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Abstract

Objective—Streptococcus agalactiae (GBS) is an important cause of chorioamnionitis. This
study characterizes GBS colonization and stimulation of antimicrobial responses in human
extraplacental membranes using an ex vivo transwell two-compartment system of full-thickness
membranes and live GBS.

Study Design—Human extraplacental membranes were affixed to transwell frames (without
synthetic membranes). Live GBS was added to the decidual side of membranes in transwell
cultures, and cocultures were incubated for 4, 8 and 24 h. GBS recovery from homogenized
membranes and culture medium was determined by enumerating colony forming units (CFU) on
blood agar. Antimicrobial peptide expression was identified using immunohistochemistry and
ELISA. GBS killing by HBDs was assessed /n vitro by incubating GBS with different human beta
defensins (HBDs) for 3 h, then enumerating CFU.

Results—GBS recovery from membranes markedly decreased over time (P < 0.05). The
antimicrobial peptides HBD-1, HBD-2, HBD-3, and lactoferrin were expressed in both GBS-
exposed and non-exposed tissues. Notably, a pattern of localized increased HBD-2 in the amnion
of GBS-infected tissue was observed. Moreover, GBS-treated membranes released increased
amounts of HBD-2 into the amniotic and decidual compartments of the transwell cultures after 24
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h (P<0.05). In bacterial cultures, HBD-2 decreased GBS viability in a concentration-dependent
manner (P < 0.05).

Conclusion—Innate immune responses in ex vivo human extraplacental membranes suppress
GBS growth. HBD-2 was implicated in this GBS suppression with evidence of signal transduction
across the tissue. Antimicrobial peptides may be important for innate immune defense against
intrauterine GBS infections during pregnancy.

Keywords

Human beta defensin; antimicrobial peptides; extraplacental membranes; placenta; group B
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Introduction

Streptococcus agalactiae or Group B Streptococcus (GBS) is associated with adverse
pregnancy and neonatal outcomes (1). Genital GBS colonization occurs in up to 30% of
pregnant women (1) and is associated with neonatal sepsis and meningitis. Moreover,
preterm infants with GBS disease have increased risk of mortality compared to GBS-
infected infants delivered at term (2-3). In one study, GBS was the microorganism most
commonly isolated from maternal and fetal tissues in women with midgestation spontaneous
abortions (4). Likewise, histological chorioamnionitis and preterm birth at less than 32
weeks gestation were positively associated with GBS isolation from extraplacental
membranes (5). In nonhuman primates, GBS induces preterm labor (6). Moreover, GBS
adheres to and infects human extraplacental membranes and cells (6-8).

Despite evidence linking GBS infection with adverse birth outcomes, the processes of GBS
colonization and infection of extraplacental membranes are poorly understood. Here we
adapted an ex vivo transwell two-compartment system of full-thickness human
extraplacental membranes for coculture with live GBS to characterize GBS colonization of
membranes and test the hypothesis that antimicrobial peptides mediate tissue bactericidal
activity.

Materials and Methods

Reagents and Materials

The GBS used in this study was strain A909, initially isolated from a septic newborn (9) and
transformed with plasmid encoding genes for Green Fluorescent Protein and erythromycin
resistance (construct RS020, a gift from Amanda Jones, University of Washington). GBS
was grown at 37 °C in planktonic culture using Todd Hewitt Broth (THB, Becton-
Dickinson, Franklin Lakes, NJ) or on sheep’s blood agar plates (Blood Agar Base #2,
Remel, Lenexa, KS and BBL defibrinated sheep blood, Franklin Lakes, NJ) with 5 pg/mL
erythromycin (Acros Organics, Geel, Belgium). Media, buffers, fetal bovine serum (FBS)
and penicillin/streptomycin (pen/strep) were from GIBCO (Grand Island, NY).

Culture of Extraplacental Membranes

Human extraplacental gestational membranes were collected from healthy pregnancies
undergoing scheduled cesarean delivery prior to onset of labor at the University of Michigan
Birth Center. Only healthy, non-smoking, singleton mothers were included. Women were
excluded if they had collagen vascular disease, evidence of bacterial vaginosis, cervical
cerclage, third trimester bleeding, multifetal pregnancy, immunocompromised conditions,
major medical conditions (e.g., chronic renal disease, sarcoidosis, hepatitis, HIV), or if
pathological evaluation of the placenta or membranes was warranted. Except for pre-

Placenta. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Boldenow et al.

