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CHAPTERI

Introduction

BACKGROUND:

Preterm birth: Preterm birth, or birth before 37 weeks gestation, is a worldwide health epidemic. 15
million babies are born prematurely each year, affecting one in ten of all births (1). Prematurity is the
world’s leading cause of newborn deaths and second leading cause of all child deaths, accounting for
40% of deaths among children under five years of age (1). Over 1 million children die annually due to
complications of preterm birth, and those that survive are at risk for life-long health complications (1).
Long term health consequences of preterm birth range from cognitive impairment including autism
spectrum disorder and learning disabilities to chronic physical health conditions including chronic lung
disease, metabolic disorders, and increased risk for cardiovascular and renal disease (2, 3).
Additionally, preterm birth and low birth weight have societal consequences and are associated with
lower educational qualifications and decreased rate of employment (4). Despite the focus on this
issue by organizations including the World Health Organization, the March of Dimes, and the Bill and
Melinda Gates Foundation, preterm birth rates are increasing in almost all countries (1). The United
States’ rate of preterm birth increased to 9.84% in 2016 (5). Focused research is needed to better

understand the rising rates of preterm birth worldwide.

Perinatal infections lead to adverse pregnancy outcomes: Chorioamnionitis, or infection of the
fetal membranes, is a major cause of preterm birth, preterm premature rupture of membranes,
stillbirth, and neonatal sepsis (6-10). Over 40% of preterm births are related to infection, and this
estimate has been increasing with the use of more sensitive diagnostic techniques (11, 12).
Additionally, the percent of preterm births related to intra-uterine infection increases with earlier
gestational age of delivery (11, 13, 14).

Intrauterine infection is thought to result most often from ascending infection from the vaginal
canal. Alternative, and less common, mechanisms of chorioamnionitis pathogenesis include
hematogenous dissemination to the placenta (such as with Listeria) or retrograde seeding from the
peritoneal cavity (15, 16). Common intrauterine pathogens include Ureaplasma urealyticum,
Streptococcus agalactiae, Mycoplasma hominis, Fusobacterium nucleatum, and Escherichia coli, but
vaginal pathogens including Gardnerella vaginalis and pathogenic bacteria such as Staphylococcus
aureus have also been implicated as causative organisms in cases of chorioamnionitis (11). As

pathogens ascend, bacterial pathogen-associated molecular patterns (PAMPs) are recognized by
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host cells, and proinflammatory pathways are triggered leading to production and release of
cytokines, prostaglandins, and matrix metalloproteinases which lead to downstream effects including
neutrophil infiltration from the maternal decidual, a hallmark of histologic chorioamnionitis, and
weakening of the gestational membranes (16, 17). These changes culminate in clinical outcomes
including premature rupture of membranes, preterm birth, and fetal inflammatory response syndrome
(18). Despite the scope and impact of this problem, significant gaps remain in our knowledge of the

pathogenesis of perinatal infections (1).

Group B Streptococcus perinatal infections result in significant morbidity and mortality:
Streptococcus agalactiae, also known as Group B Streptococcus (GBS), is a Gram-positive bacteria
that is a common part of the genitourinary and gastrointestinal microbiota of healthy women (19). In
the 1970s, GBS emerged as a leading cause of neonatal infections, where maternal vaginal
colonization can lead to transmission to the infant either in utero by ascending infection or during birth
through neonatal aspiration during delivery (19-24). Today, GBS remains a leading cause of perinatal
infections including neonatal sepsis and meningitis (3, 11, 25-30). 50% of pregnant women screen
positive for rectovaginal GBS colonization at some point during gestation, and late pregnancy
carriage ranges from 11-35% depending on the population surveyed (25, 31-34). Multivariate
analyses of risk factors for GBS early-onset neonatal sepsis demonstrate that maternal GBS
colonization is the overwhelming predictor of risk, with an odds ratio exceeding 200 (35, 36). Due to
the prevalence and severity of GBS disease, the Centers for Disease Control and Prevention (CDC)
recommends universal culture-based rectovaginal GBS screening during the third trimester followed
by intrapartum antibiotic prophylaxis for women testing positive (24). While antibiotic treatment is
effective at preventing early-onset sepsis, this approach has not eliminated invasive disease and is
complicated by the facts that antimicrobial resistance is emerging in GBS and adverse effects of
antibiotic use during pregnancy are concerning (24, 37, 38). Vaccine approaches will certainly help
prevent invasive disease, but current anti-capsular vaccine approaches may be limited by emerging,

virulent GBS strains with unique capsular serotypes (28, 39, 40).

GBS pathogenesis in chorioamnionitis: GBS is unique among perinatal pathogens in that vaginal
colonization is recognized as a clear risk factor invasive infection, but many colonized women
develop no overt disease (24, 35). GBS vaginal colonization is thought to be mediated by expression
of adhesion proteins including surface serine-rich repeat (Srr) proteins, pili, and bacterial surface
adhesins including BsaB and BibA, and expression of these virulence factors may be modulated by

environmental factors including pH of the vaginal canal (41-45). GBS biofilm formation is thought to
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promote persistence in the face of pressures from the vaginal microbiota and host immune responses
(41). Bacterial adhesins and biofilm regulatory protein A (BrpA) are through to contribute to GBS
biofilm responses, but in vitro studies evaluating environmental modulators of GBS biofilm have
demonstrated mixed results (46-49). It remains unclear what environmental signals may trigger
phenotypic changes in GBS that might promote invasion, but GBS sequence analyses suggest that
GBS may have up to 20 two-component systems (50). The CovRS two-component system has been
estimated to regulate up to 27% of the entire GBS genome including inhibitory effects on surface
adhesins and toxin production including -hemolysin (51-53). In the vaginal canal, GBS strains have
shown variable ability to colonize and persist on epithelial cells, and GBS colonization stimulates
inflammatory cytokine responses from vaginal tissues (54). Additionally, recent studies suggest that
GBS interactions with vaginal epithelial cells may stimulate epithelial exfoliation as a mechanism to
propel ascending infection in a mouse model, but it remains unclear if a similar pathway occurs in
humans (55).

GBS is equipped with mechanisms to subvert host responses including a polysaccharide
capsule with terminal sialic acid residues, which are similar to host cell epitopes (41). GBS sialic acid
residues are recognized by sialic acid-binding immunoglobin-like lectins (Siglecs) on phagocytes,
which dampen cellular responses including phagocytosis, oxidative burst, and bacterial killing (56,
57). It remains unclear how GBS ascends past the cervical mucus plug to reach the uterine cavity
and the fetal membranes, but GBS is recognized by fetal membrane tissues and stimulates cytokine
release and upregulation of antimicrobial host responses including p-defensin proteins within these
tissues (58, 59). Similarly, in a rhesus model of GBS chorioamnionitis, intraamniotic inoculation with
GBS resulted in increases in amniotic fluid cytokines including IL-6, IL-1B, and TNF-a as well as
prostaglandin E2; changes in these mediators were followed by increases in uterine contractility and
cervical dilation (60). Additional non-human primate studies have shown similar cytokine changes that
were associated with fetal lung injury (61).

Virulence factors contribute to further GBS invasion of gestational tissues. The ornithine
pigment, B-hemolysin, induces host cell death by increasing membrane permeability and is important
for invasion of maternal fetal-barriers and causing fetal infection (53, 62, 63). The relevance of this
toxin has also been evaluated in nonhuman primate models, which demonstrated increased
expression of B-hemolysin resulted in enhanced invasion of the amniotic cavity and the fetus (64).
Even non-pigmented strains can still demonstrate virulence and GBS proteases including
hyaluronidase may contribute to infection as hyaluronidase activity is associated with increased

ascending GBS infection, preterm birth, and fetal demise (65, 66). Despite our increasing knowledge



of mediators of GBS pathogenesis during the perinatal period, these studies have not yet led to

interventions to alleviate the burden of GBS infection.

Macrophages play important roles during pregnancy: Pregnancy represents a unique
immunologic state in which the maternal immune system must dampen its responses against foreign
antigens of the semiallogenic fetus while defending the gravid uterus from infection. Excessive
inflammation can result in adverse pregnancy events including loss of pregnancy, preterm birth,
intrauterine growth restriction, and preeclampsia (67). Multiple mechanisms exist to support maternal-
fetal tolerance including production of anti-inflammatory cytokines that alter the number and function
of immune cells at the maternal-fetal interface (68-70). Macrophages represent 20-30% of the
leukocytes within gestational tissues (71). During gestation, fetally-derived macrophages, called
Hofbauer cells or placental macrophages, play key roles in placental invasion, implantation,
angiogenesis, tissue remodeling, and development (72, 73). Placental macrophage inflammatory
states are carefully regulated throughout pregnancy. During implantation M1 or proinflammatory
activation states predominate, but as the pregnancy progresses there is a shift to an M2, or anti-
inflammatory, tolerogenic, and tissue remodeling phenotype to support fetal development (74-77).
Macrophages contribute to immune tolerance by secretion of anti-inflammatory cytokines including IL-
10, TGF-B, and prostaglandin E2, which inhibit production of proinflammatory cytokines (78-81).
Disruption of appropriate macrophage polarization is associated with abnormal pregnancies including
spontaneous abortions, preterm labor, preeclampsia, fetal intrauterine growth restriction (74).

As placental macrophages are present within fetal membrane and placental tissues, these
cells are likely the initial phagocytes to encounter invading bacteria, but our understanding of how
placental macrophages contribute to host defense within gestational tissues is limited. Outside of
gestational tissues, macrophages contribute to host defenses against bacteria, including GBS, by
recognizing bacteria via pathogen recognition receptors such as Toll-like receptors (TLR). GBS cells
and bacterial products are recognized by TLR2, TLR6 and TLR9 on macrophages and stimulate
macrophage release of proinflammatory mediators including IL-1p and TNF-a, phagocytosis of
bacterial cells, and production of bactericidal reactive oxygen species (82-89). To counter
macrophage responses, GBS produces the pore forming toxin, p-hemolysin, which has been shown
to alter macrophage cytoskeletal changes, induce apoptosis, and promote bacterial persistence within
macrophages (90, 91). How bacterial-macrophage interactions contribute to adverse pregnancy
outcomes remain poorly understood, but typical macrophage responses in the context of pregnancy
including the release of proinflammatory cytokines could be detrimental to maternal-fetal tolerance
and could precipitate cascades that result in preterm contractions and preterm rupture of membranes
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(15). As studies describe the vital role of macrophages during progression of normal pregnancy, it
becomes essential to study pathologic states, such as infection, that might disrupt the carefully

orchestrated progression of inflammation during pregnancy.

RATIONAL FOR THESE STUDIES:

Despite interventions such as antepartum antibiotic prophylaxis and attempts at GBS vaccine
development, GBS remains a leading cause of perinatal infections. These infections result in infant
mortality as well as life-long health co-morbidities for survivors. Despite, awareness of GBS perinatal
infections since the 1970’s and continued high rates of pregnancies complicated by bacterial
infection, there remains significant gaps in our knowledge of the mechanisms that govern bacterial
colonization of the vagina and key host-microbial interactions that precipitate adverse pregnancy
outcomes. These studies sought to better define interactions of GBS and other perinatal pathogens
with gestational tissues and tissue resident placental macrophages at the host-pathogen interface to

define responses that might contribute to adverse pregnancy outcomes.



CHAPTERII

Staphylococcus aureus infection of human gestational membranes induces bacterial biofilm

formation and host production of cytokines

INTRODUCTION:

Bacterial infection—related preterm birth is a leading cause of infant morbidity and mortality (11).
Despite medical advancements and targeted interventions, approximately 15 million cases of preterm
birth occur annually, complicating 1 in 10 births and highlighting a need for prophylactic measures to
prevent disease (92). Infections during pregnancy occur as pathogens ascend from the vagina
through the cervix to the gestational membranes, but hematogenous spread to the placenta also
occurs (15). Infection of fetal membranes results in a profound innate immune cell infiltrate, a process
referred to as chorioamnionitis (11). Infection and the subsequent inflammatory response result in
release of cytokines, prostaglandins, and matrix metalloproteases (MMPs). These mediators promote
uterine contraction and metalloprotease-induced membrane damage, ultimately resulting in
premature rupture of membranes and preterm birth (15). However, immunologic responses to specific
pathogens during chorioamnionitis remain largely uncharacterized.

Numerous bacterial pathogens, including Escherichia coli, Ureaplasma urealyticum,
Mycoplasma hominis, Gardnerella vaginalis, and Streptococcus agalactiae have been associated
with preterm birth, chorioamnionitis, and early onset neonatal sepsis (11). Staphylococcus aureus, a
common component of the human skin microbiota and a major nosocomial and community-acquired
pathogen, is gaining attention as an emerging cause of chorioamnionitis and preterm birth,
particularly in individuals with extensive healthcare exposure (93, 94). Understanding how S. aureus
adheres to, persists on, and breaches gestational membranes to alter host pregnancy biology will aid
in the understanding of pathogenesis. Furthermore, elucidating the host immunological changes that
result from S. aureus infection of gestational membranes could provide novel chemotherapeutic
targets and inform global cytokine responses that perturb fetal-maternal tolerance. We present a
model of S. aureus co-culture with explanted human gestational membrane tissue as an important
tool that revealed increased secretion of interleukin 1B (IL-1pB), interleukin 2 (IL-2), interleukin 6 (IL-6),
granulocyte-macrophage colony-stimulating factor (GM-CSF), interferon y (IFN-y), and tumor

necrosis factor a (TNF-a) in response to S. aureus infection.



METHODS:

Bacterial strains: S. aureus strain USA300 (American Type Culture Collection, Manassas, Virginia)
was cultured on tryptic soy agar plates supplemented with 5% sheep blood (blood agar plates) at
37°C in ambient air overnight. Bacteria were subcultured from blood agar plates into Todd-Hewitt
broth and incubated under aerobic shaking conditions at 37°C in ambient air overnight. The following

day, bacterial density was measured spectrophotometrically at ODegoo.

Gestational membrane co-culture: Gestational membranes were excised from placental tissues
from females who delivered healthy infants at full term by cesarean section without labor. Deidentified
tissue samples were provided by the Cooperative Human Tissue Network, which is funded by the
National Cancer Institute. All tissues were collected in accordance with Vanderbilt University
Institutional Review Board (approval 131 607). Gestational membranes were processed into 12-mm
punch biopsy sections, and sections were placed, with the amnion side down, in a 12-well dish
containing Dulbecco's modified Eagle's medium (DMEM), high-glucose, HEPES, no-phenol-red cell
culture medium (Gibco, Carlsbad, California) supplemented with 1% fetal bovine serum and PEN-
STREP antibiotic/antimycotic mixture (Gibco). Sections were incubated overnight at 37°C in ambient
air containing 5% COg; washed 3 times with prewarmed, sterile phosphate buffered saline (pH 7.4);
and placed again in DMEM, high-glucose, HEPES, no-phenol-red cell culture medium (lacking the
PEN-STREP antibiotic/antimycotic mixture). Bacterial cells were added to the choriodecidual surface
of the gestational membranes at a multiplicity of infection of 1 x 107 cells per 12-mm diameter
membrane, using a predetermined coefficient of bacterial density of 1 ODeoo = 1 x 10° cells.
Concomitantly, uninfected gestational membrane samples were also maintained. Cocultures were

incubated at 37°C in ambient air containing 5% CO2 for 24 hours.

