up to 24 h at
37°C with 5% CO2. Antibiotics were maintained in the cell culture medium until sample collection to in-
hibit the growth and survival of extracellular GBS.

Antibody array. The KAM-900P antibody microarray kit (Kinexus; Vancouver, Canada) was used to
analyze changes in the activity, regulatory state, or total protein level of 386 different human proteins in
response to GBS infection as described in our prior study (18). After infection of THP-1 cells with GBS

FIG 9 Model of responses and disease outcomes downstream of GBS-induced p38 and JNK signaling
in macrophages.
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(MOI, 10) for 1 h, cells were washed with PBS, treated with antibiotics, and incubated for 1 h. Cells
were then washed twice with PBS, lysed, and disrupted using microprobe sonication (Branson
Sonifier 250). Protein collection, labeling, and array incubation conditions were performed according
to the manufacturer’s instructions. Statistics to identify significant changes between each infection
condition and the mock infection control were performed as described previously (18). Proteins with
significantly different total or phosphorylated levels were annotated based on function and grouped
into major signaling pathways using the KEGG and STRING software programs as well as the UniProt
protein database (36).

SDS-PAGE and Western blotting. Bicinchoninic acid assays (BCA) (Pierce) with bovine serum albu-
min (BSA) protein standards were utilized to determine the protein concentration per lysate. Normalized
protein lysates were loaded onto a 4 to 15% polyacrylamide gel (Bio-Rad). Samples were transferred to a
polyvinylidene difluoride (PVDF) membrane, blocked, washed, incubated with primary and secondary
antibodies, and developed as was done previously (18). Densitometry was performed using ImageJ to
determine relative protein levels. GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and beta-tubu-
lin were used as loading controls. Graphed densitometry data were pooled from at least 3 independent
biological replicates.

Immunofluorescence staining and imaging. Cells were plated in 24-well cell culture-treated plates,
and GBS was added as described (18). Following infection, cells were washed, fixed, blocked, and incu-
bated with primary and secondary antibodies and DAPI nuclear stain (18); imaging was performed
using a BioTek Cytation 3 imager (�20 objective), and captured images were processed using
ImageJ and Adobe Photoshop. A minimum of three biological replicates were performed per condi-
tion, and at least three fields were captured and counted. Statistics were calculated based on at least
2.2� 104 cells per condition, which were pooled from the three biological replicates. Graphs repre-
sent averaged values from each replicate, and error bars indicate the standard deviation from the
mean.

Antibodies and stains. Antibodies to NF-κB p65 (no. 8242S), beta-tubulin (no. 2128S), GAPDH (no.
5174S), phospho-MAPK p38 (T1801Y182; no. 4511S), total MAPK p38 (no. 8690S), and total SAPK/JNK
(no. 9252T) were obtained from Cell Signaling Technology. Antibodies to phospho-JNK (T1831Y185; no.
6254), phospho-FOS (S374; no. 81485), total c-FOS (no. 166940), phospho-JUN (S63; no. 822), and total c-
JUN (no. 74543) were obtained from Santa Cruz Biotechnology. Goat anti-rabbit and anti-mouse IgG-
horseradish peroxidase (HRP) secondary antibodies (no. 31460 and no. 31430) were obtained from
Thermo Fisher Scientific. DAPI nuclear stain was obtained from Cell Signaling, and goat anti-rabbit IgG
AlexaFluor488 was obtained from Molecular Probes (Life Technologies).

Vehicle controls and chemical inhibitors. Dimethyl sulfoxide (DMSO; Sigma) was used as the
chemical solvent and vehicle control for all experiments utilizing chemical inhibitors. SB203580 (Cell
Signaling) was used to inhibit p38 MAPK activity at a final concentration of 10mM, and SP600125 (Cell
Signaling) was used at a concentration of 25mM to inhibit JNK. Each inhibitor was added to cell culture
medium and applied to THP-1 cells for 1.25 h prior to GBS infection. These inhibitors were previously
tested on GBS at time points and drug concentrations matching or exceeding experimental conditions
to ensure that there were no off-target effects on GBS growth and viability (18).

Ethidium homodimer cell death assays. THP-1 cells were plated in 24-well tissue culture plates
and infected with GBS (MOI, 10) under the conditions described above. Cell death was determined using
the membrane permeabilization method described by Flaherty et al. (36). After infection, the cells were
washed and incubated with 4mM ethidium homodimer 1 (Fisher Scientific) in PBS. Fluorescence
(528 nm excitation and 617 nm emission) was determined using a BioTek Cytation 3 plate reader.

