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Abstract
Group B Streptococcus (GBS) is an important pathogen and is associated with sepsis and
meningitis in neonates and infants. An ex vivo model that facilitates observations of GBS
interactions with multiple host cell types over time was used to study its pathogenicity. GBS
infections were associated with profound reductions in fetal lung; explant size, and airway
branching. Elevated levels of apoptosis subsequent to GBS infections were observed by whole-
mount confocal immunofluorescence using activated-caspase-3-antibodies and terminal
deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) assays. The caspase inhibitor Z-
VAD-FMK abolished the increase in TUNEL-positive cells associated with GBS infections,
indicating that the GBS-induced apoptosis was caspase-dependent. Digital image analyses
revealed that both GBS and the active form of caspase-3 were distributed primarily within the lung
interstitium, suggesting that these tissues are important targets for GBS. Antibodies to the active
form of caspase-3 colocalized with both macrophage- and erythroblast-markers, suggesting that
these hematopoietic cells are vulnerable to GBS-mediated pathogenesis. These studies suggest that
GBS infections profoundly alter lung morphology and caspase-dependent hematopoietic cell
apoptosis within the lung interstitium play roles in GBS pathophysiology in this model.
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Introduction
Streptococcus agalactiae or group B Streptococcus (GBS) is a major Gram-positive bacterial
pathogen of fetuses, neonates, infants, and immune compromised adults [1–3]. Despite the
widespread usage of maternal antibiotic prophylaxis, GBS is still the leading cause of early-
onset neonatal sepsis in the US [4]. Moreover, a safe and effective vaccine still appears to be
several years away [5]. Thus, understanding the pathogenic mechanisms of this organism
may facilitate the development of the next generation of treatment modalities.
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The pathogenic mechanisms of GBS are associated with several virulence factors of the
organism including: surface-associated proteins, capsular polysaccharides, and soluble
cytotoxins [1, 6, 7]. Factors including the β-hemolysin/cytolysin (β-H/C toxin) appear to
facilitate pathogenesis via induction of host cell lysis and subsequent cell death [8–11]. GBS
is associated with the death of several cell types including macrophages, neutrophils,
endothelial cells, and epithelial cells [1, 7–17].

GBS induction of host cell death includes both necrotic and apoptotic mechanisms [8–10,
18]. Apoptosis is a type of programmed cell death of which multiple types of both caspase-
dependent and -independent mechanisms have been described [19, 20]. Caspases are
cysteine-proteases that play roles in apoptosis, necrosis, and inflammation. Caspase-3 is
defined as an effector caspase, it is activated by apical or upstream caspases and its activity
can be inhibited by peptide analogs including N-benzyloxycarbonyl-Val-Ala-Asp-
fluoromethyl-ketone (Z-VAD-FMK). It has been used to inhibit neuronal cell death and
white blood cell influx into the cerebrospinal fluid compartment in experimental
pneumococcal meningitis [21].

The precise mechanisms of GBS pathogenicity and tissue targeting of a neonate are
unknown. Clinical studies and animal models have suggested that the lung may be the
primary portal providing pathogen access to the host [22, 23]. However, it is not known
which specific lung cell types interact with GBS. Moreover, the pathogenic consequences of
these GBS/lung cell interactions are not well defined.

Therefore, GBS pathogenic mechanisms were studied via an ex vivo model, which enables
the observation of dynamic host-pathogen interactions with an intact tissue bed over the
course of an infection [24]. The data herein suggest that GBS infections are associated not
only with profound lung morphological changes, but GBS targets the lung interstitial cells
inducing caspase-dependent apoptosis. Within the interstitium of these fetal lung explants,
hematopoietic cells including macrophages and erythroblasts were identified as exquisitely
sensitive to GBS pathogenesis.

Materials and Methods
Materials and Reagents

Chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO) and Fisher
Scientific (Pittsburgh, PA) unless otherwise noted. The GBS strains A909 (serotype Ia) and
COH1 (serotype III) were obtained from the Channing Laboratory [25]. The E. coli strain
EC1 is a derivative of the laboratory strain DH5α [24]. Antibodies used in these studies are
shown in Table I. All secondary antibody conjugates were purchased from Jackson
ImmunoResearch Laboratories, Inc. (West Grove, PA).