Histological examination: Human gestational membrane samples derived from at least 3 distinct
subjects were used for cocultures described above. After 24 hours of coculture, samples were
washed 3 times with phosphate-buffered saline and fixed in 10% neutral buffered formalin prior to
embedment in paraffin. Samples were sectioned into 5-um-thick sections and stained with
hematoxylin and eosin. Two sections were taken from each tissue block, giving multiple fields for
histological examination per sample. Micrographs were taken at magnifications of 100%, 200x, and

400x%, and representative micrographs from 3 separate replicates are shown.

Scanning electron microscopy: We prepared human gestational membrane samples from the co-

culture studies described above for scanning electron microscopy analyses by washing them 3 times
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with 0.05 M sodium cacodylate buffer and fixing them in 2.0% paraformaldehyde and 2.5%
glutaraldehyde in 0.05 M sodium cacodylate buffer for 4 hours prior to sequential dehydration with
increasing concentrations of ethanol. Samples were dried at the critical point, using a CO> drier
(Tousimis); mounted onto an aluminum stub; and sputter coated with 80/20 gold-palladium. A thin
strip of colloidal silver was painted at the sample edge to dissipate sample charging. Samples were
imaged with a FEI Quanta 250 field-emission gun scanning electron microscope. Images are

representative of 3 replicates from 3 different subjects.

Analyses of secreted cytokines: After 24 hours of coculture, supernatant fractions were collected

and centrifuged at 8000 x g to remove any cellular debris. Secreted cytokines (IL-18, IL-2, IL-6, GM-
CSF, IFN-y, and TNF-a) were evaluated using the Quantikine enzyme-linked immunosorbent assay
kit (R + D Systems, Minneapolis, Minnesota) per the manufacturer's instructions. S. aureus—infected
samples were compared to uninfected samples for analysis. The assay was repeated with 3

replicates from 3 separate subjects.

Statistical analyses: Statistical analysis of cytokine secretion analyses was performed using the
Student’s t test (without multiple variable correction). All data analyzed in this work were derived from
at least 3 separate biological replicates from separate subjects. Statistical analyses were performed
using Prism (version 6.0 g; GraphPad Software, La Jolla, California) and Excel (version 14.6.3;

Microsoft, Redmond, Washington).

RESULTS:

S. aureus infects the choriodecidual face of gestational membranes: Histopathological
examination of gestational membranes alone or cocultured with S. aureus revealed canonical tissue
architecture, including well-defined decidua parietalis, chorion, and amnion (Figure 11.1 A&E).
Bacteria seeded onto the choriodecidual face of the membranes could clearly be visualized within the
choriodecidua in large staphylococcal microcolonies (Figure 1.1 E&F). Within 24 hours of infection,

these bacteria penetrated the chorion but did not appear to have traversed to the amnion.

S. aureus forms biofilms on gestational membranes: To better characterize the structure of S.
aureus microcolonies within the tissue coculture system, we used high-resolution field-emission gun
scanning electron microscopy (Figure 1.1 C&D, G&H). Field-emission gun scanning electron
microscopy revealed that S. aureus grows and forms biofilms on the choriodecidual surface of

gestational membranes (Figure Il.1 G &H), structures that were absent from control uninfected
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membranes (Figure I1.1 C&D). These microcolony biofilms measured approximately 150 ym x 125

pum, and within these structures typical nutrient channel architecture was seen (Figure 1.1H).

S. aureus induces cytokine production in gestational membranes: Gestational membranes are
thought to participate in immune surveillance via expression of pathogen-recognition receptors such
as Toll-like receptors (95). The interaction of S. aureus with gestational membranes led us to
hypothesize that alterations in host cytokine responses could be a consequence. Cytokine secretion
in supernatant fractions isolated from gestational membranes cultured in medium alone (uninfected)
or co-cultured with S. aureus were evaluated by sandwich ELISA. Our results (Figure 11.2) indicated
that S. aureus infection induces significant increases in secretion of IL-1 (P = 0.0202), IL-2 (P =
0.0200), IL-6 (P = 0.0216), GM-CSF (P < 0.001), IFN-y (P = 0.00629), and TNF-a (P = 0.00579).

These results suggest this explanted tissue model is capable of responding to bacterial infection.

DISCUSSION:

Intrauterine inflammation is a key factor that contributes to preterm parturition. Often this
inflammation is a response to bacterial infection. Intrauterine infections typically occur as pathogens
that colonize cervical or vaginal epithelium ascend to infect the choriodecidua, penetrate to the
amnion, and translocate into the amniotic cavity, resulting in neonatal sepsis (11, 15, 95). Thus,
ascending infection during pregnancy can ultimately result in disease outcomes for both mother and
child.

In addition to its increasing prevalence as a cause of soft-tissue infections, recent evidence
suggests that S. aureus is emerging as a causative agent of chorioamnionitis and preterm birth (93,
94). S. aureus vaginal colonization rates are estimated to be around 15% and are associated with
Group B Streptococcus colonization (96). A prospective cross-sectional study of 105 women without
preterm premature rupture of membranes (PPROM) and 105 with PPROM indicated that
Streptococcus species, S. aureus, and E. coli were significantly more prevalent in women with
PPROM, compared with women without PPROM (97). Additionally, methicillin-resistant S. aureus—
associated chorioamnionitis has also been documented (94). Thus, emerging antibiotic-resistant S.
aureus is a growing concern for maternal-fetal health, and a better understanding of the pathogenesis
may reveal novel biomarkers for maternal-fetal inflammatory diseases and potential targets that could
be exploited to perturb the interaction between S. aureus and gestational tissue.

S. aureus infects soft tissues and forms tenacious biofilms on these surfaces (98). The biofilm

community provides a selective advantage for bacteria, aiding in the resistance to antimicrobials and



host immunity (99, 100). S. aureus exploits the proinflammatory activity of a-hemolysin to promote
disruption of vaginal tissue and enhance biofilm formation (101).

Gestational membranes represent the final barrier between ascending pathogens and the
amniotic cavity. These tissues provide dynamic immune surveillance through the expression of
pathogen-recognition receptors (95). Our findings establish that S. aureus infection of gestational
membranes induces release of proinflammatory cytokines, including IL-1pB, IL-2, IL-6, GM-CSF, TNF-
a, and IFN-y, results that were congruent with previous models of S. aureus soft-tissue infection
(102). In synovial tissues, S. aureus infection resulting in proinflammatory cytokine release induces
activation in MMPs and subsequent tissue damage (103). Previous studies of gestational tissues
have shown that interactions between GM-CSF and TNF-a result in membrane weakening (104).
Furthermore, during pregnancy, increases in IL-1B, TNF-a, IL-6, and IFN-y levels promote neutrophil
release of MMPs that directly degrade membrane components, contributing to preterm premature
ruptures of membranes and preterm birth (15). Taken together, these results reveal that S. aureus
infection results in biofilm formation on the choriodecidual surface of gestational membranes and
potentiates a cytokine storm within these tissues that is similar to that seen in patients with
chorioamnionitis (15). Furthermore, the gestational co-culture tissue model provides an excellent tool
to study host-pathogen interactions at the final barrier of maternal-fetal host defenses. This model
could be used to identify novel virulence factors that could be exploited as potential vaccine or drug

targets.
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Uninfected

S. aureus USA300

Figure I1.1: Analysis of Staphylococcus aureus interaction with gestational membranes. A, B,
E, and F: Micrographs of hematoxylin-eosin—stained sections of gestational membranes alone (A&B)
or cocultured with S. aureus (E&F) at 100x (A&E), 200x (B&F), and 400x (F, insert) original
magnification. Representative micrographs show preserved tissue architecture within the gestational
membranes (A&E). Micrographs (B&F) show similar tissue architecture between membranes alone
(B) and membranes cocultured with S. aureus (F); white arrows indicate bacterial microcolony
formation. C, D, G, and H: Scanning electron micrographs of gestational membranes alone (C&D) or
S. aureus—infected gestational membranes (G&H) at 250% (C&G), 2,000x (D&H), and 20,000x% (H,
insert) original magnification.
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Figure 11.2: Analysis of cytokine secretion in response to Staphylococcus aureus infection.
Interleukin 1B (IL-1pB), interleukin 2 (IL-2), interleukin 6 (IL-6), granulocyte-macrophage colony-
stimulating factor (GM-CSF), interferon y (IFN-y), and tumor necrosis factor a (TNF-a) production was
assessed in secreted fractions derived from gestational membranes alone or infected with S. aureus.
Significant increases in IL-183, IL-2, IL-6, GM-CSF, IFN-y, and TNF-a levels were detected in S.
aureus—infected gestational membranes as compared to uninfected tissues. Bars indicate means +
standard errors of the mean levels of cytokines secreted from samples derived from 4—7 individuals.
*P < .05, *™*P < .01, and ****P < .0001, by the Student’s t test with the Welch correction.
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CHAPTERIII

Streptococcus agalactiae infects human fetal membranes tissues by forming biofilms and

invading membrane tissues.

INTRODUCTION:

Streptococcus agalactiae, also known as Group B Streptococcus (GBS), is an encapsulated Gram-
positive coccus that colonizes 10-35% of pregnant women in late pregnancy, but the prevalence and
serotype distribution vary worldwide (34). GBS serotypes I-V account for 98% of colonizing isolates
worldwide (34). GBS vaginal colonization is an important risk factor for invasive GBS infections that
include chorioamnionitis, or infection of the fetal membranes, and neonatal sepsis. To date, the
dynamics of GBS colonization remain poorly understood as do the factors that allow progression from
asymptomatic colonization to invasive disease.

It has been hypothesized that biofilm may be an important virulence strategy for GBS to
colonize the vaginal mucosa and subsequently invade, but to date this has not been definitively
established (19). Other Streptococcus species including S. pneumoniae and S. pyogenes utilize
biofilms to colonize mucosal surfaces (nasopharynx) prior to causing invasive disease (105-107).
Biofilms are also a common form of microbial growth within the vagina as Gardenerella and Candida
biofilms are known to contribute to vaginitis (108). Biofilms offer advantages during pathogenesis by
aiding in surface adhesion, niche establishment, and modulation of and protection against host
immune responses (107, 109-113). Though many women test positive for GBS during routine, late
pregnancy screening, most women do not maintain colonization throughout pregnancy (114).
Longitudinal human studies of GBS carriage during pregnancy highlight interesting aspects of vaginal
immune responses. Women who produced GBS-serotype-specific antibodies demonstrated lower
rates of rectovaginal acquisition of that specific serotype, but not other serotypes, during pregnancy
(115). This serotype-specific antibody response was inadequate to increase clearance rates of those
women already colonized, suggesting that something, possibly biofilms, may hinder this immune
response. Many have evaluated GBS biofilms in vitro and controversy remains regarding optimal
biofilm growth conditions and relevance of in vitro models (usually on abiotic surfaces) compared with
defining biofilms in living tissues, which represents technical challenges (47, 49, 116-118).

We sought to understand GBS interactions with gestational tissues, in particular human fetal
membranes, which represent a key barrier between the infant and invading microbes. We previously

demonstrated an ex vivo human fetal membrane model of chorioamnionitis that was deployed to
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evaluate interactions and subsequent immune responses at this important barrier (119). Here we
demonstrate that GBS forms biofilms on the choriodecidual surface of human fetal membranes,
invades membrane tissues, and stimulates release of inflammatory cytokines. GBS biofilm formation

is modulated by environmental signals including glucose and zinc availability.

METHODS:

Bacterial strains and growth conditions: Several clinical isolates of GBS were provided by Dr.
Shannon Manning from Michigan State University. The multi-locus sequence type and capsular type
of these strains are show in Table Ill.1. GBS cells were cultured on tryptic soy agar plates
supplemented with 5% sheep blood (blood agar plates) at 37°C in ambient air overnight. Bacteria
were sub-cultured from blood agar plates into Todd-Hewitt broth (THB) and incubated (aerobically,
shaking at 200 RPM) at 37°C in ambient air overnight. The following day, bacterial density was
measured spectrophotometrically at an optical density of 600 nm (ODsoo), and bacterial numbers

were determined with a coefficient of 1 ODgoo= 10° CFU/mL.

Biofilm assays: GBS cells were inoculated into THB or THB supplemented with glucose, zinc
chloride, or the synthetic zinc chelator, N,N,N’,N’-tetrakis (2-pyridylmethyl) ethylenediamine (TPEN) in
polystyrene dishes at a MOI of 108 CFU/mL of media. Plates were incubated at 37°C in ambient air
for 24 hours. At 24 hours, measurements were taken at ODsoo as a measure of bacterial growth
(biomass). Wells were washed and stained with 10% crystal violet solution for 10-15 minutes prior to
washing three times with PBS and drying. Residual crystal violet stain was solubilized with 80%
ethanol/20% acetone, and the resulting color change was measured at ODs40, representing biofilm
production. Results are expressed as the ratio of biofilm:biomass to control for any changes in

bacterial proliferation

Mouse chorioamnionitis model: GBS infection of pregnant mice and subsequent analyses were
performed as previously described with some modifications (62). Briefly, C57BL6/J mice were
purchased from Jackson Laboratories and mated in harem breeding strategies overnight. Pregnancy
was confirmed the following day by the presence of a mucus plug to establish the embryonic date
(EO.5). On embryonic day 13 (E13.5) dams were anesthetized using isoflurane chambers and 50 pL
of inoculum containing 102 colony forming units (CFU) in THB medium plus 10% gelatin was
introduced into the vagina. Sham controls were inoculated with 50 pL of THB medium containing 10%
gelatin. Animals were housed singly until embryonic day 15 (E15.5) at which time they were sacrificed
by carbon dioxide euthanasia procedures and necropsy was performed to isolate fetal-placental units.
14



Mouse tissue immunohistochemistry: Pregnant animals were sacrificed on day E15.5 and fetal-
placental units were fixed in 10% neutral buffered formalin prior to embedment in paraffin. Tissues
were cut into 5 um sections and multiple sections were placed on each slide for analysis.
Immunohistochemistry staining was performed by the Vanderbilt Translational Pathology Shared
Resource using the Leica Bond Max IHC stainer (Leica Biosystems, Buffalo Grove IL). Enzymatic
induced antigen retrieval was performed using Proteinase K (Dako, Agilent, Santa Clara, CA) for 5
minutes. Slides were incubated with anti-F4/80 (NB600-404, Novus Biologicals LLC, Littleton, CO) for
1 hour at a 1:900 dilution and then incubated in a rabbit anti-rat secondary (BA-4001, Vector
Laboratories, Inc., Burlingame, CA) for 15 minutes at a 1:2000 dilution. Slides were the dehydrated,
cleared and cover slipped. Images were captured using a high throughput Leica SCN400 Slide
Scanner automated digital image system from Leica Microsystems. Whole slides were imaged at 20X

magnification to a resolution of 0.5 pm/pixel.

Human fetal membrane culture: Human fetal membranes were excised from placental tissues from
women who delivered healthy, full-term infants by cesarean section without labor. Deidentified tissue
samples were provided by the Cooperative Human Tissue Network, which is funded by the National
Cancer Institute. All tissues were collected in accordance with Vanderbilt University Institutional
Review Board (approval #131607) and Declaration of Helsinki. Fetal membranes were processed into
12-mm punch biopsies (119) or mounted on transwell devices (58, 59). For immunohistochemistry,
slides were processed as above using a rabbit polyclonal anti-GBS antibody (abcam, ab78846) or
anti-CD68 (PA0191, Leica, Buffalo Grove, IL) for 1 h. Slides were then dehydrated, cleared and cover
slipped. Images were captured using a high throughput Leica SCN400 Slide Scanner automated
digital image system from Leica Microsystems. Whole slides were imaged at 20X magnification to a

resolution of 0.5 um/pixel.