TABLE 2 Characteristics of the group B streptococcal strains used in the studya

Strain ID ST CPS Clinical type
GB00112 17 III Colonizing
GB00411 17 III Invasive
GB00097 17 III Colonizing
GB00418 17 III Invasive
GB00590 19 III Colonizing
GB00571 19 III Colonizing
GB00036 19 III Invasive
GB00079 19 III Invasive
GB00653 12 II Colonizing
GB00285 12 II Colonizing
GB00910 12 II Invasive
GB01455 12 II Invasive
GB00037 1 V Invasive
GB00020 1 V Colonizing
GB00310 1 V Invasive
aThe sequence type (ST) and capsular (CPS) type as determined by multilocus sequence typing (MLST) and
molecular serotyping, respectively, are shown for each strain along with the clinical type. Colonizing strains
were isolated from mothers during pre- or postnatal screening visits (34), while invasive strains were recovered
from symptomatic neonates with early- or late-onset GBS disease (15).
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Saponin (0.1%; Sigma) was applied to each well to lyse the entire cell population, and fluorescence was
remeasured. Percentage membrane permeabilization values were obtained by dividing the post-treat-
ment fluorescence reading by the post-saponin fluorescence reading. At least 3 independent biological
replicates were performed and pooled per condition, each of which was performed in technical triplicate
(at minimum). The pooled averages of each condition were plotted, and error bars represent standard
deviation of the mean.

Macrophage survival assays. As described previously (10), THP-1 cells were infected with GBS
(MOI, 10) for 1 h, washed with PBS, treated with 100mg/ml of gentamicin and 5mg/ml of penicillin G,
and incubated for either 1 h or 24 h. Prior to aspirating and washing the cells, a sample of medium was
collected, plated on Todd-Hewitt agar (THA), and incubated overnight to calculate the final GBS concen-
tration. Medium and nonadherent bacteria were aspirated, and the THP-1 cells were washed twice with
PBS and lysed with 0.1% Triton X-100 (Sigma). The number of viable internalized bacterial cells was
determined at 1 h and 24 h by plating the lysates on THA and quantifying the CFU after overnight incu-
bation. The percentage of internalized bacteria was calculated by dividing the number of CFU from
these lysates by the final concentration (CFU). At least three biological replicates were performed per
time point with technical triplicates. It is important to note that the antibiotics (100mg/ml of gentamicin
and 5mg/ml of penicillin G) were maintained in the cell culture medium until sample collection at both
the 1-h and 24-h time points to inhibit the growth and survival of extracellular GBS. These antibiotics were
maintained until the ethidium homodimer 1 was added to evaluate membrane permeability (viability) of
the THP-1 cells and prevent GBS escape from the macrophages and subsequent growth in the medium.

Cytokine analysis using ELISA. Cell culture medium was collected 24 h post-antibiotics and centri-
fuged (2,400 relative centrifugal force [rcf] for 10min) to remove bacterial and cellular debris; superna-
tants were stored at 220°C. Samples were thawed on ice and centrifuged at 16,000 rcf for 5min prior to
cytokine analysis. The following kits were used: IL-1b human ELISA kit, EH2IL1B2 (Thermo Fisher
Scientific); MIG human ELISA kit, EHCXCL9 (Thermo Fisher Scientific); IL-6 human ELISA kit, KHC0061
(Thermo Fisher Scientific); MCP-2 human ELISA kit, EHCCL8 (Thermo Fisher Scientific); RANTES human
ELISA kit, EHRNTS (Thermo Fisher Scientific); and IL-10 human ELISA kit, ab100549 (Abcam). MIG is often
referred to as CXCL9 (C-X-C motif chemokine ligand or monokine induced by gamma interferon), and
MCP-2 and RANTES are referred to as CCL8 (C-C motif chemokine 8) and CCL5 (C-C motif chemokine
ligand 5). The average cytokine concentrations (pg/ml) were quantified per condition, and the standard
deviation of the mean was calculated using pooled data from at least 3 independent biological
replicates.