Fetal Lung Explants
Fetal rat lung explants were prepared as described with a few modifications [26]. Animals
were housed in accordance with the Boston College IACUC standards using approved
protocol #2011-007-01. Timed-pregnant Sprague-Dawley rats (Taconic Farms, Hudson,
NY) were euthanized in carbon dioxide at embryonic day 15 (E15). Fetuses were removed
by cesarean section and placed in Hank’s balanced salt solution (HBSS, Invitrogen) on ice.
Fetuses were decapitated and lungs were removed from the surrounding tissue using fine
forceps under a dissecting microscope. An average of two explants were placed on each 0.45
μm Organotypic (Millipore) membrane insert. Inserts were placed in 6-well plates (Costar,
Lowell, MA) containing 2 ml of BGJb (Invitrogen, Carlsbad, CA) containing antibiotic-
antimycotic solution (Cellgro, Manassas, VA) and incubated for 24 hours at 37°C in 5%
CO2. Explants were subsequently washed three times with ice-cold PBS to remove BGJb-
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media and placed in 1 ml of Minimum Essential Media (MEMα, Invitrogen) containing 1%
fetal bovine serum (Invitrogen) and Amphotericin B (2.5 μg/ml, Sigma) (infection media)
for the duration of the experiments. Media used for heat-killed (HK) and PBS-treatment
groups contained the antibiotic-antimycotic solution as well. However, addition of the
antibiotic-antimycotic solution to the negative controls did not alter the growth or
morphology of the explants in any detectable manner.

Infection Procedure
GBS organisms were prepared for infections as follows. GBS were initially grown overnight
at 37°C followed by growth at room temperature for 3 – 7 days on blood agar plates.
Colonies became quite large under these conditions indicating robust viability and thus
providing adequate numbers of GBS for both live (GBS-L) and heat-killed (GBS-HK)
organisms. For each experiment, an individual colony was resuspended in 4.5 ml phosphate
buffered saline (PBS). An aliquot of this was diluted 1/50 in phosphate-buffered saline
(PBS) and kept on ice for Live infections and was reproducibly shown to be 1.0 – 3.0 E7
colony-forming units (CFU)/ml by serial dilution plating. The GBS-HK samples were
prepared by concentrating the remaining organisms 20 fold by centrifugation, incubating at
80°C for 20 minutes, and maintaining on ice until used for infections. The GBS-HK sample
represents a 1,000-fold excess of organisms over the GBS-L.

Infections using the E. coli strain EC1 were carried out as follows. Individual colonies
grown on Luria-Broth agar plates were resuspended in PBS to ~1 - 5E7 CFU/ml. Heat-killed
aliquots were prepared by concentrating live organisms by three orders of magnitude via
centrifugation and heating at 80°C for 20 min. Aliquots of 10 μl of PBS, GBS, or E. coli
(both live and dead) were added directly on top of the explants at t = 0.

Explant Quantitation
Quantitation of fetal rat lung explant areas is described in Figure S1. The percent change in
explant areas were calculated by subtracting the explant areas at experiment termination
(Areat) from the explant area at initiation (Areai), dividing by Areai, and multiplying by 100.
These values are the percent changes in explant areas subsequent to GBS infections. All
analyses were carried out “blinded” to the treatment schema.

Spent Media Analysis
After 66.5 hours treatment, the spent media from the explants were collected in
microcentrifuge tubes, filtered using Ultrafree-MC Centrifugal Filter Units (Millipore,
Beford, MA), and stored at −80°C until analyzed. For the analyses below, all media samples
were heated in a water bath to 80°C for 5 minutes and subsequently kept on ice to reduce
any remaining enzymatic activities.

Glucose was measured using a D-Glucose UV-method analysis kit according to the
manufacture’s protocol (R-Biopharm AG, Darmstadt, Germany). The assay was scaled to a
96-well microplate format using black/clear Imaging Plates (BD Falcon) and samples were
read at 340 nm using a Synergy H4 Hybrid (Biotek, Winooski, VT) microplate reader. Every
sample was measured in triplicate.