Page 3

operatively administered antibiotics, women were excluded if prescription antibiotics were
used during the two weeks preceding delivery. The University of Michigan Institutional
Review Board approved this research (IRBMED#HUMO0013915). No evidence of necrosis
or infection was observed histologically.

Extraplacental membranes were cultured in a two-compartment transwell system as
described previously published (10-11). Briefly, membranes were dissected from placenta
immediately following delivery and transported to the lab in Dulbecco’s phosphate-buffered
saline (DPBS). Membranes were rinsed with medium and blood clots were removed. The
membranes were then mounted on sterile transwell frames that had no synthetic membrane
(gift from Corning, NY) and held in place with sterile latex elastic bands (ORMCO, Orange,
CA). The membranes were affixed with the choriodecidua facing the inner chamber of the
transwell and the amnion facing the outer chamber. The transwell inserts with membranes
were placed in wells of 12-well culture plates containing Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 1% FBS and pen/strep. Our laboratory previously
demonstrated that 1% FBS was sufficient to maintain tissue health and no benefit was added
with higher FBS concentration (11). To maintain equal medium levels between the inner and
outer transwell chambers, and thereby avoid potential confounding of results due to
hydrostatic pressure, 0.5 mL medium was added to the smaller inner chamber and 1.5 mL
medium was added to the larger outer chamber. Cultures were incubated at 37 °C and 5%
COy. After 4 h, the medium was exchanged for DMEM/1% FBS without antibiotics. Sample
size was based on power estimates using data generated in prior experiments (with
cytokines) in our laboratory.

GBS Coculture with Extraplacental Membranes

GBS in early exponential growth phase was diluted with DMEM/1% FBS to 1x108 colony
forming units/mL (CFU/mL). Inoculant concentrations were validated by overnight growth
on 5% sheep blood agar with erythromycin. Following a 24-h acclimation, the medium of
the transwell choriodecidual compartment was replaced with 0.5 mL GBS inoculant (1x108
CFU/mL) or fresh DMEM/1%FBS without GBS (controls). Amnion compartment medium
was also replaced with DMEM/1%FBS. Cocultures were then incubated for 4, 8, or 24 h.
Coculture experiments were conducted in triplicate using gestational membranes from five
women.

At designated time points, medium from each transwell chamber was collected. An aliquot
of 100 pL medium was diluted for CFU determination on 5% sheep blood agar with
incubation for 12-24 h at 37 °C, and the remainder was stored at —80 °C. Transwell inserts
with attached tissue were transferred to fresh wells with DPBS in both chambers. The plate
was gently rocked for 5 min to rinse away non-adherent bacteria. Two 3-mm biopsy punches
were taken from each transwell-mounted tissue piece, placed in 1 mL PBS, and
homogenized on ice with two 40-sec pulses. Tissue homogenates were serially diluted 1:10
in PBS, plated on 5% sheep blood agar in triplicate, and grown 12-24 h at 37 °C. Colony
counts of viable bacteria in the membrane (CFU/mL/cm?) were determined.

To control for altered GBS growth in tissue culture medium (used for coculture of tissue and
GBS), GBS growth was observed using the above protocol in transwell culture wells with
intact polycarbonate membranes but without extraplacental membranes. Medium from the
upper and lower compartments was plated on 5% sheep blood agar in triplicate and
incubated overnight at 37 °C.
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Immunohistochemistry

HBD ELISAs

While still attached to the transwell insert, extraplacental membranes were fixed with 10%
phosphate-buffered formalin (Fisher, Waltham, MA) for 24-48 h at 4 °C. The fixed tissue
was gently removed from the transwell insert and a strip of membrane was cut <4 mm in
width. Processing and staining were performed by the University of Michigan’s
Comprehensive Cancer Center Tissue Core. The tissue strips were embedded in paraffin “on
edge”, sectioned, and mounted on slides. For antimicrobial peptide staining, heat-induced
antigen retrieval was performed in citrate buffer (pH 6.0). Immunoperoxidase staining was
completed on a DAKO AutoStainer at room temperature using the LSAB+ System-HRP kit
from DAKO. Briefly, peroxidase block was followed by a 30-min incubation with primary
antibody at the dilutions indicated for the following antimicrobial peptides: human beta
defensins (HBD)-1 (1:25, rabbit polyclonal, Santa Cruz), HBD-2 (1:25, goat polyclonal,
Santa Cruz), HBD-3 (1:100, rabbit polyclonal, Novus), HBD-5 (1:100, goat polyclonal,
Santa Cruz), elafin (1:200, rabbit polyclonal, Santa Cruz), or lactoferrin (1:400, rabbit
polyclonal, Abcam). Samples were then incubated sequentially with biotinylated LINK (30
min), streptavidin-HPR (30 min), and 3, 3" diaminobenzidine (DAB+) chromogen solution
(5 min), before being counterstained with hematoxylin.