Data analysis. Graph Pad Prism 8.0 or Microsoft Excel was used for statistical analyses; P, 0.05 was
considered significant. ANOVA was used to test for differences followed by post hoc Dunnett’s or Tukey’s
tests. Dunnett’s tests were used to compare the mean for each treatment condition to the control mean
per experiment. Tukey’s tests were used to compare the mean of each condition to the mean of all
others. Individual P values from post hoc Dunnett’s tests and post hoc Tukey’s tests were reported as fol-
lows for all comparisons: *, P= 0.01 to 0.05; **, P=0.001 to 0.01; ***, P= 0.0001 to 0.001; ****, P, 0.0001).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.7 MB.
SUPPLEMENTAL FILE 2, PDF file, 0.3 MB.
SUPPLEMENTAL FILE 3, PDF file, 0.2 MB.
SUPPLEMENTAL FILE 4, PDF file, 2.2 MB.

ACKNOWLEDGMENTS
We thank Elena Borges and Megan Shiroda for technical assistance.
This work was supported by grants from the National Institutes of Health (AI134036,

HD090061, and AI154192). The content is solely the responsibility of the authors and
does not necessarily represent the official views of the National Institutes of Health.

REFERENCES
1. Verani JR, McGee L, Schrag SJ, Division of Bacterial Diseases, National Cen-

ter for Immunization and Respiratory Diseases, Centers for Disease Control
and Prevention (CDC). 2010. Prevention of perinatal group B streptococcal
disease: revised guidelines from CDC, 2010. Morb Mortal Wkly Rep 59:1–36.

2. Horvath B, Lakatos F, Tóth C, Bödecs T, Bódis J. 2014. Silent chorioamnio-
nitis and associated pregnancy outcomes: a review of clinical data gath-
ered over a 16-year period. J Perinat Med 42:441–447. https://doi.org/10
.1515/jpm-2013-0186.

3. Doran KS, Nizet V. 2004. Molecular pathogenesis of neonatal group B
streptococcal infection: no longer in its infancy. Mol Microbiol 54:23–31.
https://doi.org/10.1111/j.1365-2958.2004.04266.x.

4. Wennekamp J, Henneke P. 2008. Induction and termination of inflamma-
tory signaling in group B streptococcal sepsis. Immunol Rev 225:114–127.
https://doi.org/10.1111/j.1600-065X.2008.00673.x.

5. Korir ML, Manning SD, Davies HD. 2017. Intrinsic maturational neonatal
immune deficiencies and susceptibility to group B Streptococcus infec-
tion. Clin Microbiol Rev 30:973–989. https://doi.org/10.1128/CMR
.00019-17.

6. Anders AP, Gaddy JA, Doster RS, Aronoff DM. 2017. Current concepts in
maternal-fetal immunology: recognition and response to microbial
pathogens by decidual stromal cells. Am J Reprod Immunol 77:e12623.
https://doi.org/10.1111/aji.12623.

Flaherty et al. Infection and Immunity

May 2021 Volume 89 Issue 5 e00647-20 iai.asm.org 16

https://doi.org/10.1515/jpm-2013-0186
https://doi.org/10.1515/jpm-2013-0186
https://doi.org/10.1111/j.1365-2958.2004.04266.x
https://doi.org/10.1111/j.1600-065X.2008.00673.x
https://doi.org/10.1128/CMR.00019-17
https://doi.org/10.1128/CMR.00019-17
https://doi.org/10.1111/aji.12623
https://iai.asm.org


7. Flaherty RA, Borges EC, Sutton JA, Aronoff DM, Gaddy JA, Petroff MG,
Manning SD. 2019. Genetically distinct Group B Streptococcus strains
induce varying macrophage cytokine responses. PLoS One 14:e0222910.
https://doi.org/10.1371/journal.pone.0222910.

8. Korir ML, Knupp D, LeMerise K, Boldenow E, Loch-Caruso R, Aronoff DM,
Manning SD. 2014. Association and virulence gene expression vary
among serotype III group B Streptococcus isolates following exposure to
decidual and lung epithelial cells. Infect Immun 82:4587–4595. https://doi
.org/10.1128/IAI.02181-14.

9. Springman AC, Lacher DW, Wu G, Milton N, Whittam TS, Davies HD,
Manning SD. 2009. Selection, recombination, and virulence gene diversity
among group B streptococcal genotypes. J Bacteriol 191:5419–5427.
https://doi.org/10.1128/JB.00369-09.