The pH values of the spent media samples were measured with an Orion micro pH electrode
(Thermo Scientific). Spent media samples of 100 μl were placed in 0.5 ml micro-centrifuge
tubes, incubated in 5% CO2 at 37°C for 2 hours prior to measurements, and read
immediately after removal from the incubator. Fresh media (MEMα containing 1% fetal
bovine serum and Amphotericin B) was used to determine the baseline pH values.
Deviations from the baseline are indicated as the Δ pH.
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Analysis of L-Lactate in the spent media samples was carried out essentially as previously
described [24]. Assays were scaled to a 96-well microplate format using black/clear Imaging
Plates (BD Falcon) and samples were read at 340 nm using a Synergy H4 Hybrid (Biotek,
Winooski, VT) microplate reader. Every sample was measured in quadruplicate.

Statistical analyses for the above assays were carried out by analysis of variance (ANOVA)
using the Bonferroni’s multiple comparison test [27].

Peripheral Bud Counts
Peripheral bud counts (PBC) were obtained directly from the images. The PBCs were
normalized by dividing PBCs at the experiment termination by the PBCs at the experiment
initiation. Statistical analyses were carried out using the Student’s t-test.

Whole-Mount Immunofluorescence of Activated Caspase-3
Whole-mount immunofluorescence was used to characterize activated caspase-3 activities in
fetal rat lung explants subsequent to three-day infections with either HK or live GBS.
Tissues were fixed for at least 48 hours in PBS-buffered 4% paraformaldehyde. Fixed
tissues were washed in PBS three times (1 hour each) followed by tissue permeabilization in
0.1% Triton X-100 in PBS while shaking for 30 minutes. After an additional three washes in
PBS, tissues were blocked using 5% normal donkey serum (Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA) in PBS for 1 hour and followed by three PBS washes.
Tissues were incubated for 1 hour with activated caspase-3 rabbit monoclonal antibodies
(BD Biosciences, San Jose, CA) at a 1/500 dilution in PBS containing 2% bovine serum
albumin (BSA). After three PBS washes, donkey anti-rabbit CY3 secondary antibody
conjugates (Jackson ImmunoResearch Laboratories, Inc.) were added at dilutions of 1/200 in
2% BSA-PBS. After a 1-hour incubation, tissues were washed once in PBS for 5 min and
incubated for 30 minutes in Hoechst 33342 at 0.5 μg/ml followed by three PBS washes.
Tissues were placed into a drop of Vectashield anti-fade (Vector Laboratories, Burlingame,
CA) onto Probe-on slides and covered with coverslips. Confocal microscopy was carried out
with a TCS SP5 (Leica Microsystems, Bannockburn, IL).

Images of both activated-caspase-3 and Hoechst staining were converted to grayscale and
then to binary images using the threshold function of Canvas. The binary files were
quantitated using ImageJ software [28]. Values for each image of activated caspase-3
staining were normalized to its values associated with its Hoechst staining. Statistical
analyses were carried out using the Student’s t-test.

Whole-mount TUNEL Analysis
Explants were treated as above with the exception that the caspase inhibitor, Z-VAD-FMK,
(Enzo Life Sciences, Farmingdale, NY) or DMSO (negative control) was added to the media
just prior to infection at a concentration of 50 μM. Quantitation of the TUNEL images used
essentially the same procedure as used for the activated caspase-3 quantitation (above). The
signals corresponding to TUNEL-positivity were normalized to the corresponding nuclear
DNA (Hoechst) staining for each image. The mean values of TUNEL/Hoechst ratios from
the four treatment groups (HK, DMSO), (HK, Z-VAD-FMK), (Live, DMSO), and (Live, Z-
VAD-FMK) of three independent experiments were compared by analysis of variance
(ANOVA) [27].

Quantitative Tissue Distribution Analyses of GBS and Activated Caspase-3
Figure S2 illustrates the methods used for quantitative analyses of cell/tissue distribution of
both GBS and the active form of Caspase-3 (Cp3). Statistical analyses were carried out
using the Student’s t-test.
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Quantitative Colocalization
Procedures for quantitative colocalization analyses are illustrated in Fig. S3. Multi-label
immunofluorescence was carried out essentially as described above for the
immunofluorescence of caspase-3 (2.7). Either the BSI lectin (Table 1) or CD68-specific
antibodies (Table 1) were incubated together with Cp3-specific antibodies for 1 h, at
dilutions of 1/1000 in 2% BSA-PBS. The CD68-specific antibodies were detected with a
secondary conjugate of donkey anti-goat labeled with CY3. The Hb-specific antibodies were
incubated with the tissues subsequent to donkey anti-rabbit-FITC secondary conjugates to
reduce potential cross-detection of the Cp3-specific antibodies with the donkey anti-rabbit-
CY3 secondary conjugate. Binary images were quantitated in ImageJ and statistical analyses
were carried out using the Student’s t-test [28].