Microscopy image capture and analysis were done using Nikon Elements Software. For
amnion cell size analysis, images were captured from slides stained for HBD-2 after 24 h in
culture. We analyzed 7 images in 6 tissues, but one tissue had the amnion tear off in a way
that allowed us to get only one image from that tissue. Approximately 5—7 amnion cells
were measured per image and cell size was averaged for each tissue (N=5).

HBD-1 and HBD-2 release from the extraplacental membranes into medium was measured
using a commercially available enzyme linked immunosorbant assay (ELISA) kit according
to manufacturer’s instructions (Peprotech, Rocky Hill, NJ). The HBD-1 ELISA detection
range was 4-1000 pg/mL and the HBD-2 ELISA detection range was 16-2000 pg/mL.
Samples were not diluted. The HBD values are reported as pg protein/mL medium.

Antimicrobial Activity of HBDs to GBS

Antimicrobial activity assays were done according to previously published methods (12).
Briefly, HBDs (Peprotech, Rocky Hill, NJ) were resuspended according to manufacturer’s
directions in 10 mM acetic acid and diluted in 0.1% BSA in PBS. GBS were grown for 2.5 h
to exponential log phase at 37 °C with shaking in THB, diluted 1:1000 (approximately 1 x
10* CFUs) in 10 mM sodium phosphate buffer (pH 7.4), and then treated with 0-20 wg/mL
of HBD-1, HBD-2, or HBD-3 for 3 h at 37 °C in a 96 well plate. Samples were serially
diluted and 10 p.L of each diluent was plated on 5% sheep blood agar in duplicate.
Following overnight incubation at 37 °C, CFUs were enumerated. Data are expressed as
bacterial survival relative to vehicle control (0.1 mM acetic acid, 0.01% BSA).

Statistical Analysis

Data are expressed as mean + SEM and were analyzed using GraphPad Prism 5 software
(GraphPad Software, La Jolla, CA). For transwell coculture GBS CFU quantification and
HBD antimicrobial activity, ANOVAs with Tukey’s post hoc test were performed. For HBD
ELISA and cell size analysis, Student’s paired £test was used for each time point. Data were
considered significant if the p-value was < 0.05.
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Results

GBS Growth in Gestational Membranes

To simulate an ascending intrauterine infection, GBS was applied to the choriodecdiual
compartment of the transwell-mounted gestational membranes. No GBS colonies formed
from membranes of unexposed control tissues after 4, 8 or 24 h of coculture (Figure 1).
GBS-infected tissues initially yielded increased CFUs after 4 h of coculture, but CFUs
subsequently decreased in GBS-exposed membranes at 8 and 24 h (Figure 1; < 0.05). A
similar time-dependent pattern was observed for CFU recovery from medium of the cultures
(data not shown). No GBS was recovered from the amnion compartment medium (not
shown), suggesting that GBS does not cross the gestational membranes. Furthermore, GBS
growth was robust in standard transwells (with synthetic membrane) containing DMEM
tissue culture medium but lacking gestational tissue (Supplemental Data Figure 1),
indicating that the decreased CFU recovery from coculture with gestational tissues was
dependent on the presence of the tissue and not an artifact of the DMEM medium or
transwell system.

Immunohistochemical Detection of Antimicrobial Peptides in Extraplacental Membranes

Immunohistochemial staining assessed expression of antimicrobial peptides in GBS-exposed
and unexposed extraplacental membranes. Although HBD-2 antibody stained throughout the
membranes in both the nucleus and the cytoplasm, HBD-2 staining increased in GBS-treated
membranes after 24 h, especially in the amnion epithelium (Figure 2). In addition, amnion
cells in GBS-treated tissues were significantly larger (8.3 wm) in diameter compared to
amnion cells in untreated tissue (6.7 wm) (P < 0.05) at 24 h. Regardless of whether
membranes were exposed /n7 vitroto GBS or not, the amnion epithelial cells, chorionic
trophoblasts, and decidual cells stained positive for HBD-1, HBD-3, and lactoferrin at all
time points (Supplemental Data Figure 2). Extraplacental membranes did not show staining
for HBD-5 or elafin in control tissues or those exposed to GBS (Supplementary Data Figure
3).