10. Korir ML, Laut C, Rogers LM, Plemmons JA, Aronoff DM, Manning SD.
2017. Differing mechanisms of surviving phagosomal stress among group
b Streptococcus strains of varying genotypes. Virulence 8:924–937.
https://doi.org/10.1080/21505594.2016.1252016.

11. Korir ML, Flaherty RA, Rogers LM, Gaddy JA, Aronoff DM, Manning SD.
2018. Investigation of the role that NADH peroxidase plays in oxidative
stress survival in group B Streptococcus. Front Microbiol 9:2786. https://
doi.org/10.3389/fmicb.2018.02786.

12. Jones N, Bohnsack JF, Takahashi S, Oliver KA, Chan M-S, Kunst F, Glaser P,
Rusniok C, Crook DWM, Harding RM, Bisharat N, Spratt BG. 2003. Multilo-
cus sequence typing system for group B Streptococcus. J Clin Microbiol
41:2530–2536. https://doi.org/10.1128/jcm.41.6.2530-2536.2003.

13. Luan S-L, Granlund M, Sellin M, Lagergård T, Spratt BG, Norgren M. 2005.
Multilocus sequence typing of Swedish invasive group B Streptococcus
isolates indicates a neonatally associated genetic lineage and capsule
switching. J Clin Microbiol 43:3727–3733. https://doi.org/10.1128/JCM.43
.8.3727-3733.2005.

14. Lin F-YC, Whiting A, Adderson E, Takahashi S, Dunn DM, Weiss R, Azimi
PH, Philips JB, Weisman LE, Regan J, Clark P, Rhoads GG, Frasch CE,
Troendle J, Moyer P, Bohnsack JF. 2006. Phylogenetic lineages of invasive
and colonizing strains of serotype III group B streptococci from neonates:
a multicenter prospective study. J Clin Microbiol 44:1257–1261. https://
doi.org/10.1128/JCM.44.4.1257-1261.2006.

15. Manning SD, Springman AC, Lehotzky E, Lewis MA, Whittam TS, Davies
HD. 2009. Multilocus sequence types associated with neonatal group B
streptococcal sepsis and meningitis in Canada. J Clin Microbiol 47:
1143–1148. https://doi.org/10.1128/JCM.01424-08.

16. Cargnello M, Roux PP. 2011. Activation and function of the MAPKs and
their substrates, the MAPK-activated protein kinases. Microbiol Mol Biol
Rev 75:50–83. https://doi.org/10.1128/MMBR.00031-10.

17. D’Acquisto F, May MJ, Ghosh S. 2002. Inhibition of nuclear factor kappa B
(NF-kB): an emerging theme in anti-inflammatory therapies. Mol Interv
2:22–35. https://doi.org/10.1124/mi.2.1.22.

18. Flaherty RA, Magel M, Aronoff DM, Gaddy JA, Petroff MG, Manning SD.
2019. Modulation of death and inflammatory signaling in decidual stro-
mal cells following exposure to group B Streptococcus. Infect Immun 87:
e00729-19. https://doi.org/10.1128/IAI.00729-19.

19. Rogers LM, Gaddy JA, Manning SD, Aronoff DM. 2018. Variation in mac-
rophage phagocytosis of Streptococcus agalactiae does not reflect bac-
terial capsular serotype, multilocus sequence type, or association with
invasive infection. Pathog Immun 3:63–71. https://doi.org/10.20411/
pai.v3i1.233.

20. Vallejo JG, Knuefermann P, Mann DL, Sivasubramanian N. 2000. Group B
Streptococcus induces TNF-alpha gene expression and activation of the
transcription factors NF-kappa B and activator protein-1 in human cord
blood monocytes. J Immunol 165:419–425. https://doi.org/10.4049/
jimmunol.165.1.419.

21. Ring A, Braun JS, Nizet V, Stremmel W, Shenep JL. 2000. Group B strepto-
coccal b-hemolysin induces nitric oxide production in murine macro-
phages. J Infect Dis 182:150–157. https://doi.org/10.1086/315681.

22. Albanyan EA, Vallejo JG, Smith CW, Edwards MS. 2000. Nonopsonic bind-
ing of type III group B streptococci to human neutrophils induces

interleukin-8 release mediated by the p38 mitogen-activated protein ki-
nase pathway. Infect Immun 68:2053–2060. https://doi.org/10.1128/iai.68
.4.2053-2060.2000.