Results
Infection Associated Explant Morphological Changes

Fetal rat lung explants were infected with live GBS strain A909 (GBS-L), heat-killed
organisms (GBS-HK), or PBS (the latter two as negative controls) for slightly less than three
days to characterize the effects of GBS on whole tissues. The time frame used was based on
previous reports of in vivo GBS infection models [29–31]. Figure 1a shows gross
observations of explant tissues at the initiation and termination of the experiment. These
data indicate that the explants exposed to GBS-L do not increase in size in contrast to the
PBS and GBS-HK controls. To verify these observations, the explant areas were quantitated
using digital image analyses. Figure 1b shows that the percent change of explant areas over
the course of the experiment is negative for the live GBS infection, indicating that the
explants shrink (tissue atrophy) subsequent to live GBS infection. Moreover, virtually
identical results were obtained with a representative GBS serotype III strain COH1,
suggesting that the tissue atrophy appears to be GBS-serotype/strain independent (data not
shown).

To determine if the above observations were unique to GBS infections, explants were also
infected with either heat-killed (EC-HK) or live E. coli strain EC1 (EC-L), a nonlethal
derivative of strain DH5α [24]. Figure 1 shows that explants infected with EC1-L failed to
show tissue atrophy observed in the live GBS infections. These data suggest that the
observed tissue atrophy might be unique consequence of GBS infections.

Since the mechanism(s) of the observed tissue atrophy associated with the ex vivo GBS
infection is/are not known, nutrient depletion, pH changes, and lactate accumulation, were
investigated as potential causal agents. Figure 2a shows that glucose depletion occurred in
the spent media of explants infected with either live GBS or E. coli, suggesting that the
observed tissue atrophy is not the result of glucose depletion per se. This hypothesis is
supported by observations that fetal rat lung explants grew (albeit at a slower rate) in tissue
culture media lacking glucose over the time frame used in these experiments (data not
shown).

Since the glucose appeared to be entirely consumed in the infected explants, it was expected
that the pH of the media would decline and L-lactate would accumulate as a consequence of
both bacterial and tissue fermentation. Figures 2b and 2c show that both the pH declined and
L-lactate accumulated in the spent media from the GBS- but not E. coli-infected explants.
These data suggest that the observed tissue atrophy might be associated with either increased
media acidification and/or lactate accumulation. In addition, since the differences between
the PBS- and HK-treatment groups were insignificant in the above analyses, only HK-
treated explants were used as negative controls in subsequent studies.
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GBS Alters Fetal Rat Lung Branching Morphogenesis
Lung explant areas are a good approximation of tissue growth, while branching
morphogenesis is often described as an approximation of tissue differentiation [26, 32, 33].
To determine if GBS infections altered the differentiation potential of these tissues, similar
experiments were carried out as described above and the peripheral branch counts (PBC) of
the tissues were measured at the beginning and end of each experiment. Figure 3a shows a
representative section of explant tissue illustrating the differences in branching observed
between the HK and live infected tissues. Figure 3b shows comparisons of the ratios of
terminal and initial explant PBCs treated with either HK- or live-GBS. These data show that
airway branching morphogenesis was ~4 fold lower in the live infection compared with the
HK (control) infection over the course of the experiment, suggesting that GBS infections
negatively impact both fetal rat lung tissue growth and differentiation in this ex vivo model.

GBS Induces a Caspase-dependent Apoptosis
To determine if cell death contributed to the morphological changes associated with live
GBS infections, apoptosis was characterized using whole-mount confocal
immunofluorescence with activated caspase-3-specific antibodies [26]. Fetal rat lung
explants were infected with GBS strain A909 either heat-killed (HK) or live (Live) as in
previous experiments. Figure 4a shows staining corresponding to activated caspase-3 is
elevated in explants infected with live GBS compared with HK organisms. To verify these
observations, quantitative digital image analysis was carried out. Figure 4b shows that
staining corresponding to activated caspase-3 is significantly higher in the live infection
compared with the HK-treated tissues, confirming the initial observations.