Statistical analyses: Statistical analyses of fetal membrane cytokine and biofilm quantification were
performed using Student’s t test and One-Way ANOVA, respectively. Student’s f test. P values <
0.05 were considered significant. All data analyzed in this work were derived from at least three
separate biological replicates. Statistical analyses were performed using GraphPad Prism Software
(Version 6.0g, GraphPad Software Inc., La Jolla CA).
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RESULTS:

GBS infection of human fetal membrane tissues results in biofilm formation, tissue invasion,
and stimulation of cytokine release: We had previously shown that perinatal pathogens including
Staphylococcus aureus and Escherichia coli form biofilms on human fetal membrane tissues (119).
To test the hypothesis that GBS could form biofilms on fetal membrane tissues, full thickness, fetal
membrane tissues from non-laboring C-sections were arranged in transwell structures to create two
chambers separated by the membrane tissues. GBS cells were added to the choriodecidual surface
for 48 hours. At 48 hour of infection GBS formed biofilm structures on the choriodecidual surface
(Figure 111.1). Immunohistochemistry analysis using anti-GBS cell lysate antibodies demonstrated
GBS microcolonies on the choriodecidual surface. Additionally, GBS was also found to have invaded
into the membrane tissues toward the amniotic epithelium (Figure 111.1B). As GBS infected and
invaded membrane tissues, it was hypothesized that GBS infection would result in release of
cytokines. Supernatants from fetal membrane co-cultures were investigated to understand the
subsequent immune response to infection. GBS infection resulted in significant increases in IL-1p and
IL-6 with a trend toward significance in GM-CSF release. No significant differences in INF-y, TNF-a or

IL-2 were identified in at 48 hours of infection (Figure 111.2).

Macrophages traffic to the area of GBS infection in fetal membrane and mouse placental
tissues: As IL-6 signaling results in macrophage recruitment to sites of infection and human
chorioamnionitis is associated with proinflammatory cytokine changes and influx of immune cells into
membrane tissues, we evaluated GBS infected human fetal membranes for the presence of
macrophages (16). Immunohistochemistry analysis identified CD68* macrophages co-localizing to
areas of GBS infection within the choriodecidua (Figure Ill.3). In addition to the ex vivo human tissue
model, a mouse model of ascending perinatal GBS infection was also interrogated (120). Within both,
mouse fetal membranes and placental tissues, F4/80* macrophages were found at the tissue location
of GBS infection (Figure lll.4).

Environmental availability of glucose and zinc modify GBS biofilm formation: As GBS formed
biofilms on fetal membrane tissues, environmental factors that might module the GBS biofilm
response were investigated. In order to cause perinatal infections, it is thought that GBS cells from
the gastrointestinal tract are transferred to the vaginal canal, where there are differences in nutrient
availability that may alter bacterial virulence strategies (41, 121, 122). Previous reports have
suggested that diverse bacterial species are stimulated to form biofilm in response to glucose and
changes in zinc availability (47, 123-125). Several clinical isolates’ in vitro biofilm formation was
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evaluated using a crystal violet plate assay (126). Compared to GBS biofilms grown in standard
media, biofilms grown in media supplemented with 1% glucose (10 mM) resulted in an increase in
biofilm formation in all but one of the GBS strains tested (Figure 111.5). Next, GBO0037 was evaluated
for biofilm formation in the presence of the synthetic zinc chelator, N,N,N’,N’-tetrakis (2-pyridylmethyl)
ethylenediamine (TPEN). Under conditions of zinc restriction, GBO0037 produced significantly more
biofilm (Figure 111.6), a result that was reversed by the addition of an exogenous source of nutrient
zinc, zinc chloride. To further investigate the role of environmental zinc availability on biofilm
formation, human fetal membrane tissues were infected with GBS in media supplemented with TPEN
or TPEN and exogenous zinc chloride. As with in vitro biofilms, conditions of zinc restriction imposed
by the presence of TPEN stimulated biofilm production, whereas the addition of exogenous zinc

chloride, abrogated this response (Figure 111.7).

DISCUSSION:

Despite that GBS is a leading cause of perinatal and neonatal infections, knowledge gaps remain
concerning how GBS infection results in adverse pregnancy outcomes including preterm birth,
stillbirth, and neonatal sepsis. Here, we employed an ex vivo model of chorioamnionitis using human
fetal membrane tissues and a mouse model of ascending infection to investigate interactions between
GBS cells and gestational tissues with the goal of understanding how these interactions may
contribute to adverse pregnancy outcomes.

GBS infection of human fetal membrane tissues resulted in biofilm formation on the
choriodecidual surface. We have previously shown that other perinatal pathogens including E. coli
and S. aureus are also capable of forming biofilms on these tissues (119). Biofilms offer advantages
during pathogenesis by aiding in surface adhesion, niche establishment, and modulation of and
protection against host immune responses (107, 109-113). In addition to forming biofilms, at 48 hours
of infection, GBS was also found to invade fetal membrane tissues toward the amniotic epithelium.
These results contradict prior studies using human fetal membrane tissues that did not see GBS
tissue invasion, but these studies only allowed infection to proceed for 24 hours (58, 59). Additionally,
one study noted that recovery of GBS from human fetal membrane tissue homogenates and
supernatants decreased after 4 hours of time; based on our data, we speculate that this finding may
represent bacterial clumping in biofilms rather than a decrease in bacterial proliferation or viability
(59). Other groups have identified GBS invasion of gestational tissues and have suggested that the
hemolytic pigment B-hemolysin may be important in this process (53, 63). GB00037, the strain used
in this study, produces minimal B-hemolysin, but other virulence factors including GBS hyaluronidase
(HylB) may contribute to its virulence in the absence of pigment (65).
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In response to GBS infection, we found that human fetal membrane tissues released
significantly more IL-1p, IL-6, and a trend toward more GM-CSF than uninfected controls. Our results
mirror prior studies that have demonstrated GBS infection of fetal membrane tissues lead to the
production of these inflammatory cytokines (59). We did not identify a significant increase in TNF-a in
our system as has been seen in shorter infection time courses (59). Previous studies have shown that
IL-1B is important to mounting anti-microbial responses within fetal membrane tissues through
stimulating production of antimicrobial peptides such as human beta defensins (59, 127). Our results
also reinforce findings from non-human primate models of GBS perinatal infection where amniotic
fluid concentrations of proinflammatory cytokines including IL-1, IL-6, and TNF-a increased prior to
delivery (60). IL-6 and IL-1B play important roles in the cascades that result in premature rupture of
membranes and preterm birth as these cytokines influence granulocyte trafficking to the site of
infection, deposition of matrix degrading enzymes, and prostaglandin synthesis (8, 16, 128)

As the cytokines described above attract granulocytes and macrophages represent 20-30% of
the leukocytes within gestational tissues (71), we investigated if tissue resident macrophages were
found in areas of GBS infection. We found that in both, an ex vivo model of chorioamnionitis and an in
vivo mouse model of ascending GBS infection, macrophages could be seen by
immunohistochemistry analysis localized to the area of infection (129). Fetally-derived macrophages,
called Hofbauer cells or placental macrophages (PMs), are thought to play key roles in placental
implantation and development (72, 73). Components of gestational tissues including decidual stromal
cells communicate to placental macrophages via chemical mediators such as prostaglandins to
influence macrophage functions such as TNF-a release and phagocytosis, but the functions of
resident macrophages within gestational tissues during infection are less clear (129).

As GBS was found to form biofilms on the choriodecidual surface during fetal membrane
infection, we investigated environmental factors that may contribute to GBS biofilm responses. Our
results indicate that higher concentrations of glucose and lower concentrations of zinc stimulate GBS
biofilm production. As in our study, prior investigations into clinical GBS isolates’ in vitro biofilm
formation has demonstrated variable results (47). Previous studies have reported that capsular type
[ll, ST-17 strains, which are considered to be hypervirulent, may produce more biofilm, but others
have shown that colonizing and not invasive strains produce more robust biofilms (49, 130). Our
results that higher glucose concentrations lead to enhanced biofilm formation mirrors prior studies,
but there are conflicting reports whether the glucose content itself drives biofilm formation or if
changes in environmental pH due to glucose metabolism by GBS may be more important for changes
in biofilm phenotypes (49, 131). Additionally, other carbohydrates may have different effects on GBS

biofilm formation as some human breast milk oligosaccharides have been found to alter GBS biofilm
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formation and growth kinetics (132, 133). Conditions of limited zinc availability stimulated GBS biofilm
production, and supplementation with exogenous zinc chloride diminished GBS biofilm responses.
Zinc has previously been shown to alter biofilm response of diverse bacterial pathogens, and zinc is
important for pathogenesis in other streptococcal species (123, 134). Glucose and zinc may
represent important environmental factors in GBS colonization, as GBS is thought to move from the
gastrointestinal tract, an environment of low glucose availability, to the vaginal canal, where available
glucose concentrations are relatively higher and free zinc concentrations are low (121, 122, 135).
These shifts in glucose and zinc availability may drive biofilm production, supporting colonization.
Interestingly, maternal zinc deficiency and gestational diabetes are associated with increased risk of
infection (136-138).

In summary, GBS infection of human fetal membrane tissue results in biofilm formation on the
choriodecidual surface and invasion of GBS cells into the membrane tissues. In response to infection,
proinflammatory cytokines including IL-1 and IL-6 are released and membrane resident
macrophages traffic to the site of GBS infection. GBS biofilm responses are modulated by
environmental signals including glucose and zinc availability, which may represent environmental

cues to support GBS vaginal colonization.

Table Ill.1: Characteristics of GBS strains evaluated for biofilm formation.

GBS Strain Molecular Multi-Locus Setting of Isolation | Source
Serotype Sequence Type

GB00590 [l ST-19 Vaginal colonization | (139)
GB00079 [l ST-19 Early onset sepsis | (139)
GB00241 V ST-23 Vaginal Colonization | (139)
GB00037 V ST-1 Invasive infection | (140)
GB01454 V ST-1 Stillbirth (139)
GB01084 Vv ST-26 Invasive infection | ATCC #49447(141)
(CNCTC 10/84)
GB2603 V/R V Unknown Unknown ATCC #BAA-611 (51)
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Uninfected GBS Infected 2

Figure 1l1.1: GBS infection results in biofilm formation on the surface of human fetal membrane
tissues and tissue invasion. Human fetal membrane tissues were excised from healthy, non-
laboring C-sections, organized into transwell structures, and infected with GBS cells. (A) GBS
infection of fetal membrane tissues results in biofilm structures on the choriodecidual face of fetal
membrane tissues that were not seen in uninfected tissues (left). (B) Immunohistochemistry analysis
using an anti-GBS lysate antibody demonstrates GBS microcolonies within the choriodecidua (CD)
and tissue invasion toward the amniotic epithelium (AE). Unless noted, scale bars represent 100 um.
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Figure 111.2: GBS infection of fetal membrane tissues leads to cytokine release. Fetal membrane
tissues were infected with GB00037 cells for 48 hours and co-culture supernatants were evaluated for
cytokine release by ELISA. Data represent mean + SE of 3-8 samples from different placenta tissues.
P values are as listed above, 2-tailed Student’s t test.
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Figure 1l.3: Macrophages traffic to the site of GBS infection in an ex vivo chorioamnionitis
model utilizing human fetal membrane tissues. Human gestational membranes were organized
into transwell constructs and infected with GBS (108 CFU GB00037) on the choriodecidual surface for
48 hours before tissue processing and immunohistochemistry analysis. Tissues were stained with
anti-CD68 for macrophages (top panels) or anti-GBS (bottom panels). Tissue analysis shows
invasion of human membrane tissues in vitro by GBS and the presence of macrophages within the
choriodecidua (CD) at the site of infection. AE = amniotic epithelium.
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Figure lll.4: Mouse model of ascending chorioamnionitis results in GBS gestational tissue
invasion and macrophage recruitment. Pregnant mice at day E13.5 were intravaginally inoculated
with 1 x 103 CFU GBS strain GB00037 and sacrificed on E15.5 (48 h after infection). Placental
tissues were dissected and evaluated by immunohistochemistry for GBS invasion and the presence
of F4/80" macrophages. Tissue analysis demonstrates that, after 48 h of ascending infection, GBS
invades into (A) gestational membrane (B) and placental tissues (bottom panels). F4/80*
macrophages traffic to the site of tissue infections (top panels of A and B).

23



Il Media alone
Media + 1% glucose

4 s
2 |
c 34 H . —
s | I " = I
@ 2- I
£ T
=
O 4. T
5 | 1 i I

0' T T T T

S & N A A

S S F &P &
S & & & & » &
(€) <) (€) (€) <) () e‘b

GBS Strain

Figure II.5: Glucose availability alters biofilm production of GBS clinical isolates. GBS cells
were grown in media alone or media supplemented with glucose and analyzed for biofilm production.

* represents P <0.05, two-tailed Student’s ¢ test.
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Figure 111.6: Zinc sequestration enhances GBS biofilm formation. A) Scanning electron
micrographs of GBS grown in media alone, media supplemented with a zinc chelator (TPEN), or in
the presence of TPEN and excess exogenous zinc chloride (TPEN + Zinc). B) Increasing
concentration of TPEN enhances macroscopic biofilm formation as evidenced by crystal violet
staining. This phenotype is reversed by the addition of exogenous zinc. C) Quantification of biofilm
formation compared to total biomass. *P <0.05, two-tailed Student’s t-test.
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Figure ll.7: Zinc availability alters GBS biofilm formation on human fetal membrane tissues.
High-resolution scanning electron microscopy images of human fetal membrane tissues A & D)
Uninfected, B & E) GB00037-infected membranes without zinc supplementation, C & F) GBS-infected
membranes with zinc supplementation. Inset panels in D-F show high magnification. Zinc
supplementation abrogates biofilm formation on human fetal membrane tissues.
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CHAPTER IV

Raman microspectroscopy identifies Streptococcus agalactiae on ex vivo human fetal
membrane tissues

INTRODUCTION:

Streptococcus agalactiae, also known as Group B Streptococcus (GBS), colonizes 10-40% of women
during pregnancy, and GBS vaginal colonization is an important risk factor for chorioamnionitis, or
infection of the fetal membranes, and neonatal sepsis (142). The Centers for Disease Control and
Prevention recommends culture-based rectovaginal GBS screening during the third trimester followed
by intrapartum antibiotic prophylaxis for women testing positive (24). Although this strategy has
reduced the incidence of early-onset sepsis by 80%, 15% of full-term and 50% of preterm births do
not receive screening prior to delivery (143). Additionally, prior studies of women delivering neonates
with early-onset GBS sepsis found that in 75-82% of the cases the mothers had been appropriately
screened for GBS carriage but had (falsely) tested negative (144, 145), indicating the need for a more
sensitive detection method. Traditional culture-based screening requires 24-72 hours to provide
results; PCR testing could reduce this time to a few hours, but this technology is not available in all
settings (146). A rapid GBS diagnostic test could provide opportunities to identify GBS colonized
women at the time of labor and focus the use of antibiotic therapy.

Raman spectroscopy (RS) is an inelastic light scattering technique that provides a biochemical
“fingerprint” with sensitivity to features such as nucleic acids, carbohydrates, lipids, and proteins.
Raman microspectroscopy (RuS), which provides higher spectral resolution, has been used to
characterize bacteria and provide discrimination at the genus and species levels in vitro (147, 148).
This technique could provide opportunities to identify GBS or other bacteria as a rapid diagnostic test,
minimizing sample preparation and streamlining diagnostic information.