23. Kenzel S, Mancuso G, Malley R, Teti G, Golenbock DT, Henneke P. 2006. c-
Jun kinase is a critical signaling molecule in a neonatal model of group B
streptococcal sepsis. J Immunol 176:3181–3188. https://doi.org/10.4049/
jimmunol.176.5.3181.

24. Mancuso G, Midiri A, Beninati C, Piraino G, Valenti A, Nicocia G, Teti D,
Cook J, Teti G. 2002. Mitogen-activated protein kinases and NF-kappa B
are involved in TNF-alpha responses to group B streptococci. J Immunol
169:1401–1409. https://doi.org/10.4049/jimmunol.169.3.1401.

25. Fettucciari K, Fetriconi I, Bartoli A, Rossi R, Marconi P. 2003. Involvement
of mitogen-activated protein kinases in group B Streptococcus-induced
macrophage apoptosis. Pharmacol Res 47:355–362. https://doi.org/10
.1016/S1043-6618(03)00004-5.

26. Fan H, Teti G, Ashton S, Guyton K, Tempel GE, Halushka PV, Cook JA. 2003.
Involvement of Gi proteins and Src tyrosine kinase in TNFa production
induced by lipopolysaccharide, group B Streptococci and Staphylococcus
aureus. Cytokine 22:126–133. https://doi.org/10.1016/S1043-4666(03)
00122-4.

27. Shepherd EG, Zhao Q, Welty SE, Hansen TN, Smith CV, Liu Y. 2004. The
function of mitogen-activated protein kinase phosphatase-1 in peptido-
glycan-stimulated macrophages. J Biol Chem 279:54023–54031. https://
doi.org/10.1074/jbc.M408444200.

28. Maisey HC, Doran KS, Nizet V. 2008. Recent advances in understanding
the molecular basis of group B Streptococcus virulence. Expert Rev Mol
Med 10:e27. https://doi.org/10.1017/S1462399408000811.

29. Kenzel S, Santos-Sierra S, Deshmukh SD, Moeller I, Ergin B, Fitzgerald
KA, Lien E, Akira S, Golenbock DT, Henneke P. 2009. Role of p38 and
early growth response factor 1 in the macrophage response to group B
Streptococcus. Infect Immun 77:2474–2481. https://doi.org/10.1128/
IAI.01343-08.

30. Bebien M, Hensler ME, Davanture S, Hsu LC, Karin M, Park JM,
Alexopoulou L, Liu GY, Nizet V, Lawrence T. 2012. The pore-forming toxin
b hemolysin/cytolysin triggers p38 MAPK-dependent IL-10 production in
macrophages and inhibits innate immunity. PLoS Pathog 8:e1002812.
https://doi.org/10.1371/journal.ppat.1002812.

31. Chang YC, Olson J, Beasley FC, Tung C, Zhang J, Crocker PR, Varki A,
Nizet V. 2014. Group B streptococcus engages an inhibitory Siglec
through sialic acid mimicry to blunt innate immune and inflammatory
responses in vivo. PLoS Pathog 10:e1003846. https://doi.org/10.1371/
journal.ppat.1003846.

32. Ali SR, Fong JJ, Carlin AF, Busch TD, Linden R, Angata T, Areschoug T,
Parast M, Varki N, Murray J, Nizet V, Varki A. 2014. Siglec-5 and Siglec-14
are polymorphic paired receptors that modulate neutrophil and amnion
signaling responses to group B Streptococcus. J Exp Med 211:1231–1242.
https://doi.org/10.1084/jem.20131853.

33. Roger T, Schneider A, Weier M, Sweep FCGJ, Le Roy D, Bernhagen J,
Calandra T, Giannoni E. 2016. High expression levels of macrophage
migration inhibitory factor sustain the innate immune responses of neo-
nates. Proc Natl Acad Sci U S A 113:e997–e1005. https://doi.org/10.1073/
pnas.1514018113.

34. Manning SD, Lewis MA, Springman AC, Lehotzky E, Whittam TS, Davies
HD. 2008. Genotypic diversity and serotype distribution of group B Strep-
tococcus isolated from women before and after delivery. Clin Infect Dis
46:1829–1837. https://doi.org/10.1086/588296.

35. Cieslewicz MJ, Chaffin D, Glusman G, Kasper D, Madan A, Rodrigues S, Fahey
J, Wessels MR, Rubens CE. 2005. Structural and genetic diversity of group B
Streptococcus capsular polysaccharides. Infect Immun 73:3096–3103. https://
doi.org/10.1128/IAI.73.5.3096-3103.2005.