To verify that the increased caspase-3 activities were associated with apoptosis, terminal
deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) assays were carried out
[26]. Figure 5a shows that live GBS infections were associated with elevated numbers of
TUNEL positive cells. To determine if the observed TUNEL-positivity was caspase-
dependent, infections were carried out in the presence of Z-VAD-FMK, a general caspase
inhibitor, or DMSO (negative control). Figure 5a shows reductions in the numbers of
TUNEL-positive cells in the presence of Z-VAD-FMK compared with the DMSO-treated
cells during a live GBS infection. These observations were confirmed by quantitative digital
image analysis (Figure 5b). Thus, these data suggest a caspase-dependent apoptosis is
associated with GBS infections in fetal rat lung explants.

Tissue-Specific Distribution of GBS and Activated Caspase-3
Since other studies have suggested that different fetal lung cell types undergo apoptosis
variably, the distribution of apoptotic cells within the explants was investigated [34–37].
The distribution of activated caspase-3 within the explant tissue beds was characterized by
whole-mount immunofluorescence confocal microscopy as described above. Figure 6a
shows a representative image of the tissue distribution of activated caspase-3 within a fetal
rat lung explant subsequent to GBS infection. Figure 6b shows the quantitative digital image
analysis of this tissue distribution using the methods described in Figure S2. These data
suggest that the active form of caspase-3 was localized primarily to the lung interstitium,
indicating that the mesenchyme-derived cells of the lung interstitium have a greater
propensity to undergo apoptosis than the epithelial cells in this model.

Figure 6a also shows GBS nucleoids are localized primarily to the lung interstitium,
suggesting that GBS infect the lung interstitium. To verify this observation, confocal
immunofluorescence was carried out using a GBS-specific antibody probe (see Table I).
Figure 6c shows GBS are indeed localized to the lung interstium and was verified using the
quantitative image analysis methods described in Figure S2 (Figure 6d). Therefore, these
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data suggest that both apoptotic cells and GBS are distributed primarily within the lung
interstitium in this model.

Colocalization of Activated Caspase-3 with Hematopoietic Cells in Fetal Rat Lung Explants
The above data indicate that both GBS and the active form of caspase-3 are found primarily
in the fetal rat lung interstitium. To test this hypothesis, explants infected with either HK or
live GBS were probed with antibodies to activated caspase-3 (Cp3) and BSI, a polyvalent
lectin with a major affinity for terminal α-D-galactosyl and secondary affinity for terminal
N-acetyl-α-D-galactosaminyl residues, that have been used to identify hematopoietic cells in
fetal rat lung explants [38]. Figure 7a shows a representative image indicating colocalization
between Cp3 and BSI. Digital image analyses were carried out to quantitate these
colocalizations, using the methods described in Figure S3. Figure 7b shows the results of
this quantitative analysis, which is the percentage of pixel overlap between the two stains.
These data clearly indicate that percentage of pixel overlap differs significantly between the
HK and live infections, providing strong evidence that hematopoietic cells undergo elevated
levels of apoptosis subsequent to GBS infections.

Macrophage-specific CD68 and erythroblast-specific hemoglobin (Hb) antibodies were used
to determine if these hematopoietic cells colocalized with Cp3 [39]. Figures 7c and 7e show
robust colocalization of Cp3 with both CD68- and Hb-specific antibodies in the live but not
HK-infected explants. Using the methods illustrated in Figure S3, quantitative colocalization
analyses confirmed that Cp3 significantly colocalized with both of these hematopoietic
markers (Figures 7d and 7f). Thus, these data suggest that GBS induce activated caspase-3
in fetal rat lung macrophages and erythroblasts, two erythroid/hematopoietic cell types
within the fetal rat lung.

Discussion
Investigations into the mechanisms of GBS pathogenesis have largely focused on
characterization of its virulence factors and subsequent testing using a variety of in vitro and
in vivo models [7, 40]. The majority of these studies have not investigated the tissue and
cellular morphological changes associated with GBS infections, temporal and spatial
distribution of GBS within a target organ, or a multicellular analysis of host-cell death. To
address these potential mechanisms of pathogenesis, an ex vivo model was used to facilitate
observations of organ morphological changes, host-pathogen interactions, and temporal/
spatial multicellular analysis of apoptosis [24].