Due to the pressing need to accurately and rapidly determine the intrapartum GBS status of
women, the ability of RuS to identify bacteria cultured on agar and in an ex vivo human tissue model
of chorioamnionitis was investigated, comparing GBS with other pathogens implicated in perinatal
infections and chorioamnionitis (119). Here, we demonstrate that GBS has unique Raman spectral
features that can be observed whether RuS is used to interrogate bacterial colonies on agar or ex
vivo infected fetal membrane tissues. Detecting characteristic GBS spectral patterns suggests that
this technology might inform new lab-based or point-of-care diagnostic tests to identify GBS

colonization or infection.
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METHODS:

Bacterial culture: For RuS colony measurements, diverse capsular serotype isolates of
Streptococcus agalactiae (Table IV.1), an invasive clinical isolate of Escherichia coli (149), and
methicillin-resistant Staphylococcus aureus (MRSA) strain USA300, (ATCC #BAA-1717, Manassas,
VA) were cultured on Mueller-Hinton (MH) agar (BD, Franklin Lakes, NJ) to minimize signal
contribution from media.

For human fetal membrane infection, three GBS strains, E. coli, and MRSA were cultured on
tryptic soy agar supplemented with 5% sheep blood at 37°C in ambient air overnight. Bacteria were
sub-cultured from blood agar plates into Todd-Hewitt broth (BD) and incubated (shaking at 200 RPM)
at 37°C in ambient air overnight. Cells were then washed, suspended in phosphate buffered saline
(pH 7.4), and bacterial density was measured spectrophotometrically at an optical density of 600 nm
(ODe0o).

Human fetal membrane co-culture: The Vanderbilt Institutional Review Board approved (approval
131607) isolation of de-identified human fetal membrane tissues was conducted as previously
described (119). Bacteria were added to the fetal membrane choriodecidual surface at a multiplicity of
infection of 1x10° cells per 12 mm diameter membrane, using a predetermined coefficient of bacterial
density of 1 ODego= 1x10° cells. Uninfected membrane samples were also maintained. Co-cultures

were incubated at 37°C in ambient air containing 5% CO- for 48-72 hours prior to RuS evaluation.

Raman microspectroscopy: A Raman microscope (inVia Raman Microscope, Renishaw plc,
Gloucestershire, UK) with an 830 nm laser diode was used for spectral measurements (150). For
bacterial colonies, a 100X objective (N PLAN EPI, NA=0.85, Leica, Weltzlar, Germany) was used to
focus the laser at ~12 mW. Fetal membrane tissue spectra were measured using a 50X objective (N
PLAN EPI, NA=0.75, Leica) to focus a 40 uym laser line on the sample at ~23 mW. Raman scattered
light was detected as previously described with a spectral resolution of ~1 cm™' (150).

Spectral measurements for bacterial colonies included one spot per colony and three colonies
per bacteria using a 15-second exposure with 9 accumulations from 800-1700 cm™'. Raman
measurements from three different locations were performed on each punch biopsy tissue (total of
34). These included control (uninfected, n=5), GB00037 (n=6), GB00590 (n=5), GB01084 (n=6), E.
coli (n=5), and MRSA (n=7) representing at least 3 separate placental samples with 1-3 technical
replicates. Acquisition parameters for fetal membrane tissues included a 15-second exposure with 3

accumulations.
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Raman data processing & spectral analysis: Spectral data processing prior to analysis including
fluorescence background subtraction and noise smoothing was performed as previously described
(150). A 9" degree modified polynomial fit was used for spectral measurements from GBS colonies
and tissue model. Post-processed, non-normalized Raman spectra were z-scored for subsequent
analysis. Principal component analysis (PCA), a non-supervised data reduction statistical approach,
was performed on z-scored bacterial colony spectra using singular value decomposition (SVD). The
scores output from PCA-SVD were then used to calculate the distance between each data point in
orthogonal vector space using the Euclidean distance measure. A hierarchical cluster analysis (HCA)
was designed based on the PCA-SVD score distances calculated and an agglomerative clustering
approach with single linkage.

A machine learning algorithm, sparse multinomial logistic regression (SMLR) (151), was
utilized to discriminate across the different tissues (150). Briefly, training data was compiled based on
RuS measurements of the fetal membrane tissues. For this analysis, a value called SMLR feature
importance (SMLR-FI), a linear combination of importance (weight) and frequency of features, was
used to determine biomarkers critical for successful classification of infected biofilm tissues (152). A
posterior probability of class membership was plotted for infected membrane tissues. Evaluation of

this algorithm was performed using a k-fold cross validation (leave-one-tissue-out).

Scanning electron microscopy: Following RuS analysis, human fetal membrane samples were
prepared for scanning electron microscopy as previously described (119). Samples were imaged with
a FEI Quanta 250 field-emission gun scanning electron microscope (FEG-SEM). Images are

representative of three replicates from three different subjects.

RESULTS:

Raman microspectroscopy (RuS) differentiates bacterial species and strains on agar: A diverse
set of GBS strains were selected based on capsular type, multilocus sequence types (MLST), and -
hemolysin pigment production (Table IV.1). Visual differences in colony pigmentation are evident
across strains (Figure IV.1A). Corresponding Raman spectra of GBS, MRSA, and E. coli bacterial
colonies are shown in Figure IV.1B. Major strain biochemical variations are highlighted in the gray
bands of Raman spectra. For example, GB01084 contains two Raman peaks at 1121 cm™ and 1506
cm' that are higher in intensity compared to other GBS, E. coli, and MRSA strains. Similarly, MRSA
contains unique Raman peaks at 1159 cm™ and 1525 cm’ that are not present in any other strain

evaluated. The HCA dendrogram presents clusters of MRSA, GB01084, E. coli, and the remaining
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GBS strains studied based on the dissimilarity of the pairwise distances of observations (PCA-SVD

scores from principal components 1 and 2) from their respective Raman spectra (Figure IV.1C).

RuS distinguishes bacterial infection in explanted fetal membrane tissues: Given similarities of
the spectra collected from GBS on agar, human fetal membrane tissues were investigated as a
biologically relevant model to determine if RuS was sensitive enough to identify GBS spectral
features within infected tissues. As a first step, mean-normalized Raman spectra of uninfected and
infected tissues were compared (Figure 1V.2). Vertical gray bands represent important biochemical
features for classification of infected tissues based on a SMLR-FI of at least 25%. A probability of
class membership plot highlights correctly classified spectral measurements compared to incorrectly
classified measurements with respect to control and infected tissues (Figure IV.2B). A sensitivity of
97.7% and specificity of 66.7% for detection of infection on fetal membrane tissues was determined
from the output confusion matrix (Figure IV.2C). The ability of RuS to differentiate GBS strains from
E. coliand MRSA was further evaluated in these tissues. Mean-normalized Raman spectra of GBS,
E. coli, and MRSA infected tissues are shown along with vertical gray bands indicating SMLR-FI
features of at least 25% (Figure IV.3A). A probability of class membership plot shows correctly
identified measurements compared to those incorrectly classified of GBS versus E. coli or MRSA
(Figure 1V.3B). Membrane tissues infected with GBS were detected with 100.0% sensitivity and
88.9% specificity (Figure IV.3C). Scanning electron microscopy imaging identifies bacterial cells
present in biofilm structures at the area of Raman measurements (denoted by a small cut into
membrane tissues seen at low magnification) as demonstrated by the multilayered bacterial cells

embedded in extracellular polymeric substances (Figure IV.3D).

DISCUSSION:

GBS remains an important perinatal pathogen despite recommendations to screen and
prophylactically treat colonized women during pregnancy. Here, RuS was investigated as a means to
identify GBS on agar plates and human fetal membrane tissues infected ex vivo. Using RuS, GBS
was found to have unique spectral features compared to another Gram-positive bacteria, S. aureus,
and the Gram-negative perinatal pathogen, E. coli. Additionally, spectral patterns of GBS strains
varied, suggesting that each strain has a unique spectral signature, while maintaining GBS-common
identifiable markers. Qualitative analysis of Raman spectra from bacterial colonies presents
differences in the 1121 cm™ (C-C stretching), 1159 cm™* (C-C stretching), 1506 cm™' (C=C
stretching), and 1525 cm™ (C=C stretching) Raman bands, which correspond to pigmentation caused

by a carotenoid (153). This pigmentation of GBS cells results from production of beta-hemolysin, a
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carotenoid pigment and virulence factor. Nonetheless, non-pigmented strains are also capable of
causing clinical disease, thus using RuS to screen for pigment alone would be insufficient (65). Given
that RuS can differentiate colonies on agar plates, it could be used to expedite bacterial identification
in microbiology labs once adequate spectral libraries of bacterial Raman spectra are constructed.

More importantly, RuS is able to identify fetal membrane tissues infected with GBS and
distinguish these from uninfected tissues or those infected with E. coli or MRSA. Spectra from
infected and uninfected membrane tissue specimens highlight major differences in peak intensity and
width for the two groups in Raman bands 880-955 cm™, 1110-1128 cm™', 1492-1515 cm™, and 1645-
1672 cm™* (Supp. Fig. 1A). In addition, higher standard deviation is present in Raman spectra of GBS-
infected tissues at 1121 cm™' (C-C stretching) and 1506 cm™' (C=C stretching) since these features
are more intense in GB01084 compared to GB00037 and GB00590. To identify more subtle spectral
differences, SMLR-FI was implemented across tissue types. Features important for characterizing
uninfected fetal membrane tissue include 889 cm™' (SMLR-FI=0.56) related to biological protein
structures in tissue, 910 cm™' (SMLR-FI=0.87) related to fatty acids, and 1661 cm™' (SMLR-FI=0.56)
as part of amide | (C=0 stretch). Twelve features above a 25% SMLR-FI were found to be important
for distinguishing GBS-infected tissue, including 853 cm™ (SMLR-FI=0.50) as part of tyrosine and
1406 cm™ (SMLR-FI=0.76) related to lipids. Tissues infected with E. coli presented ten features
above the SMLR-FI threshold and include 858 cm™' (C-C stretch, SMLR-FI=0.58) and 1157 cm™* (C-C
related to carotenoid, SMLR-FI=0.53). The Raman peak at 1157 cm™' (C-C related to carotenoid,
SMLR-FI=1.0) was most important for identification of MRSA-infected tissue relative to nine other
features above 25% SMLR-FI. When compared against E. coli or MRSA infected tissue, RuS is able
to identify GBS infected tissues with 100.0% sensitivity and 88.9% specificity using SEM imaging to
confirm bacterial presence at the site of Raman measurements.

In conclusion, Raman spectroscopy has the ability to detect bacterial infection of human fetal
membrane tissue and distinguish between GBS versus MRSA or E. coli. As this technology
progresses it holds promise to identify GBS and other bacteria on different tissues, thereby providing
more rapid assessment than traditional diagnostic microbiology. More work is needed to reach this
goal including construction of bacterial spectral libraries to compare biochemical features between
strains, further engineering to allow in vivo spectral measurements on various tissues, and evaluating
polymicrobial infections to determine if spectral signatures of pathogenic bacteria can be isolated in
the presence of normal bacterial communities or microbiota. This study takes the first step to expand

research in this area.
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Table IV.1: GBS strains evaluated by Raman spectroscopy.

GBS Strain Molecular Multi-Locus Setting of Source
Serotype | Sequence Type Isolation
GB00037 V ST-1 Neonatal sepsis | (140)
GB00590 1 ST-19 Vaginal/rectal (139)
Colonization
GB00002 la ST-23 Vaginal/rectal (139)
Colonization
GB01084 V ST-26 Unknown ATCC #49447 (141)
(CNCTC 10/84)
GB2603 V/R V Unknown Unknown ATCC #BAA-611 (51)

31




[ ——E. coli

——MRSA
| ——GB00002
_ | ——GB00037
5| ——GB00590
U GB2603V/R
%‘ GB01084
g |
E [ / \~ M\
- N
GB00002 T | . Y e
GB00037 N ‘
GBO0590 T ke L . —~——__ .
semmWRE| A NN o~ A
[*]
F MM
i &7
(]
=

05 04 03 02 0.1 0 800 900 1000 1100 1200 1300 1400 1500 1600 1700
PCA Score Distance Raman Shift (cm'1)

Figure IV.1: Raman spectra of GBS, MRSA, and E. coli bacterial colonies present distinct
biochemical features. A: Bacterial cells from five Group B Streptococcus (GBS) strains, S. aureus
strain USA300 (MRSA), and E. coli serotype O75:H5:K1 were grown on Mueller-Hinton (MH) agar to
demonstrate pigmentation differences of the strains. B: Mean + standard deviation Raman spectra of
bacterial colonies. C: Hierarchical cluster analysis (HCA) of bacterial colony measurements based on
principal component analysis scores.
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Figure IV.2: Raman microspectroscopy distinguishes infected versus uninfected fetal
membrane tissues. A: Mean * standard deviation Raman spectra of infected tissues compared to
control (uninfected) specimens. Gray vertical bands represent biochemical features important for
classification based on sparse multinomial logistic regression (SMLR). B: Posterior probability of class
membership plot of Raman spectra with respect to infected and uninfected tissues. Filled markers
represent correctly classified Raman spectra and unfilled markers represent incorrectly classified
spectra. C: Confusion matrix showing the performance of the SMLR classifier.
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Figure IV.3: Raman microspectroscopy of ex vivo infected fetal membrane tissues identifies
and differentiates bacterial cells within tissues. A: Mean t standard deviation Raman spectra for
Group B Streptococcus strains (GB01084, GB00037, and GB00590), E. coli, and S. aureus strain
USA300 (MRSA) infected tissues. Gray vertical bands represent biochemical features important for
classification based on sparse multinomial logistic regression (SMLR). B: Posterior probability of class
membership plot for each tissue type. Filled markers represent correctly classified Raman spectra
and unfilled markers represented incorrectly classified spectra. C: Confusion matrix representing the
performance of the SMLR classifier for each tissue type. D: Scanning electron microscopy images of
fetal membrane tissues used for Raman analysis to verify the presence of bacteria at the location of
Raman measurements. A small cut was made into the membrane tissues to denote the relative
location of Raman evaluation. Inserts demonstrate bacterial cells and extracellular polymeric
substances, suggestive of biofilms, seen in these locations.
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CHAPTER V

Group B Streptococcus induces neutrophil recruitment to gestational tissues and elaboration

of extracellular traps and nutritional immunity

INTRODUCTION:

GBS and pregnancy: Streptococcus agalactiae (Group B Streptococcus, GBS) is a leading cause of
adverse pregnancy and neonatal outcomes including stillbirth, chorioamnionitis, preterm birth, and
neonatal sepsis and meningitis (16, 24, 33, 154). While up to 50% of pregnant women screen positive
for GBS rectovaginal colonization at some point during pregnancy, most women maintain
asymptomatic colonization (33). However, in some neonates, invasive GBS disease occurs via
vertical transmission either from ascending vaginal infection during pregnancy or from exposure
during vaginal delivery, resulting in lifelong health impairments for affected children(16, 24, 33, 154,
155). Consequently, the CDC recommends routine GBS screening during late pregnancy and
antibiotic prophylaxis for those testing positive (154). Despite this intervention, GBS remains the

leading infectious cause of morbidity and mortality among neonates in the United States (24).

Chorioamnionitis and neutrophils: Ascending bacterial infection from the lower genital tract to the
uterine cavity is the most common cause of intra-amniotic infection, which leads to profound
inflammation of the extraplacental membranes surrounding the fetus; a process that is termed
chorioamnionitis (16, 155). Ascending microorganisms are first localized in the supracervical decidua;
subsequent propagation and chorioamniotic passage leads to microbial infection of the amniotic
cavity and even the fetus (16). Microbial invasion of the amniotic cavity has been shown to induce a
robust inflammatory response including an increase in pro-inflammatory cytokines such as IL-1, TNF-
alpha, IL-6, and IL-8, as well as a dramatic increase in neutrophil count (16). Histopathologically, the
characteristic morphologic feature of acute chorioamnionitis is diffuse infiltration of neutrophils of

maternal origin into the extraplacental membranes (16, 155, 156).