HBD-2 Secretion from Extraplacental Membranes

Extraplacental membranes in transwell culture released increased amounts of HBD-2 into
the medium of the choriodecidual (1.65-fold) and amniotic compartments (1.59-fold) after
24 h of exposure to GBS (Figure 3; P< 0.05 compared with controls). There were no
statistically significant differences in HBD-2 at 4 h and 8 h. Likewise, a 3.6-fold difference
of HBD-1 between GBS and control tissues in amniotic chamber culture medium at 24 h
was not statistically significant (Supplementary Data Figure 3), though this negative result
should be interpreted with caution due to the modest sample size.

HBD Bactericidal Activity against GBS

To investigate whether HBDs are capable of killing GBS directly, GBS was incubated with
HBD-1, HBD-2, or HBD-3 in sodium phosphate buffer. HBD-2 killed GBS in a
concentration-dependent manner, with nominal CFU recovered at 7.5 pg/ml and no GBS
surviving exposure to the highest concentration of at 10 pg/mL of HBD-2 (Figure 4; P<
0.05). In contrast, HBD-1 and HBD-3 did not completely kill GBS at 10 pg/mL (data not
shown).

Discussion

Although GBS remains the leading cause of infection-related neonatal morbidity and
mortality, the mechanisms by which it interacts with and crosses extraplacental membranes
as an ascending infection are poorly understood (1). Using a two-compartment tissue culture
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model, the present study provides evidence that GBS did not readily cross healthy term
extraplacental membranes. Notably, antimicrobial innate immune responses, in particular
HBD-2, were stimulated in amnion following GBS inoculation on the decidual side of the
membranes, suggesting signal transduction across the tissue.

Although previous studies noted antimicrobial properties of extraplacental membranes to
live bacteria (13-16), few studies quantified bactericidal activity of the tissue. The
extraplacental membranes exhibited robust resistance to infection /in vitroin our
experiments. Viable GBS recovery from inoculum medium was reduced by at least half at 4,
8, and 24 h when cultured with extraplacental membranes, in agreement with Kjaergaard et
al. who found reduced CFU counts of GBS recovered from inoculum medium over a 20-h
incubation using a different two-compartment model of extraplacental membranes (17). In
addition, we provide new information that GBS recovered from the tissue itself decreased
over time, indicating that GBS adherence to and penetration into extraplacental membranes
was inhibited.

HBDs are small cationic antimicrobial peptides thought to permeabilize microbial
membranes (18). We show, for the first time to our knowledge, that extraplacental
membranes express the antimicrobial peptide lactoferrin in the amniotic, chorionic
trophoblast, and decidual cell layers, independent of exposure to GBS. Furthermore, similar
to findings in extraplacental membranes of women delivering at term (18-19), we
demonstrate that the antimicrobial peptides HBD-1, HBD-2, and HBD-3 were localized to
the amnion, chorionic trophoblasts, and decidua of cultured extraplacental membrane
explants, regardless of exposure to GBS. In particular, HBD-1 was highly expressed in all
cell layers of extraplacental membranes irrespective of GBS treatment, consistent with other
studies that suggest HBD-1 is constitutively expressed (20-21). Moreover, we found that
secretion of HBD-1 into the medium did not change significantly with GBS stimulation. Our
findings with HBD-1 are in agreement with reports by Garcia-Lopez et al. and Zaga-
Clavellina et al. who had similar results with a different strain of GBS and £. coli. (18, 22—
23). No evidence of necrosis or tissue degradation was observed in histological H&E slides,
supporting evidence from the GBS killing and HBD-2 production data that the explants
remained viable in culture throughout the experimental period.

GBS inoculation at the choriodecidual face of the membranes stimulated increased
expression of HBD-2 in the amnion as visualized by immunostaining. The latter finding, in
conjunction with reduced CFU recovery over time from the membranes, provides support
that GBS stimulates signaling across the layers of the extraplacental membranes to increase
HBD-2 production in amnion cells. Moreover, our observation that GBS stimulated an
increase of amniotic cell size further supports the occurrence of cross-tissue signaling.
Although novel with respect to HBD-2, previous reports suggest similar cross-tissue
signaling in release of cytokines and prostaglandins by extraplacental membranes stimulated
with LPS (24-26).