To our knowledge, GBS associated tissue atrophy has not been reported. Consequently, the
underlying mechanisms as well as the contributing GBS factors are currently undefined.
Possible explanations for the explant atrophy include: cell migration out of the explants
(extravasation), osmotic-associated cell volume changes, and/or losses in cell number due to
necrosis and/or apoptosis. Although extravasation of inflammatory cells away from the main
tissue mass occurs in the infected explants, it is also observed in the heat-killed infected
explants albeit to a lesser extent (Figure 1). Thus, it is unlikely that inflammatory cell
extravasation is the primary reason for the profound tissue atrophy associated with ex vivo
GBS infections.

Metabolites produced primarily by GBS, and to a lesser extent fetal rat lung explants, may
also contribute to the observed tissue atrophy. The observed pH declines and L-lactate
increases in the spent media of the GBS- but not the E. coli-infected explants relate strongly
with the observed morphological changes. It is not known whether the increase in protons
and/or L-lactate can alter the osmolality of the media. However, both of these GBS-derived
metabolites could potentially induce compensatory volume changes in the constituent cells
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of the tissue [41]. Finally, apoptosis (and likely necrosis) are dramatically elevated in the
GBS-infected tissues and likely contribute to the observed tissue atrophy.

The observed decline in pH and increase in L-lactate may well be a consequence of the
closed system used in these studies. However, changing the media daily did not prevent the
pH decline or reduce lactate accumulation (data not shown). As long as the GBS were
viable, they continued to proliferate and quickly overwhelmed the culture system,
consuming most of the available glucose and producing most of the lactate. Although an
important hallmark of sepsis is a decline in blood pH (acidosis) and a rise in blood lactate (>
4 mM), it cannot be determined from these studies whether GBS contribute to these clinical
observations (metabolic acidosis and/or elevated lactate levels), but the data are consistent
with this possibility [24, 42–44].

The reasons for high levels of interstitial cell apoptosis observed in the studies herein are
unknown but might be linked to the mesenchymal origin of the interstitial cells. Several
lines of evidence suggest that mesenchyme-derived cells have greater sensitivity to
apoptosis than epithelial cells during fetal rat lung development. For example, mesenchyme-
derived cells normally undergo apoptosis at the pseudoglandular stage (embryonic days 12 –
17); a time frame that corresponds with the studies herein [35–37, 45]. In addition, treatment
of fetal rat lung explants with the MEK1/2 kinase inhibitor, U0126 or a teratogenic diphenyl
ether, nitrofen induced high levels of mesenchymal but not epithelial apoptosis [26, 34].
Moreover, inhibition of insulin-like growth factor-I receptor (IGF-IR) signaling with
neutralizing antibodies induced high levels of apoptosis in human fetal lung mesenchyme
but not epithelium [46]. Therefore, mesenchyme-derived cells appear to be primed for
elimination during normal lung fetal development such that slight perturbations and/or
cytotoxic insults may trigger apoptosis.

The interstitial cell apoptosis appears to be caspase-dependent in the studies herein.
However, other studies have shown conflicting data on GBS-induced caspase-dependent
apoptosis [12, 47]. For example, GBS induces a caspase-independent apoptosis in
thioglycollate-elicited mouse macrophages [9]. In contrast, a caspase-dependent apoptosis-
was observed using the macrophage-like J774A.1 cells [12]. Since the former study used
primary cells and the latter, a cell line, the differences in caspase-dependency between these
two studies suggests a cell-type dependent sensitivity in caspase-3-mediated apoptosis.
Nevertheless, since the majority of the cells in the study herein appear to be caspase-
dependent, it is possible that caspase-inhibition can be used to reduce inflammation
associated with GBS-associated sepsis and meningitis, as others have shown in experimental
models of pneumococcal meningitis [21].

GBS associated macrophage apoptosis has been described in several other studies
supporting our observations [9, 10, 12, 18, 47]. Although the mechanism(s) of GBS induced
macrophage apoptosis are currently undefined in our studies, the β-H/C toxin or its
associated pigment, an ornithine rhamno-polyene (granadaene) that confers hemolytic
activity may play a role and will be investigated in future studies [9, 10, 48].