Neutrophils and extracellular traps: Colonization of the female genital tract by potential pathogens
is a complex process influenced by the host innate immune response and the pathogenic potential of
the invading microbe. GBS is distinctive in its ability to cause both invasive disease and
asymptomatic colonization of the female genital tract (157). GBS is an important pathogen that
causes invasive disease in pregnant hosts. In an effort to study how GBS colonizes the reproductive

tract and causes ascending invasion of gestational tissues, we employed a mouse model of
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ascending GBS vaginal infection during pregnancy which was pioneered by Randis et al. (62).
Studies in this model have shown that the GBS toxin beta-hemolysin/cytolysin directly induced
disruption of maternal-fetal barriers, causing chorioamnionitis, preterm birth, and stillbirth (62).
Furthermore, studies of a murine model of chronic GBS genital tract colonization showed significant
neutrophil infiltrates in the vaginal mucosa and the formation of DNA neutrophil extracellular traps
(NETs) in response to GBS infection (158). Human neutrophils have also been shown to form NETs
in vitro in response to GBS (158). NETs are a recently discovered antimicrobial mechanism
composed of nuclear chromatin, histones, and other antimicrobial proteins that serve to immobilize

and Kill or inhibit the growth of invading microbes (159).

Neutrophils and nutritional immunity: High resolution imaging studies have revealed that the DNA
which comprises NETs is studded with antimicrobial proteins such as myeloperoxidase, elastin,
calprotectin (S100A8/S100A9 heterodimer) and lactoferrin (159). The latter two of these host
proteins bind transition metals such as manganese, zinc, and/or iron at high affinity to effectively
sequester these important nutrients away from invading pathogens in a process referred to as
“nutritional immunity” (160). Proteomic analyses of amniotic fluid from cases of intra-amniotic
infection have revealed dramatic changes in protein composition and increased presence of
neutrophil-associated antimicrobial proteins, such as lactoferrin (16, 156). Previous work indicates
that GBS has a strict requirement for iron to initiate bacterial growth in a chemically defined medium
(161, 162). This, coupled with the observation that lactoferrin is elevated in GBS-infected tissues
where neutrophils are abundant (16, 156), led us to hypothesize that neutrophilic infiltrates, which are
characteristically present in chorioamnionitis, could potentially be controlling GBS growth and
proliferation in the host by elaborating NETs studded with lactoferrin to chelate nutrient iron and
starve invading GBS of essential iron. Our work demonstrates that neutrophils are recruited to the site
of GBS infection in a murine model of ascending infection during pregnancy. Furthermore, we
demonstrate that GBS-neutrophil interaction results in the elaboration of NETs decorated with the
antimicrobial protein lactoferrin. In its apo- (unbound to iron) form, lactoferrin inhibits GBS growth and
proliferation in a dose-dependent manner that can be abrogated by the presence of an exogenous

source of nutrient metal.

METHODS:
Bacterial strains and culture conditions: The capsular type V S. agalactiae strain GB00037,
obtained from a human case of neonatal sepsis (163), was cultured on tryptic soy agar plates

supplemented with 5% sheep blood (blood agar plates) at 37°C in ambient air overnight. Bacteria
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were sub-cultured from blood agar plates into Todd-Hewitt broth (THB) and incubated (aerobically,
shaking at 200 RPM) at 37°C in ambient air overnight. The following day, bacterial density was
measured spectrophotometrically at an optical density of 600 nm (ODsoo), and bacterial numbers

were determined with a coefficient of 1 ODgoo= 10° CFU/mL.

Ethics statement: All animal experiments were performed in accordance with the Animal Welfare
Act, U.S. federal law, and NIH guidelines. All experiments were carried out under a protocol approved
by Vanderbilt University Institutional Animal Care and Use Committee (IACUC; M/14/034), a body
that has been accredited by the Association of Assessment and Accreditation of Laboratory Animal
Care (AAALAC).

Mouse model of GBS infection during pregnancy: GBS infection of pregnant mice and
subsequent analyses were performed as previously described with some modifications (62).
Experimental design is outlined in Figure V.1. Briefly, C57BL6/J mice were purchased from Jackson
Laboratories and mated in harem breeding strategies overnight. Pregnancy was confirmed the
following day by the presence of a mucus plug to establish the embryonic (E) day (E0.5). On
embryonic day 13 (E13.5) dams were anesthetized using isoflurane chambers and 50 uL of inoculate
containing 102 colony forming units (CFU) in THB medium plus 10% gelatin was introduced into the
vagina. Sham controls were inoculated with 50 yL of THB medium containing 10% gelatin. Animals
were housed singly until embryonic day 15 (E15.5) at which time they were sacrificed by carbon
dioxide euthanasia procedures and necropsy was performed to isolate reproductive tissues including
vagina, uterus, placenta, decidua, and fetus. For burden studies, a single tissue sample was derived
from each separate dam. Four to six animals were utilized for each experimental group derived from
three separate experiments (sham treated uninfected animals or GBS-infected animals). Tissues
were analyzed for bacterial burden by enumerating CFU per mg of tissue by homogenizing tissues,

performing serial dilution and quantitative culture on blood agar plates.

Immunohistochemistry and histopathological examination: Murine tissues (1 tissue sample per
dam) from the GBS ascending vaginal infection during pregnancy model were fixed in 10% neutral
buffered formalin prior to embedment in paraffin. Tissues were cut into 5 ym sections and multiple
sections were placed on each slide for analysis. For histopathological examination, sections were
stained with hematoxylin and eosin and evaluated by microscopical techniques. Additional sections of
fetal-placental tissue were evaluated by immunohistochemical (IHC) techniques to determine the

presence and spatial localization of GBS or lactoferrin. After quenching with 0.03% hydrogen
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peroxide for 20 min at RT, tissues were treated with a heat-induced epitope retrieval solution
(Universal decloacker, Biocare Medical, Concord, CA) using a pressure cooker at 121°C for 20 min
and allowed to cool at RT prior to blocking with 10% normal goat serum in PBS pH 7.4 0.1M. Primary
antibody, either a rabbit polyclonal antibody to GBS (Abcam, ab78846) or a mouse monoclonal
antibody to lactoferrin (Abcam, ab166803), was applied for one hour. Detection of primary antibody
was performed using the HRP-Polymer system for 30 min and developed with 3, 3’-diaminobenzidine
tetrahydrochloride (DAB) (Dako, Carpinteria, CA). The sections were counterstained with
hematoxylin, rinsed, dehydrated and mounted with Cytoseal XYL before light microscopy analysis
was performed. Micrograph images were analyzed by Imaged IHC toolbox plugin to quantify H-DAB
staining by color detection, converted to 8-bit format and densitometry quantification as previously
described (164).

Flow cytometry evaluation of neutrophils: Flow cytometry analyses were performed as previously
described with some modifications (165). Four to seven placenta and decidua were collected from
each animal (4-6 animals total) and pooled, weighed, minced with sterile scissors and digested in a
solution containing 1 mg/mL collagenase, 1 mg/mL hyaluronidase and 150 ug/mL DNase | with
agitation for 1 hour at 37°C. A total of 40 mL of digestion solution was used per sample (each sample
consisted of a single animal’s pooled placenta or decidua, totaling 2-6 per animal) and samples were
washed using RPMI +/+ medium (containing 1% antibiotic and 10% fetal bovine serum), centrifuged
at 1500 RPM at 4°C for 10 min followed by 100 um nylon mesh filtration to eliminate remaining
particulates. Cells were then washed, as previously described, and the filtrate was resuspended in
25% Percoll in RPMI +/+, overlaid onto 50% Percoll, with 2 mL PBS layered above the 25% Percoll.
Percoll gradient was centrifuged for 35 min at 1500 RPM without the brake and cells were washed as
before, followed by 10 min at room temperature in RBC lysis buffer (eBiosciences). After two more
washes with RPMI +/+, cells were counted, and one million cells were aliquoted into flow cytometry
tubes. Cells were surface stained for 20 min at 4°C with anti-mouse CD45, anti-mouse CD11b, anti-
mouse Neu7/4 (Ly-6B.2), anti-mouse GR1 (Ly6g) and FcR blocking reagent. Isotype controls were
included in separate tubes. After surface staining, all cells were washed with PBS and stained with a
live/dead viability dye (Life Technologies) for 30 minutes at 4°C. Cells were then washed with 4 mL
PBS containing 1% BSA (FACS buffer), fixed for 15 min at 4°C with 1% paraformaldehyde in PBS,
and washed again with FACS buffer. Cells were resuspended in FACS buffer and immediately
acquired on a BD LSR2 Flow Cytometer (BD Biosciences). Analysis was performed with BD FACS

Diva software (BD Biosciences).
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Elicitation and isolation of murine neutrophils: Murine neutrophils were prepared by peritoneal
casein elicitation protocol as previously described (166). Briefly, C57BL6/J mice (both male and
female) aged 6-10 weeks old were purchased from Jackson Laboratories for these experiments.
Mice were anesthetized with isoflurane and 1 mL of sterile casein solution (9% w/v in 1X PBS pH 7.2
containing 0.9 mM CaClz and 0.5 mM MgCl.) was injected into the peritoneal cavity of each mouse
(2-4 mice per experiment). The following day, a second casein injection was performed and four
hours after the second injection, mice were sacrificed, and neutrophils were isolated from the
peritoneal cavity in 3-5 mL of sterile PBS. Cells were collected and washed in 1X red blood cell lysis
buffer (RBC Lysis Buffer, Sigma Aldrich) before placing in RPMI 1640 medium supplemented with
10% fetal bovine serum, L-glutamine and HEPES buffer. Validation of cell purity by flow cytometry

techniques described above reveals this protocol routinely yields >95% pure neutrophil populations.

Confocal laser scanning microscopy: Neutrophils isolated as described above were placed onto
12mm poly-L-lysine coated coverslips (ThermoFisher) and allowed to adhere to the surface for 1 hour
before inoculation with bacterial cells. Bacteria were added to neutrophils at a multiplicity of infection
of 50:1 and co-cultured for 24 hours in the presence or absence of 1 uyg/mL of DNase.

Concomitantly, uninfected samples were maintained as negative controls. Cells were stained with 1
MM Sytox green (green, Life Technologies) to target extracellular DNA, 30 nM 4',6-diamidino-2-
phenylindole (DAPI, blue, Life Technologies) to target nuclear DNA, and mouse monoclonal antibody
to lactoferrin (Abcam, ab166803) plus secondary goat-anti-mouse antibody conjugated to Alexa Fluor
647 (red) were applied to cells, agitating for one hour. Cells were washed with phosphate buffered
saline (pH 7.4) three times before mounting onto slides and visualizing with a Zeiss LSM 710. Sytox
green is an impermeable dye which is used to stain extracellular traps and is also used to differentiate
between live and dead cells (167). DAPI stains condensed chromatin bright blue with increased
intensity proportional to chromatin condensation, making it an efficient nuclear stain (168). When
used in combination, Sytox green will stain extracellular DNA bright green, while DAPI stains nuclear
chromatin blue. However, in the case of samples evaluated for NETosis where neutrophils frequently
undergo cell death during the process, Sytox green enters dying cells staining both the nucleus, and
the extracellular fibers green (resulting in co-staining of the nucleus both blue and green). NETs were
identified by Sytox green staining of fibers extending outside of the cell nucleus containing condensed
chromatin (DAPI-positive, blue regions). Images were analyzed in both widefield and confocal
modalities at 630X magnification and micrographs were collected with Zen 2010 software.

Micrographs shown are representative of three biological replicates. Images were analyzed, and

39



statistical analyses were performed with Imaged and GraphPad Prism software. A total of 151-192

cells were quantified for each condition derived from more than 12 fields.

Field-emission gun scanning electron microscopy: Murine neutrophils isolated from the co-
culture procedure described above were prepared for scanning electron microscopy analyses as
previously described (167). Samples were subjected to washing three times with 0.05 M sodium
cacodylate buffer and fixing in 2.0% paraformaldehyde, 2.5% glutaraldehyde in 0.05 M sodium
cacodylate buffer for 4 hours. Secondary fixation with 0.1% osmium tetroxide was performed for 15
minutes prior to sequential dehydration with increasing concentrations of ethanol. Samples were dried
at the critical point using a CO> drier (Tousimis), mounted onto an aluminum stub, and sputter-coated
with 80/20 gold-palladium. A thin strip of colloidal silver was painted at the sample edge to dissipate
sample charging. Samples were imaged with a FEI Quanta 250 field-emission gun scanning electron
microscope (FEG-SEM). Images are representative of three replicates from three different

experiments.

Preparation of holo- or apo-lactoferrin: Iron-bound (holo-) or unbound (apo-) lactoferrin was
prepared as previously described (169). Briefly, 10 mM stock of lactoferrin (Sigma Aldrich) was
dialyzed against either 0.1 M sodium citrate-bicarbonate buffer pH 8.2 alone to generate apo-
lactoferrin, or buffer containing 70 mM ferric chloride to generate holo-lactoferrin. Both apo- and holo-
lactoferrin were dialyzed against 1X phosphate buffered saline (PBS) containing Chelex Resin

(Sigma Aldrich) to remove any unbound iron content.

Bacterial growth and viability analyses: For growth and viability analyses, bacteria were cultured
overnight in THB (to an ODsoo of ~0.8), then sub-cultured by performing a 1:100 dilution (roughly
8x10% CFU/mL) in 60% THB plus 40% calprotectin buffer (100 mM NaCl, 3 mM CaClz, 20 mM Tris pH
7.5) (164, 169) referred to as “medium alone” or medium supplemented with increasing
concentrations (100, 250, 500, 750, 1000 ug/mL) of purified apo- or holo-lactoferrin protein alone or
supplemented with 100 uM ferric chloride. These concentrations span the physiological range at
which lactoferrin would be present in inflamed tissues and neutrophil granules (170-172). Additionally,
bacteria were grown in increasing concentrations of the synthetic chelator 2, 2’-dipyridyl (25, 50, 100,
150, 200, 250, 300, 350, 400 yM) in medium alone or medium supplemented with 250 uM ferric
chloride. Bacterial growth was evaluated at 24 hours post-inoculation by spectrophotometric reading
of ODsoo or bacterial viability was evaluated at 24 hours by serial dilution and plating onto blood agar

plates and quantifying viable colony forming units per mL of culture (CFU/mL).
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Statistical analyses: Statistical analysis of flow cytometry and neutrophil NET quantifications was
performed using Student’s t test and One-Way ANOVA, respectively. Bacterial growth assays were
analyzed by One-Way ANOVA with either Tukey’s or Dunnet’s post hoc multiple correction tests and
Student’s t test. P values < 0.05 were considered significant. All data analyzed in this work were
derived from at least three separate biological replicates. Statistical analyses were performed using
GraphPad Prism Software (Version 6.0, GraphPad Software Inc., La Jolla CA) and Microsoft Excel
(Version 14.6.3, Microsoft Corporation, Redmond WA).