In addition to increased HBD-2 expression in amniotic cells, we observed increased HBD-2
in medium of the amniotic and choriodecidual compartments following choriodecidual
stimulation with GBS, similar to findings reported by Zaga-Clavellina et al. (23). In contrast
to the latter study, we used a different GBS strain and no antibiotics in our culture system,
allowing us to quantify the bacterial death directly related to the extraplacental membranes
innate immune response. In addition, this is the first report of the time-dependent increase of
HBD-2 in both amniotic and choriodecidual compartments with GBS stimulation.

Recently, Garcia-Lopez and colleagues suggested that IL-1p may be a key mediator in the
tissue-specific HBD-2 responses that they observed with Escherichia coli stimulation of
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extraplacental membranes in a similar transwell system (22). Just as GBS stimulation of the
choriodecidua produced a tissue-specific increase of IL-1f secretion from the choriodecidua
(10), £. coli stimulation of choriodecidua produced the same tissue-specific IL-1f secretion
effect by the choriodecidua (27). A similar mechanism within the innate immune system of
extraplacental membranes may be employed to protect against infection by Gram positive
bacteria like GBS or Gram negative bacteria like £. coli. The cross-tissue signaling
underlying the tissue-specific HBD responses observed in extraplacental membranes is not
yet well characterized and warrants further study.

In studies comparing direct microbicidal activities of HBD-1, HBD-2 and HBD-3, we found
that GBS strain A909 was most sensitive to killing by HBD-2 compared to HBD-1 and
HBD-3, suggesting that increased HBD-2 secretion is linked to the GBS killing observed by
us in extraplacental membranes. It is important to note that most /n7 vitro bacterial viability
studies (including ours) use synthetic or recombinant antimicrobial peptides at significantly
higher levels than found /n vivo (28), suggesting that antimicrobial peptides may be working
synergistically in vivo (29).

Finally, formalin fixation of extraplacental membranes while mounted on the transwell
frame, followed by “on edge” paraffin embedding of tissue strips, produced improved
images for immunohistochemical assessment. The common technique for formalin fixation
of extraplacental membranes is the “membrane roll,” which can produce histological
sections with artifacts such as amnion shearing, in which amnion separates from
choriodecidua. In the present study, amnion shearing was minimized and the sections better
approximated a true cross section of the tissue.

In conclusion, this study utilized a two-compartment transwell extraplacental membrane
tissue culture system to show that the antimicrobial response to GBS stimulation of
extraplacental membrane explants was sufficiently robust to inhibit GBS colonization. We
show for the first time signal transduction across the tissue increased HBD-2 production in
the amnion epithelial cells in response to GBS. Moreover, we demonstrated that HBD-2
directly decreased GBS viability in a tissue-free system, suggesting a major role for HBD-2
in killing GBS in the extraplacental membranes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Recovered GBS (expressed as CFU) from homogenized tissue punches of the gestational
membranes following coculture with 1x10% CFU/mL GBS inoculants for 4, 8, and 24 h.

Control tissues were not exposed to GBS. Columns are mean £ SEM (n = 4-5 women, 3
replicates per woman). Asterisks (*) represent significant differences when compared by
Tukey’s post-hoc test following ANOVA (P< 0.05).
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Figure2.

Immunohistochemical staining for HBD-2 in human gestational membranes cocultured with
GBS added to the choriodecidual chamber of the Transwell cultures. The top row (A, B, and
C) shows representative images for no treatment controls. The middle row (D, E, and F)
shows representative images for GBS-treated tissues (decidual side only). The bottom row
(G, H, and I) shows representative images of negative control sections incubated with
secondary antibody only. Tissues within a column were cultured from the same subject.
Intense staining is visible in amnion epithelium (AM) of GBS-stimulated membranes
(arrows), despite lack of direct contact of the amnion with GBS.
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Figure 3.

HBD-2 release into medium by extraplacental membranes in Transwell cultures with GBS
(dark columns) and without GBS (light columns) exposure on the choriodecidual side. (A)
Decidual compartment and (B) amniotic compartment. HBD-2 protein in the medium was
measured by ELISA. Columns are mean = SEM (n = 5 women, 3 replicates per woman).
Asterisks (*) represent significant differences (P < 0.05) by paired student t-test.
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Figure4.

HBD-2 kills GBS. GBS were incubated in the presence of different concentrations of
HBD-2 for 3 h. Data shown are mean £ SEM (n = 4 independent experiments), expressed as
a percentage of bacterial survival relative to vehicle control. Asterisks (*) represent
significant differences when compared by Tukey’s post-hoc test following ANOVA (P<
0.05).
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