36. Flaherty RA, Puricelli JM, Higashi DL, Park CJ, Lee SW. 2015. Streptolysin S
promotes programmed cell death and enhances inflammatory signaling
in epithelial keratinocytes during group A Streptococcus infection. Infect
Immun 83:4118–4133. https://doi.org/10.1128/IAI.00611-15.

Macrophage Signaling Responses to Diverse GBS Strains Infection and Immunity

May 2021 Volume 89 Issue 5 e00647-20 iai.asm.org 17

https://doi.org/10.1371/journal.pone.0222910
https://doi.org/10.1128/IAI.02181-14
https://doi.org/10.1128/IAI.02181-14
https://doi.org/10.1128/JB.00369-09
https://doi.org/10.1080/21505594.2016.1252016
https://doi.org/10.3389/fmicb.2018.02786
https://doi.org/10.3389/fmicb.2018.02786
https://doi.org/10.1128/jcm.41.6.2530-2536.2003
https://doi.org/10.1128/JCM.43.8.3727-3733.2005
https://doi.org/10.1128/JCM.43.8.3727-3733.2005
https://doi.org/10.1128/JCM.44.4.1257-1261.2006
https://doi.org/10.1128/JCM.44.4.1257-1261.2006
https://doi.org/10.1128/JCM.01424-08
https://doi.org/10.1128/MMBR.00031-10
https://doi.org/10.1124/mi.2.1.22
https://doi.org/10.1128/IAI.00729-19
https://doi.org/10.20411/pai.v3i1.233
https://doi.org/10.20411/pai.v3i1.233
https://doi.org/10.4049/jimmunol.165.1.419
https://doi.org/10.4049/jimmunol.165.1.419
https://doi.org/10.1086/315681
https://doi.org/10.1128/iai.68.4.2053-2060.2000
https://doi.org/10.1128/iai.68.4.2053-2060.2000
https://doi.org/10.4049/jimmunol.176.5.3181
https://doi.org/10.4049/jimmunol.176.5.3181
https://doi.org/10.4049/jimmunol.169.3.1401
https://doi.org/10.1016/S1043-6618(03)00004-5
https://doi.org/10.1016/S1043-6618(03)00004-5
https://doi.org/10.1016/S1043-4666(03)<?A3B2 re 3j?>00122-4
https://doi.org/10.1016/S1043-4666(03)<?A3B2 re 3j?>00122-4
https://doi.org/10.1074/jbc.M408444200
https://doi.org/10.1074/jbc.M408444200
https://doi.org/10.1017/S1462399408000811
https://doi.org/10.1128/IAI.01343-08
https://doi.org/10.1128/IAI.01343-08
https://doi.org/10.1371/journal.ppat.1002812
https://doi.org/10.1371/journal.ppat.1003846
https://doi.org/10.1371/journal.ppat.1003846
https://doi.org/10.1084/jem.20131853
https://doi.org/10.1073/pnas.1514018113
https://doi.org/10.1073/pnas.1514018113
https://doi.org/10.1086/588296
https://doi.org/10.1128/IAI.73.5.3096-3103.2005
https://doi.org/10.1128/IAI.73.5.3096-3103.2005
https://doi.org/10.1128/IAI.00611-15
https://iai.asm.org

	RESULTS
	Antibody-based protein array reveals general and strain-specific responses to GBS infection in THP-1 macrophages.
	GBS induces mitogen-activated protein kinase (MAPK) signaling in macrophages.
	GBS induces nuclear factor kappa B signaling in macrophages downstream of p38 and JNK MAPK activation.
	p38 and JNK MAPK influence GBS-mediated cytokine activation.
	p38 and JNK MAPK play contrasting roles in the regulation of GBS-mediated macrophage cell death.
	GBS strains exhibit variation in phagocytic uptake and in their ability to survive in macrophages.
	MAPK signaling influences phagocytosis and survival of GBS in macrophages.

	DISCUSSION
	MATERIALS AND METHODS
	Bacterial strains.
	THP-1 cell culture and infection.
	Antibody array.
	SDS-PAGE and Western blotting.
	Immunofluorescence staining and imaging.
	Antibodies and stains.
	Vehicle controls and chemical inhibitors.
	Ethidium homodimer cell death assays.
	Macrophage survival assays.
	Cytokine analysis using ELISA.
	Data analysis.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