RESULTS:

GBS invades gestational tissues to cause invasive ascending infection during pregnancy: To
evaluate GBS ascending infection during pregnancy, we utilized the mouse model of ascending GBS
vaginal infection as previously described (62) and developed new outputs from this model by
employing bacteriological culturing and IHC microscopy assays to evaluate bacterial burden in
discrete tissue compartments within the gestational tissue. Our results reveal that GBS colonizes
surface of the vagina (Figure V.2, Figure V.3) at an average burden of 3.6x10% CFU/mg of tissue,
and the bacterial colonization is spatially oriented at the lumen of the tissue within the vaginal mucosa
as determined by IHC microscopic examination (Figure V.2). Furthermore, IHC microscopic analyses
reveal GBS ascends in this model and colonizes at the lumen of the endometrium within the uterus,
averaging 2.2x10° CFU/mg (Figure V.4). IHC analyses also reveal that GBS invades the decidua
and the placenta, and quantitative culture demonstrates bacterial burden averages 8.5x108 CFU/mg
in the decidua, 2.1x10° CFU/mg in the placenta, and 3.3x108 CFU/mg in the fetus.

GBS infection results in profound inflammation including recruitment of neutrophils to the
placenta and the choriodecidua: Previous work indicates the murine model of ascending GBS
infection during pregnancy mirrors the human histopathological changes associated with
chorioamnionitis (155). In an effort to better characterize the inflammation present within this model,
we employed the immunological tools readily available for utilization with this mouse model and
performed both histopathological examination and correlative flow cytometry analyses using
antibodies to CD45, Neu7/4, and GR1 which are specific for murine neutrophils (Figure V.5) and
CD45*/Neu7/4*/GR1* gating strategies. Histopathological examination reveals profound infiltration of
polymorphonuclear cells within GBS-infected decidua and placenta, a result that was not seen in
uninfected samples (Figure V.6). This result was recapitulated using flow cytometry to analyze the
placenta and decidua compartments, demonstrating 54% of viable CD45+ cells were Neu7/4*/GR1*

neutrophils in GBS-infected placenta vs. 19% of uninfected placenta, a significant increase in

41



neutrophils infiltrating the placenta in response to GBS infection (P <0.05). Similarly, 61% of viable
CDA45" cells were Neu7/4"/GR1* neutrophils in GBS-infected decidua vs. 16% of uninfected decidua,
a significant increase in neutrophils in the decidual compartment in response to GBS infection
(Figure V.7, P <0.05). Furthermore, the preponderance of PMNs discovered in the decidual and
placental compartment is associated with GBS staining, indicating neutrophils were recruited to the

site of GBS infection within each tissue compartment.

Lactoferrin is associated with neutrophils in the decidua and placenta in response to GBS
infection: Neutrophils play an important role in innate immunity against bacterial pathogens. One
way they accomplish this is by secreting molecules with antimicrobial activity. Previous work has
shown that lactoferrin is elevated in patients with intra-amniotic infections during pregnancy, disease
states that are often associated with high proportions of neutrophilic infiltration of both the decidua
and the placenta (16, 155, 156). We hypothesized that neutrophils recruited to the site of GBS
infection could produce lactoferrin as an antimicrobial strategy. To test this, IHC analyses were
employed to determine the spatial localization of lactoferrin within GBS-infected or uninfected
gestational tissues (Figure V.8). Lactoferrin was highly abundant within the decidua and placenta of
GBS-infected pregnant mice, a result that was not observed in uninfected control animals.
Interestingly, lactoferrin staining was largely associated with areas of tissue exhibiting profound
neutrophilic infiltrates (Figure V.8 G&H), and tissue compartments that stain positive by IHC for GBS
in, indicating this protein is could be associated with neutrophils which are found at the site of GBS

infection.

Neutrophils encountering GBS produce extracellular traps comprised of DNA: Due to the
observation that GBS staining frequently co-localized with PMN infiltrates, we hypothesized that GBS-
neutrophil interactions could influence the outcome of disease progression. Specifically, it was
hypothesized that neutrophils exert an antimicrobial activity against GBS by secreting antimicrobial
molecules, such as lactoferrin. To further evaluate this activity, ex vivo isolation of murine neutrophils
was performed, and these cells were co-cultured with GBS at a MOI of 50:1 bacterial to host cells.
Co-cultures were evaluated by high resolution microscopical techniques including high resolution
field-emission gun scanning electron microscopy (FEG-SEM) and confocal laser scanning
microscopy (CLSM). FEG-SEM results in Figure V.9 indicate that neutrophil exposure to GBS results
in enhanced neutrophil extracellular trap formation. Similarly, confocal analyses reveal GBS-treated
samples have 24.5-fold enhanced neutrophil extracellular trap (NET) formation compared to

uninfected controls (Figure V.10, P <0.05). These extracellular traps were ablated by treatment of
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co-cultures with DNase |, confirming that DNA is a major component of these structures (Figures V.9
and V.10). Furthermore, CLSM analyses in Figure V.10 in which co-cultures were stained with Sytox
Green (an extracellular DNA stain, green) as well as DAPI (an intracellular DNA stain, blue) indicated
extracellular traps, which appear to have GBS caught within their margins, are staining Sytox Green
positive, confirming these are comprised of extracellular DNA. Conversely, uninfected controls and
DNase I-treated GBS-neutrophil co-cultures have fewer apparent extracellular traps staining with
Sytox Green (P <0.05).

Neutrophil extracellular traps comprised of DNA are studded with the antimicrobial
glycoprotein lactoferrin: Previously published work indicates that lactoferrin secretion is enhanced
in gestational tissues in response to GBS infection (156), and that lactoferrin is a putative
antimicrobial protein which decorates the NET (159). We hypothesized that NET formation in
response to GBS exposure could result in secretion of lactoferrin into the NET. To test this, we
employed CLSM and immunofluorescence approaches to analyze subcellular spatial localization of
lactoferrin (Figure V.10, anti-lactoferrin and Alexa Fluor 647 conjugated secondary antibody, red)
with respect to the extracellular trap (Sytox Green, green). Our results indicate lactoferrin secretion
into the extracellular trap was induced by GBS co-culture with PMNSs. The lactoferrin associated with
extracellular DNA that comprised the NET and was found spatially localized near structures
consistent in size and arrangement with GBS cells, indicating lactoferrin may interact with GBS within
the NET. DNase | treatment of the co-culture resulted in diminished NETs observed by CLSM, and
this treatment also resulted in decreased extracellular lactoferrin and GBS-associated with PMNs,
indicating lactoferrin was associated with the DNA which structurally comprises the extracellular trap,
and that the NETs potentially served to immobilize GBS and expose them to antimicrobial insults

including lactoferrin.

Lactoferrin exerts antimicrobial activity against GBS via iron sequestration: Because lactoferrin
is an antimicrobial glycoprotein that binds and sequesters iron in a strategy to chelate nutrient iron
away from invading microorganisms, we hypothesized that the deposition of lactoferrin within
neutrophil extracellular traps could potentially inhibit GBS growth and viability. To test this, bacterial
growth and viability assays were performed. Results in Figure V.11 indicate that at concentrations of
100, 250, 500, 750, and 1000 pg/mL, apo-lactoferrin represses GBS growth 46%, 50%, 95%, 91%,
and 94%, respectively, compared to cells cultured in medium alone. This result was recapitulated
using the synthetic iron chelator 2, 2’ dipyridyl which has antimicrobial activity against GBS (Figure

V.12). Interestingly, supplementation with 100 uM ferric chloride as an exogenous source of nutrient
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iron restored bacterial cell density to levels that were comparable or higher than those grown in
medium alone (Figures V.11 and V.12). Results in Figure V.11 indicated that even at concentrations
as high as 1000 ug/mL, holo-lactoferrin did not repress bacterial growth significantly compared to
medium alone, a result that could be attributed to the fact that the iron-loaded form of this protein did
not exert iron chelation activity on the bacteria within this particular growth medium. Taken together,
these results indicate that the iron-sequestration activity of apo-lactoferrin has detrimental effects on

GBS; diminishing both bacterial growth and viability through micronutrient starvation.

DISCUSSION:

GBS invades reproductive tissues, crosses the placenta and disseminates to the fetus:
Colonization of the vaginal mucosa is a critical primary step in GBS pathogenesis during pregnancy.
Once colonized, bacteria ascend into the intrauterine cavity, transverse the fetal membranes and
cause severe neonatal disease outcomes including preterm birth, neonatal sepsis and neonatal
demise. The advent of a model of ascending GBS infection in a pregnant mouse provides numerous
genetic and immunological tools to study the complex dialogue between host and pathogen during
pregnancy (62). We have further refined this model by dissecting the gestational tissue compartments
and analyzing both enumeration of GBS burden and spatial distribution of bacteria by quantitative
culture and immunohistochemical techniques. These experiments reveal that bacterial invasion could
be observed in the vagina, uterus, decidua, placenta, and fetus with the highest burden being present
in the uterus and the burden titrating as the bacteria penetrate the gravid host, as is expected in a

model of invasion.

The murine model of ascending vaginal infection by GBS results in chorioamnionitis which is
characterized by a profound infiltration of PMNs to the choriodecidua and placenta: In
response to GBS infection, pro-inflammatory signaling cascades are promoted which ultimately lead
to the recruitment of innate immune cells to the site of infection (62). Concordant with this, our work
demonstrates that GBS infection elicits significant PMN recruitment to the placenta (2.5-fold increase
compared to uninfected controls) and the decidua (3.3-fold increase compared to uninfected
controls), a result that is in agreement with experiments performed in previous studies using this
model indicating inflammation-related pathology scores are elevated in GBS-infected animals
compared to sham-treated controls (62). It is interesting to note that the neutrophilic infiltrate within
the gestational tissues mirrors the clinical presentation of chorioamnionitis in human subjects (155-
157). This neutrophil response likely initiates an antimicrobial response, through phagocytosis and

bacterial killing, as well as through the deposition of antimicrobial molecules at the site of infection.
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Furthermore, it is likely that neutrophil presence results in the stimulation of pro-inflammatory
signaling cascades which initiates further inflammation pathways leading to perturbed maternal-fetal

tolerance and tissue destruction (172-175).

Murine PMNs form NETs in response to GBS: Neutrophils play a critical role in controlling invading
pathogens (176). Emerging evidence indicates that one pathway neutrophils employ to combat
pathogenic microbes is elaboration of NETs(159). NETs function as a structural component of the
innate immune response which serves to immobilize microorganisms (159). NETs are largely
comprised of DNA and associated histones which are decorated with antimicrobial molecules (159,
177). Because NETs can immobilize bacteria, bringing them into intimate contact with these
antimicrobial proteins and glycoproteins, it is purported that NETs are an important arm of the
antimicrobial defense strategies employed by the host (159, 177).

Our work indicates murine neutrophils deploy extracellular traps in response to encountering
GBS. Previous work has shown that GBS-infected human tissues have abundant neutrophilic
infiltrates and GBS induces NETosis in human neutrophils as determined by immunohistochemical
and microscopical analyses using neutrophil elastase and histones, markers which are commonly
associated with NETs (57, 178-182). Interestingly, work by Carey et al. shows that induction of
NETosis is hemolysin-, indicating that GBS virulence factors participate in this process (158). Derre-
Bobillot et al., report that GBS encodes a DNase which is critical for liberating the bacterial cell from
the murine NET, indicating GBS has mechanisms to evade this immunological response (178). It is
worthy to note that in this report, the authors utilized murine PMNs which were elicited by
thioglycolate treatment and subsequently stimulated with PMA (Phorbol-12-Myristate-13-Acetate) to
induce murine NET formation. Murine NETs induced during co-culture with GBS are comprised of
extracellular DNA, a result which agrees with previously published reports (158, 159). Our approach
to studying GBS-dependent induction of NET formation has been employed by other groups utilizing
extracellular DNA stains such as Sytox Green, or the biochemical approach of DNase-dependent

degradation of NETs to determine the association of extracellular DNA with NET structures (57, 179).

NETs induced by GBS contain lactoferrin: It is increasingly appreciated that NETs are reservoirs
of antimicrobial molecules (159, 183). A wide repertoire of antimicrobial molecules including
calprotectin, lactoferrin, and cathelicidin has been associated with NETs (184). Many of these have
been identified by unbiased proteomics techniques, targeted immunohistochemical techniques, and
microbiological killing assays. These antimicrobial molecules are important mediators of innate

immunity. Interestingly, both calprotectin and lactoferrin participate in chelation of nutrient metals, a
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process that effectively sequesters transition metals away from pathogenic microbes (160, 185).
Nutritional immunity is progressively recognized as a critical way to combat microbial infection (160,
164, 185). Lactoferrin is of particular interest as GBS induces elevated lactoferrin levels during
infection of placental membranes, however the cellular contribution for this was obscure (59).
Furthermore, elevated lactoferrin levels have been associated with GBS infection in neonates such as
septicemia (186, 187). We report that GBS-induced NETs are a source of lactoferrin, however the
role of these structures and antimicrobial molecules in the context of infection during pregnancy

remains unknown.

Lactoferrin has antimicrobial activities against GBS: Lactoferrin is a neutrophil-associated
glycoprotein with immunomodulatory properties which has been recognized as a broad-spectrum
antimicrobial agent against numerous microorganisms (188-197). This activity is associated with
lactoferrin’s iron-binding properties which participate in nutritional immunity via iron sequestration
(198-201). lron is a strict nutritional requirement for numerous bacteria including GBS, thus chelation
of this molecule could alter bacterial cell biology (161, 162). Our results indicate that apo-lactoferrin at
100, 250, 500, 750, 1000 pug/mL resulted in 1.8, 2.0, 19.6, 10.9, 16.7-fold, decreased bacterial
viability, respectively. Work by other groups indicates bovine lactoferrin has been demonstrated to
have bacteriostatic activity against GBS, and human lactoferrin has been observed to bind to
lipoteichoic acids in Streptococcus spp., inhibit biofilm formation, and activate the complement
pathway, indicating it has immunomodulatory and pleotropic effects (202-205). Interestingly,
lactoferrin administration as a prebiotic is under consideration for women with preterm delivery and

lactoferrin supplementation to formula has been shown to limit GBS growth >50% (206, 207).

Conclusion: We report that a pregnant mouse model of ascending GBS vaginal infection results in
bacterial colonization of the reproductive tract and invasion of the placenta, decidua and fetus. As a
consequence of GBS invasion, neutrophils are recruited to the placental and decidual compartments;
likely as a host strategy to contain the infection. In response to GBS infection, lactoferrin is elevated
within the placental and decidual tissue (Figure V.13). Furthermore, ex vivo results indicate
neutrophils elaborate extracellular traps decorated with lactoferrin upon encountering GBS.
Lactoferrin can subsequently exert an antimicrobial activity in vitro against GBS via chelation of
nutrient iron, which is required for GBS growth and viability. Thus, a better understanding of
lactoferrin deposition by neutrophils in NETs and the interplay of this important host molecule with

GBS could lead to novel chemotherapeutic strategies as the utility of antibiotics wanes.
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Figure V.1: Schematic representation of experimental design for mouse model of ascending
GBS infection during pregnancy. Pregnant dams were vaginally inoculated with 102> CFU GBS on
embryonic day 13.5. Animals were sacrificed, and tissues were analyzed 48-hours post-infection, on
embryonic day 15.5.

Uninfected

GBS-infected

H&E a-GBS

Figure V.2: Immunohistochemical and immunopathological analyses of uninfected or GBS-
infected vaginal muscularis and mucosal tissue. Immunopathological examination by hematoxylin
and eosin staining (H&E) reveal neutrophils at the surface of the mucosa (black arrows, inset panel of
GBS-infected tissue micrograph), which corresponds to an area within the mucosa that is colonized
by GBS as determined by immunohistochemical staining with a polyclonal rabbit antibody to GBS
(white arrows, inset panel of GBS-infected tissue micrograph), a result that was not observed in
uninfected tissue (Uninfected).
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Figure V.3. GBS invades reproductive tissues and disseminates in the gravid host. Quantitative
culture from tissues harvested from pregnant mice infected with GBS reveals bacterial presence in
numerous gestational tissues. GBS bacteria ascend from the vagina to the uterus and invade the
decidua, placenta and fetus (N=4). Points represent burden value from 1 tissue derived from 1 dam.
Horizontal lines represent the geometric mean of bacterial burden.