Observations of GBS-associated erythroblast apoptosis do not appear to have been reported,
suggesting that the observations herein are novel. However, declines in hematocrit and
hemoglobin associated with premature early onset neonatal sepsis have been reported [49].
Moreover, other human pathogens including parvovirus B19, which can cause intrauterine
fetal death, have been linked with erythroblast apoptosis [50]. Interestingly, intrauterine fetal
death has also been strongly associated with GBS infections [3, 51, 52]. These observations
suggest that GBS-induced erythroblast apoptosis may play a role GBS-associated
intrauterine fetal death.
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The observations of enhanced GBS-mediated erythroblast apoptosis might be an indirect
consequence of increased GBS-mediated macrophage apoptosis. Erythroblasts are immature
red blood cells that are found in rings surrounding a central macrophage [53, 54]. During
midgestational fetal development, they are localized predominantly in the liver but are also
found in the developing lung [46, 55]. Erythroblasts normally undergo differentiation
(erythropoiesis); a process that appears to be mediated by oxygen tension and erythropoietin
(EPO) [53, 54]. This process is dependent upon the central macrophage within the
erythroblast nest. Disruptions in erythropoiesis signaling pathways or macrophage function
can increase erythroblast apoptosis [56, 57]. Therefore, the observed increases in
erythroblast apoptosis might be indirect consequences of macrophage impairment. However,
other possible causes of erythroblast apoptosis include increased macrophage migration out
of the erythroblast nest (data not shown) or direct hemolytic attack by GBS [9, 10]. Future
studies will clarify the mechanism of the observed GBS-associated erythroblast apoptosis.

Since macrophages and erythroblasts, two mesenchyme-derived hematopoietic cell types,
underwent GBS-mediated apoptosis in our ex vivo model, it is possible that other
hematopoietic cells including lymphocytes and granulocytes, as well as nonhematopoietic,
mesenchyme-derived cells e.g. fibroblasts, myofibroblasts, and smooth muscle cells may
also undergo apoptosis [10, 58]. However, our studies did not provide compelling evidence
for this (data not shown).