Uninfected

GBS-infected

Figure V.4. Immunohistochemical and immunopathological analyses of uninfected or GBS-
infected uterine tissue (myometrium, endometrium, and Ilumen). Immunopathological
examination by hematoxylin and eosin staining (H&E) reveal preserved tissue architecture in both
uninfected and GBS-infected animals. However, immunohistochemical staining indicates GBS
colonizes the lumen and the surface of the endometrium as determined by staining with a polyclonal
rabbit antibody to GBS (white arrows, inset panel of GBS-infected tissue micrograph), a result that
was not observed in uninfected tissue (Uninfected).
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Figure V.5: Gating strategy for flow cytometry analyses of neutrophils isolated from mouse
reproductive tissues. Neutrophils were stained with antibodies specific to 1A8 GR1 clone (Ly6g),
CD45, and Neu7/4, and analyzed by flow cytometry using a gating strategy to quantify cells defined
as Neu7/4nhdh GR1Mgh within the viable CD45" cells (27.9% of Viable CD45* cells). In comparison,
similar results were obtained when neutrophils were stained with antibodies specific to 1A8 GR1
clone (Ly6g), CD45, and CD11b, and analyzed by flow cytometry using a gating strategy to quantify
cells defined as CD11b"9", GR1"9" within the viable CD45* cells (29.8% of Viable CD45* cells).

Uninfected GBS-infected

H&E a-GBS H&E a-GBS
Figure V.6. Inmunopathological analyses of fetal-placental units. Hematoxylin and eosin (H&E)
stained samples (H&E) of uninfected (Panels A-F) and GBS-infected (Panels G-L) fetal-placental
units reveal profound infiltration of polymorphonuclear cells in response to infection (Panel K, black
arrows), a result that was not observed in uninfected animals (Panel E). IHC analyses using a
polyclonal rabbit antibody to total GBS cell lysate (a-GBS) indicate GBS penetrates the decidua and
the placenta to invade the gestational tissues (Panels H, J, and L, white arrows), a result that was not
seen in uninfected animals (Panels B, D, F). GBS staining is found within tissue compartments
containing polymorphonuclear cell infiltrates indicating neutrophils are present at the site of infection
(representative images of N=3-5).

49



80+

60

40 -

204

n=5

]

Uninfected GB37 Uninfected GB37

—

Placenta Decidua

% Viable CD45+ Neu7/4+ GR1+

Figure V.7: Flow cytometry analyses of placenta and decidua to evaluate the relative
abundance of neutrophils. Neutrophils were evaluated by CD45+ Neu7/4+ GR1+ gating strategy on
cells derived from the placental or decidual compartment of uninfected or GBS-infected pregnant
mice. Bars represent mean percent (viable cells CD45+ Neu7/4+ GR1+) +/- SEM. GBS-infection
results in enhanced presence of neutrophils in the decidua and placenta (*P <0.05 Student’s t test,
N=4-6).
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Figure V.8: Microscopic analyses of the spatial localization of lactoferrin within uninfected
(Panels A-D) or GBS-infected (Panels E-H) fetal-placental tissue. Representative micrographs
collected at 4X (Panels A and E), 20X (Panels B and F), and 400X (Panels C-D, and G-H). Panels A,
B, D, E, F, H indicate IHC staining with a mouse monoclonal antibody to lactoferrin (a-Lf). Panels C
and G indicate hematoxylin and eosin staining (H&E) staining for immunopathology. Panel 1)
Quantification of anti-lactoferrin HDAB stain by Imaged IHC toolbox reveals GBS infection results in
elevated lactoferrin within the fetal-placental tissue (bars indicate mean quantified HDAB stain +/-
SEM, P =0.0041, Student’s t test, N=3). Panels G-H demonstrate the preponderance of lactoferrin
stain (white arrow) is associated with polymorphonuclear cells (black arrow).
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Figure V.9: Neutrophils encountering GBS elaborate extracellular traps (NETs) comprised of
extracellular DNA. High resolution scanning electron microscopy analyses reveals murine
neutrophils elaborate extracellular traps in response to GBS co-culture (Panels B and E, white
arrows), a result which was not seen in uninfected mouse neutrophils (Panels A and D). Treatment
with DNase | abrogates observation of extracellular traps (Panels C and F, white arrows), indicating
traps are structurally comprised of DNA. Inset panels of E and F show GBS associated with NET
fibers or not associated with NETs due to DNA degradation, respectively (black arrows).
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Figure V.10: Extracellular traps formed in response to GBS are decorated with lactoferrin.
Panel A) Confocal laser scanning microscopy analyses of neutrophils cultured in the absence of GBS
(Medium Alone), in the presence of GBS (+GBS) alone or in co-cultures supplemented with DNase |
(+GBS +DNase 1) were subjected to intracellular nuclear DNA stain (DAPI, blue), extracellular DNA
stain (Sytox, green), or antibody to lactoferrin (a-Lf). Merge images reveal that GBS co-culture with
neutrophils results in the elaboration of neutrophil extracellular traps comprised of extracellular DNA
(representative images of N=3 biological replicates). These traps immobilize GBS (black arrow) and
are studded with lactoferrin (white arrow) which is found in close contact with GBS, indicating
lactoferrin is part of the antimicrobial repertoire secreted in the NETs in response to GBS.
Enumeration of the percentage of NETs per field was performed and demonstrate that NETs are
enriched in GBS-containing co-cultures but are ablated by treatment with DNase | (Bars indicate
mean percent of NETs per field +/- SEM, P <0.0001, One Way ANOVA, N=3 biological replicates and
at least 5 fields per replicate, 150+ cells total).
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Figure V.11: Analysis of bacterial viability after 24 hours of culture. Exposure to apo-lactoferrin
(Apo-Lf, open squares) results in decreased GBS growth and viability in a dose-dependent manner, a
result which was reversed by the addition of a source of exogenous nutrient iron (closed circles).
Conversely, exposure to increasing concentrations of holo-lactoferrin (Holo-Lf, closed diamonds)
does not significantly inhibit bacterial viability. Points indicate mean CFU/mL +/- SEM per timepoint

(N=3 biological replicates). *P <0.05, compared to Medium + Iron plus Apo-Lf,”P <0.05, compared to
Medium plus Holo-Lf.
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Figure V.12: Iron chelation inhibits GBS growth. Spectrophotometric analyses reveal increasing
concentrations of the synthetic iron chelator 2, 2’ dipyridyl (Dipyridyl) repress GBS cell density in
medium alone (Medium Alone) after 24 hours of culture. Supplementation with excess exogenous
nutrient iron (250 uM ferric chloride, Medium + Iron) restores bacterial growth in the presence of the
synthetic chelator (P <0.05, Student’s t test comparing medium alone to medium + iron), indicating
iron is a critical micronutrient for GBS growth and proliferation.
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Figure V.13: Conceptual diagram of the murine model of GBS infection during pregnancy.
Results derived from in vivo and ex vivo experimental reveal GBS has the capacity to cause
ascending vaginal infection during pregnancy, induction of neutrophil recruitment to invaded tissues,
and that GBS-neutrophil interactions promote extracellular trap formation and deposition of
antimicrobial molecules (such as lactoferrin) that promote nutritional immunity.
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CHAPTER VI

Macrophage extracellular traps: a scoping review

INTRODUCTION:

Macrophages comprise a diverse group of cells that are found in all tissues and demonstrate
remarkably diverse functions (208-210). Tissue macrophages are derived from either circulating
blood monocytes that originate in the bone marrow or embryonic precursors that establish residence
within tissues and can be maintained independent of bone marrow progenitors (208, 211).
Macrophage functions range from supporting development, maintenance of homeostasis, and
immune surveillance and regulation to tissue remodeling and repair (208). These professional
phagocytes play key roles during both initiation of inflammation and orchestrating its resolution as is
seen by the spectrum of macrophage ‘activation states’ (210). In addition to classical macrophage
functions, recent investigation has demonstrated that macrophages are capable of producing
extracellular traps (ETs).

An initial description of neutrophil extracellular traps (NETs) appeared in 2004, and this
discovery was quickly followed by description of a new, programmed cell death pathway termed
‘ETosis’ (159, 212, 213). ETosis comprises a unique series of cellular events by which nuclear
contents including chromatin mix with cellular proteins and are then extruded from the cell body to
form extracellular structures capable of ‘trapping’ and killing microorganisms (159, 212, 213). Since
the original report in neutrophils, other leukocytes including mast cells, eosinophils, and basophils are
now known to produce ‘extracellular trap’ structures (214-218). ETs have been implicated in diverse
disease states ranging from conditions of aseptic inflammation such as gout to vascular disorders
including preeclampsia and thrombosis (219-222). Inadequate resolution and degradation of these
structures is also a topic of recent research; prolonged exposure of self-antigens comprising ETs can
result in autoimmune diseases including systemic lupus erythematosus and antineutrophil
cytoplasmic autoantibodies (ANCA)-associated vasculitis (223, 224).

As macrophage functions are vital to host immune defense and tissue homeostasis, we sought
to understand the role of macrophage and monocyte ETs (METS) in the context of host defense and
disease states. We conducted a structured, scoping review to assess the current literature regarding
the diversity of macrophages known to produce ETs, identification of METs, proposed functions, and
mechanisms by which macrophage ETosis (METosis) may occur. Data regarding ETs produced by
neutrophils and other leukocytes have been reviewed elsewhere and were excluded from this review
(225, 226).
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METHODS:

We performed a scoping review based on methods described by Arksey and O’Malley (227).
The central research question was “What is known from the existing literature about ETs produced by
monocytes or macrophages?” To address this question, we searched for and reviewed papers with
the following inclusion criteria: English language primary studies that provided some evaluation of
monocytes or tissue differentiated macrophages for the ability to produce ETs. For the purposes of
this review we refer to both monocyte and macrophage ETs as METs and the process of extruding
these structures as ‘METosis.” These studies were not limited to human cells.

Our search was conducted using PubMed with the search phrase ((monocyte OR
macrophage) AND extracellular traps(s)) with the last search for new manuscripts performed on
March 30, 2017. The search is summarized in Figure VI.1. We identified additional studies through
references of the reviewed articles. Further review to include/exclude identified articles consisted of
reading article abstracts. If an article appeared relevant, but the inclusion criteria could not be

established, the full article was reviewed to determine if inclusion criteria were satisfied.

RESULTS AND DISCUSSION:

Defining and identifying macrophage extracellular traps (METs): The original description of NETs
included high-resolution scanning electron microscopy imaging; by this modality Brinkmann et al.
identified fibers that were 15-17 nm in diameter and were beaded with globular domains (159). Using
immunofluorescence staining, this study determined that these globular domains contained proteins
from neutrophil azurophilic, secondary, and tertiary granules including elastase, myeloperoxidase,
lactoferrin, and gelatinase. Interestingly, these extracellular fibers did not contain cytoskeleton
components or other cytoplasmic proteins. DNA was found to be the major structural component of
these fibers demonstrated by staining with DNA intercalating dyes and the destruction of these
structures when treated with DNase.

The time course by which cells undergo ETosis seems to be variable. The original description
of NETs demonstrated rapid release of extracellular DNA that occurred in as few as ten minutes
following stimulation with phorbol myristate acetate (PMA), but later reports have suggested ETosis
could take several hours (159, 212). Yousefi et al. described DNA release from eosinophils within five
minutes of stimulation with complement component C5a or lipopolysaccharide and maximum effect,
measured as fluorescence of a cell impermeable DNA-staining dye, occurred within 30 minutes (215).
METosis has been described as a rapid process that can occur in less than 30 minutes (228, 229).

In order to identify METs, most studies utilize either scanning electron microscopy looking for

fibers similar to those described by Brinkmann or fluorescent DNA-binding dyes such as Sytox®,
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PicoGreen®, TO-PRO®-3, DAPI, or Hoechst visualized by scanning laser confocal microscopy.
These dyes have also been used to construct spectrofluorometric assays as an effort to quantify MET
release by measuring fluorescence staining of extracellular DNA (212, 230, 231). Typical definitions
of METs, like NETs, include extracellular fibers composed of DNA that extend outside the bounds of
the cell and are degraded by treatment with DNase | or micrococcal nuclease (example in Figure
VI.2). Additional verification that proposed structures are ETs can be obtained by staining for known
ET components such as histones, elastase, or myeloperoxidase. Elastase, often considered a
neutrophil specific marker has been identified in METs of human peripheral blood monocytes and
THP-1 macrophage-like cells (228, 232). Similarly, myeloperoxidase has been identified in METs of
diverse macrophage populations including human glomerular macrophages, human peripheral blood
monocytes, THP-1 macrophage-like cells, murine J774A.1 macrophage-like cells, bovine monocytes,
and caprine monocytes (228, 229, 232-235) (Table VI1.1).

Factors that influence MET release: Like NETSs, diverse pathogens and chemical stimuli have been
noted to induce METs (Tables VI.2 and VI.3). In addition to live bacterial cells, Wong et al. described
that particular virulence factors such as the Mycobacterium tuberculosis secretion system, ESX-1,
may specifically contribute to MET release by human peripheral blood monocyte-derived
macrophages, a result that was augmented in the presence of other chemical activators including
interferon-y (236). Aulik et al. noted that Mannheimia haemolytica infection of bovine monocyte-
derived macrophages led to MET release in a leukotoxin dependent manner as infection with
leukotoxin deficient M. haemolytica cells did not result in MET release (231). Several publications
have noted that proinflammatory mediators that stimulate generation of reactive oxygen species
(ROS) induce METS, though this finding is not consistent across all cell types and experimental
conditions (231, 237). Liu et al. demonstrated that treatment of mouse macrophage-like J774A.1 cells
or primary mouse peritoneal macrophages with PMA, hydrogen peroxide, interferon-y (100 U/mL), or
macrophage-colony stimulating factor (25 ng/mL) did not result in MET release, whereas infection
with Candida albicans or Escherichia coli was able to stimulate METosis (234). Based on this
evidence, the authors suggested that MET structures extruded from these cells occurred by a ROS-
independent mechanism.

Despite the great diversity of tissue macrophages, few studies currently exist regarding the
different types of macrophages that respond to pathogens with MET release (Table VI.1). Knowledge
is also limited regarding why some macrophages undergo METosis while others do not. For instance,
Bonne-Année et al. noted that although human monocyte-derived macrophages produced METs in

response to Strongyloides stercoralis infection, mouse peritoneal macrophages did not, despite that
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both human and mouse neutrophils produced NETs during infection (238). Similarly, Schorn et al.
reported that neutrophils, basophils, and eosinophils respond to monosodium urate crystals in gouty
arthritis by producing ETs, but peripheral blood monocytes, despite phagocytosing the crystals, did
not produce METs (216). Chow et al. made the interesting observation that treating either mouse
RAW 264.7 macrophage-like cells or primary mouse peritoneal macrophages with members of the
statin family of cholesterol lowering drugs resulted in enhanced MET release from these cells,
whereas Halder et al. was not able to demonstrate similar responses with human peripheral blood
monocytes (228, 237). The current evidence is insufficient to determine if the differential responses
are due to experimental conditions or if some types of macrophages are inherently more prone to
METosis.