These studies show for the first time that GBS induces profound morphological changes in
fetal rat lung explants and induce a caspase-dependent interstitial cell apoptosis. Moreover,
the interstitial cells that are most sensitive to GBS are of hematopoietic lineage. These
observations lay a foundation for future studies on the unique susceptibility of these cells to
GBS mediated cytotoxicity as well as on their unique propensity to undergo apoptosis in
response to a variety of cytotoxic agents.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GBS infections alter lung explant tissue growth
Fetal rat lung explants were infected with PBS (negative control), a 1,000-fold excess heat-
killed GBS strain A909 (GBS-HK), live GBS strain A909 (GBS-L), and E. coli strain EC1
(EC-HK and EC-L). A. Representative phase contrast images of fetal rat lung explants at
initiation and termination of experiment. Composite images were used for tissues exceeded
the image field size. B. Explant area percent changes subsequent to GBS infections. Data
shows the values from at least six independent experiments in which (1 – 4) explants were
used per experiment. Error bars show standard error of the mean (SEM) and asterisk
indicates statistical significance for all comparisons with GBS-L (at least P < 0.01).
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Figure 2. Infection-associated Media Changes
Media changes including glucose concentration, pH changes (Δ pH), and L-lactate were
measured in the spent media at the experimental termination (66.5 hrs.). A. Concentrations
of glucose in treatment groups, asterisk indicates statistical significance for both GBS-L and
EC-L with respect to the other samples (P < 0.001). B. Difference in spent media pH (Δ pH)
between termination and initial values for treatment groups. Asterisk indicates statistical
significance for GBS-L with respect to the other samples (P < 0.001). C. Concentrations of
L-lactate in spent media subsequent to infections. Data points of all three graphs represent
mean values from at least 5 independent experiments and error bars represent SEM.
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Figure 3. GBS infections alter fetal lung branching morphogenesis
Branches formed at experimental termination (three days) in explants infected with either
heat-killed (HK) or live GBS strain A909. A. Images of sections from representative
explants at initiation and termination of experiments. Arrows indicate peripheral lung bud
numbers. B. Mean ratios of terminal over initial peripheral bud counts (PBCs). Data
collected from four independent experiments of which at least two replicate lung pairs for
each treatment group were used. Error bars are SEM and an asterisk indicates statistical
significance (P < 0.001).
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Figure 4. Tissue distribution of activated caspase-3 subsequent to GBS infections
Fetal lung explants were infected with either heat killed (HK) or live GBS as in previous
experiments. A. Representative confocal immunofluorescence images of fixed tissues
stained whole-mount with activated caspase-3-specific antibodies (red) and Hoechst 33342
(cell nuclei, blue). B. Quantitation of caspase-3 activity normalized to its associated Hoechst
staining. Data shows mean values from three independent experiments in which at least two
replicates were used per experiment. Error bars are SEM and asterisk indicates statistical
significance (P < 0.003).
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Figure 5. Increased DNA-fragmentation subsequent to live GBS infections
Fetal rat lung explants were treated with either HK or live GBS for 66.5 hours as well as
DMSO or the caspase-3 Z-VAD-FMK (50 μM, zVAD). Whole-mounted tissues were
subjected to terminal deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) assays
(red) and Hoechst 33342-staining (blue). A. Representative images from HK- and live-
infected explants. B. Quantitation of TUNEL-positivity as a function of Hoechst staining.
Data shows mean values from three independent experiments in which three replicates were
used for each treatment of each experiment. Error bars are SEM and asterisk indicates
statistical significance (P = 0.001).
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Figure 6. Distribution of GBS and activated caspase-3 within fetal rat lung explants
Fetal rat lung explants were infected with GBS as described above. A. Representative
whole-mount confocal immunofluorescence image of active caspase-3 (red) in GBS-infected
fetal rat lung explants. White line indicates the boundary between epithelium (e) and
interstitium (i). B. Quantitative analysis of the distribution of the active form of caspase-3
(Cp3) between the epithelia and interstitium of fetal rat lung explants subsequent to live
GBS infections. Data collected from representative images from four independent
experiments (P < 0.0001). C. Representative confocal immunofluorescence image of GBS
(red) detected with group B antigen-specific antibodies (GBS-P) in fetal rat lung explants.
White lines demarcate tissue boundaries between epithelia (e) and interstitium (i). D.
Quantitative analysis of the distribution of GBS between epithelia and the interstitium of
fetal rat lung explants. Data collected from representative images of four independent
experiments (P < 0.0001). Error bars are SEM. Hoechst is the nuclear counterstain (blue),
which also detects GBS nucleoids (ovals).
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Figure 7. Colocalization of the active form of caspase-3 (Cp3) with hematopoietic cells
Confocal immunofluorescence of fetal rat lung explants infected with either live or heat-
killed (HK) GBS for 66.5 hours. A. Representative images showing colocalization of
hematopoietic marker BSI-isolectin (red) and activated caspase-3-specific (Cp3) antibodies
(green) in both live and HK infected explants. B. Quantitation of BSI and Cp3
colocalization. The Percent Colocalziation is the fraction of colocalized signal from both
probes (obtained by color subtraction) divided by the sum of the individual signals
multiplied by 100 (see Methods and Figure S3). Data represents mean values pooled from
four independent experiments with at least three replicates of each treatment per experiment.
Asterisk indicates statistical significance (P = 0.003). Error bars show standard error of the
mean (SEM). C. Representative whole-mount confocal images using both CD68-
(macrophage, red) and Cp3- (green) antibodies. D. Quantitation of CD68 and Cp3
colocalization. Data represents mean values from three independent experiments with at
least two replicate image sets of each treatment per experiment. Asterisk indicates statistical
significance (P < 0.02). E. Representative whole-mount confocal images of hemoglobin
(Hb) antibodies (red) and Cp3 (green). F. Quantitation of Cp3 and Hb colocalization. Data
represents three independent experiments with at least three replicates of each treatment per
experiment. Asterisk indicates statistical significance (P < 0.002). Ovals indicate regions of
overlap and arrowheads show GBS nucleoids. Hoechst is the nuclear stain (blue).
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Table I

Antibodies/Probes

Antibody/Probe (Abbreviation) Type Source

Group B-Specific Polysaccharide (GBS-P) Rabbit Polyclonal Abcam (Cambridge, MA)

Activated Caspase-3 (Cp3) Rabbit Monoclonal BD Biosciences (San Diego, CA)

Bandeiraea simplicifolia lectin-TRITC (BSI) Polyvalent Lectin BSI* Sigma-Aldrich (St. Louis, MO)

Hemoglobin (Hb) Rabbit Polyclonal Cappel/ICN/MP Pharmaceuticals (Solon, OH)

CD68 Goat Polyclonal SCBT (Santa Cruz, CA)

*
Major affinity for terminal α-D-galactose with a secondary affinity for terminal N-acetyl-α-D-galactosamine residues
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