Aside from interactions between macrophages and specific microorganisms, other factors
including the cellular environment and polarization state may alter a macrophage’s ability to undergo
METosis. As in macrophages, the neutrophil literature reveals a growing appreciation of distinct
neutrophil subsets that play particular roles in immunity and disease pathogenesis. These subsets,
including the proinflammatory, anti-tumorigenic N1 and the tumorigenic N2, represent spectrums of
cellular phenotypes that differ in morphological and functional properties (239). Type | interferons
have recently been shown to promote a proinflammatory subset of neutrophils (N1, anti-tumorigenic)
which display an enhanced ability for form NETs (240). Likewise, Shrestha et al. used retinoic acid to
drive neutrophil nuclear hypersegmentation, a characteristic finding of N1 cell morphology, and found
that retinoic acid treatment also resulted in augmented NETSs release in response to PMA stimulation
(241). In both studies, the NET-producing, N1 neutrophils also exhibited an increased capacity for
cytotoxicity against cancer cells, and Shrestha et al. demonstrated that the addition of DNase
reversed this effect, suggesting an antitumor role for NETs. Additionally, Villanueva et al.
demonstrated a subset of ‘low-density granulocytes’ isolated from patients with systemic lupus
erythematosus had a greater capacity to produce NETs than normal-density neutrophils from patients
with lupus or control neutrophils from patients without lupus (242). By producing a higher proportion
of NETs, these cells may provide increased exposure of autoantigens and have an increased
capacity to kill endothelial cells, driving disease pathogenesis.

Macrophages are known to function along a spectrum of activated phenotypes, or, polarization
states (210). Only one report to date specifically investigated how macrophage polarization may
influence METosis. Nakazawa et al. made the observation that PMA differentiated THP-1 cells
polarized toward an inflammatory M1 activation state (treated with 20 ng/mL IFN-y and 1 mg/mL LPS
for 6 hours) but not the anti-inflammatory/pro-healing M2 state (treated with 20 ng/mL IL-4 for 24

hours) resulted in extracellular DNA release when exposed to NET material (243). Of note, these
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authors did not specifically label this extracellular DNA release as METs, but their findings suggest
that this extracellular DNA extended beyond cellular boundaries and originated from the
macrophages, despite that the DNA release was noted to be ‘less drastic’ than that seen by
neutrophils undergoing ETosis. These authors found similar results with peripheral blood
mononuclear cells differentiated to polarized macrophages after 7 day incubation with 10 ng/mL GM-
CSF (M1) or 10 ng/mL M-CSF (M2). Interestingly, DNA release by THP-1 macrophage-like cells was
specific to interaction with NETs, as macrophage extracellular DNA release was not stimulated by
interactions with neutrophils undergoing other types of cell death.

Changes in the cellular environment might also alter macrophage behavior. Bryukhin and
Shopova used a rat model of liver injury, which has been shown to depress immune function
including monocyte migration and phagocytic activity to demonstrate that alveolar macrophages and
peripheral blood monocytes taken from pups of mothers with drug-induced hepatitis were impaired in
MET formation and bactericidal activity (244). This work suggests that cellular programming or
environmental signals may modify the ability of macrophage to complete METosis. Vega et al.
demonstrated that mouse J774A.1 and RAW264.7 macrophage-like cells undergoing stress response
(incubation at 42°C for 1.5 hours followed by recovery at 37°C) were more prone to produce METs
when exposed to Streptococcus agalactiae (245). In their experimental conditions, S. agalactiae
infection resulted in decreased ROS/RNS production and elevated levels of IL-10, which are most
typically associated with ET inhibition in neutrophils. The authors of this study suggested that
changes in the cytoskeleton triggered by stress responses, potentially via Hsp70 and Hsp27, might
lead to METosis in the absence of oxidative stress or pro-inflammatory mediators.

Together these studies demonstrate that MET release can occur in response to a diverse
collection of pathogens, but data are limited regarding the responses of specific types of tissue
macrophages. More work is needed to better understand how polarization states and environmental
signals might alter cellular function with respect to METs and whether these changes would affect all
tissue macrophages in a similar way. These future studies will be important as the functions of METs

in both immunity and pathophysiology become clearer.

Functions attributed to METs: NETs have been attributed several functions including trapping
diverse pathogens, suppression and destruction of bacterial toxins of trapped organisms, and
bactericidal activity (159). The bactericidal activity of NETs has been attributed to a localized, high
concentration of antimicrobial peptides contained on the globules of NET fibers as DNase treatment
eliminates this cidal activity (159). Several studies have examined the fundamental question if METs

have cidal activity for different microorganisms. In order to assess microbicidal activity, most MET
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killing assays compare macrophages infected with or without the presence of DNase and compare
recovered microorganisms (230, 231). In order to separate killing that results from MET-dependent
and MET-independent mechanisms (mainly phagocytosis), some studies have used the actin
cytoskeletal inhibitor, cytochalasin D, to inhibit macrophage phagocytosis (230, 234). There have
been mixed results using this technique as some groups have noted decreased MET release in cells
pretreated with cytochalasin D (231, 232). To date, there are reports of potential MET microbicidal
activity against pathogens including Staphylococcus aureus, S. agalactiae, E. coli, and C. albicans
(234, 244-246). Halder et al. isolated monocyte ETs by digesting immobilized traps with the restriction
enzyme Alul and then added ET material to C. albicans culture; ET material, but not monocyte
chromosomal DNA, was able to inhibit fungal growth even at 30 hours of incubation (228). Instead of
using direct counting of microorganisms, Chow et al. used SYTO™9 and propidium iodide staining of
S. aureus cells trapped within METs to demonstrate decreased viability of bacterial cells (237).

Despite results stated above, several studies question any direct bactericidal activity of METs.
For example, a recent study evaluated infection of PMA-differentiated THP-1 macrophage-like cells
with Mycobacteria massiliense and noted that MET release actually enhanced bacterial growth,
potentially by providing a scaffold for bacterial aggregation, which facilitates survival in this organism
(232). Liu et al. demonstrated that mouse J774A.1 macrophage-like cells infected with E. coli or C.
albicans resulted in small but significant microbial killing attributed to METs (10-20% less organisms
recovered compared to cells treated with DNase and cytochalasin D), but peritoneal macrophages in
similar assays did not show any significant MET microbicidal activity against either organism. Of note,
in this study the extent of microbial killing attributed to METs was considerably less than that
attributed to intracellular killing (234).

It has been proposed that METs may act synergistically with other components of host
defense. Halder et al. demonstrated that human monocyte release of METs was enhanced in the
presence of human serum (228). During infection with C. albicans in media containing serum, this
study used immunofluorescent staining to establish that complement factors C3b and C5b-9 were
deposited onto METs. The authors proposed that activated complement might add microbicidal
activity and allow for enhanced opsonization and phagocytosis of organisms within ETs during the
resolution of inflammatory responses (228). Shen et al. showed that the antibiotic fosphomycin may
boost MET release, potentially by increasing production of ROS, and enhance total extracellular
killing of S. aureus by mouse peritoneal macrophages producing METs (246).

One of the difficulties of these studies is successfully demonstrating that METosis and METs
occur in vivo and are not an artifact of ex vivo experimental conditions. Just as NETs are now

recognized in diverse tissues, METs have now been identified within tissues during disease states.
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O’Sullivan et al. evaluated renal biopsy tissues from patients with myeloperoxidase (MPO)-ANCA-
associated glomerulonephritis (233). Tissues from patients with glomerulonephritis had significantly
more macrophages than control tissues. The authors used immunofluorescent probes against nuclear
components and MPO to identify NETs and METs, which they differentiated by the presence of
neutrophil elastase (NET marker) and CD68 positivity (MET marker). Six of ten biopsies from patients
with glomerulonephritis were found to have MPO containing METs. This is particularly interesting
given that MPO, a component of both NETs and METsSs, is considered to be a major autoantigen in the
development of ANCA-associated vasculitis, suggesting that macrophage and neutrophil ETs
contribute to the pathophysiology of this disease. Mohanan et al. examined macrophage function at
‘crown-like structures’ in breast adipose tissue (247). Crown-like structures are thought to be areas
where macrophages clear dying adipocytes. This study evaluated mammary adipose tissue from
obese mice and found that macrophages at crown-like structures stained strongly for PAD2 and
citrullinated histones (anti-H4Cit3), which extended from macrophage nuclei into the extracellular
space. The authors propose these macrophages were undergoing hypercitrullination via PAD2 as
part of METosis. This report suggested that METosis in adipose tissue could be driven by TNF-a
release from dying adipocytes. Pro-inflammatory signals may promote MET release and drive further

inflammatory signals within adipose tissue, influencing macrophage infiltration and activation.

Cellular pathways implicated in MET release: Identifying mechanisms by which neutrophils
undergo ETosis and subsequently release NETs continues to be an area of active research. The
‘NETotic cascade’ comprises several steps including cytoplasmic and nuclear swelling, vacuolization,
membrane protrusion, enzyme binding to DNA, histone citrullination and chromatin decondensation,
and terminating in membrane rupture and NET release (248). During this cascade cellular granule
membranes also break down allowing for nuclear and granular proteins to mix and for granular
proteins such as elastase to be found within NETs after release (212). Early descriptions of NETs
noted that this process was dependent on the NADPH oxidase system, in which NADPH oxidase-
derived ROS acted intracellularly to initiate the NET cascade through actions that include activation of
elastase, which then escapes from neutrophil azurophilic granules (248, 249). Once released,
elastase translocates to the nucleus where it degrades histones and thereby promotes chromatin
decondensation (249). Reports have also suggested that interactions between ROS formation,
cellular autophagy, and PAD4-dependent histone citrullination result in collapse of intracellular
membranes allowing for chromatin decondensation and subsequent release (250).

Alternative forms of ETosis with unique pathways are now being described. Yousefi et al.
reported that neutrophils primed with GM-CSF and stimulated with lipopolysaccharide or complement
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component C5a could produce NETs from mitochondrial DNA in a pathway that depended on ROS
but did not result in cellular death (251). Pilscek et al. described another alternative form of neutrophil
ETosis in which nuclear DNA was deposited extracellularly via membrane vesicles, a process which
was not inhibited by diphenylene iodonium (DPI), suggesting an NADPH-independent pathway (252).

Investigations into mechanisms of MET release have been less numerous. Reports have
demonstrated that inhibitors of the NADPH-oxidase system including DPI reduce MET formation,
although this has not been consistent across all studies (229, 231, 234, 235, 246). King et al. used a
fluorescent readout of ROS production (dihydrorhodamine 123) to indicate that human alveolar
macrophages producing METs had a two-fold increase in ROS fluorescence compared to cells not
forming METs (253). Treating alveolar macrophages with the ROS inhibitor apocynin inhibited MET
release. Aulik et al. established that other pathways that boost intracellular ROS including treatment
with glucose oxidase or PMA enhanced MET release from bovine macrophages (231).

As with neutrophils, there are reports of alternative pathways of METosis (232, 234). Je et al.
suggested that calcium influx into PMA-differentiated THP-1 macrophage-like cells may influence
MET production by an NADPH oxidase-independent mechanism (232). Treatment of THP-1 cells with
20 uM 1,2-bis (o-aminophenoxy) ethane-N,N,N',N'-tetraacetic acid (BAPTA) or 1 uM ethylene glycol
tetraacetic acid (EGTA) to chelate calcium diminished but did not eliminate MET release in this study.
Interestingly, this report suggested that DNA present in these METs was composed of nuclear and
mitochondrial DNA as the authors were able to identify nuclear (ACTB, GAPDH) and mitochondrial
genes (ATP6, NDS1) from supernatants of infected cells by PCR. Similarly, Liu et al. which also
proposed an ROS independent mechanism of MET release from mouse J774A.1 macrophage-like
cells, was also able to identify both mitochondrial (Afp6 and Nds7) and nuclear (Actb and Gapdh)
genes via in situ hybridization and PCR amplification of supernatants from C. albicans stimulated
macrophages (234).

Other important steps in METosis remain poorly understood. In neutrophils, both elastase and
myeloperoxidase contribute to ETosis (249, 254). Elastase promotes NET release by degrading
histones and promoting chromatin decondensation and myeloperoxidase synergizes with elastase
chromatin decondensation in a mechanism that is independent of enzymatic activity (249). To date,
four studies have evaluated if elastase and myeloperoxidase contribute to METosis. Wong et al. used
the elastase inhibitor, N-methoxysuccinyl-Ala-Ala-Pro-Val-chloromethyl ketone (AAPV), to block
monocyte-derived macrophages infected with M. tuberculosis or S. aureus from releasing METs and
Shen et al. found similar results with AAPV treated mouse peritoneal macrophages infected with S.
aureus (236, 246). In contrast, Je et al. noted AAPV treated THP-1 macrophage-like cells infected

with M. massiliense were unaffected in regards to MET release despite that elastase was identified
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within the MET structures (232). Mufioz-Caro et al. inhibited MET release by bovine monocytes
infected with Besnoitia besnoiti tachyzoites using the myeloperoxidase inhibitor, 4-aminobenzoic acid
hydrazide (ABAH) (229). These studies suggest an active role for elastase and myeloperoxidase in
METosis, but it remains to be determined if the mechanisms by which these enzymes contribute
mirror those seen in neutrophils.

Chow et al. used statin drugs to implicate sterol production pathways as a potentially important
mediator of MET formation. They demonstrated that MET formation was enhanced in statin treated
murine peritoneal macrophages. They found similar results using siRNA knockdown of HMG-CoA
reductase, a finding that was reversed with treatment of the HMG-CoA reductase product mevalonate
(237). The authors proposed that the effect of statins to boost MET production might be mediated by
intermediates of the sterol synthetic pathways, although the exact mechanism by which these
intermediates may alter METosis is not well understood.

The role of cytoskeleton rearrangement in both neutrophils and macrophage ETs remains a
topic of debate. Pretreatment with the actin cytoskeletal inhibitor, cytochalasin D, often used to block
phagocytosis, has demonstrated the ability to decrease MET formation in some studies (231, 232).
Cytochalasin D treatment did not have a significant effect on METosis of bovine monocytes exposed
to B. besnoiti or murine J774A.1 macrophage-like cells in response to E. coli or C. albicans (229,
234). Aulik et al. reported that cytochalasin D reduced bovine peripheral blood and alveolar
macrophage METosis response to M. haemolytica and its leukotoxin, but in this same study
cytochalasin D had no significant effect on MET release from THP-1 or RAW 264.7 macrophage-like
cells in response to E. coli hemolysin (231). Contrary to this report, Je et al. found that THP-1
macrophage-like cells treated with cytochalasin D were impaired in regards to phagocytosis and MET
release in response to M. massiliense (232). These findings have led some authors to speculate that
phagocytosis of particular microorganisms or microbial toxins maybe an important trigger for MET
formation (231, 232).

There are also conflicting reports regarding the role of cytoskeletal inhibitors in NET biology. In
the original NET description, cytochalasin D effectively prevented phagocytosis of Shigella flexneri or
S. aureus but not NET release (159). Other studies have also reported that cytoskeletal inhibitors had
no effect on NET formation in response to Paracoccidioides brasiliensis or gold nanoparticles (255,
256). Neeli et al. reported that 10 uM treatment with either the microtubule inhibitor nocodazole or
cytochalasin D diminished histone deamination and NET release in response to LPS, and similar
results were documented by Jerjomiceva et al. using enrofloxacin treated bovine neutrophils (257,

258). The basis for the divergent results in these studies is not clear, but more research is needed to
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better define the role of the cytoskeleton during the processes of ETosis in neutrophils and
macrophages.

A few studies have investigated the role of protein arginine deiminases (PADs) and histone
hypercitrullination as an important step in METosis. PAD4 mediated hypercitrullination has been
shown to be an important pathway during neutrophil ETosis leading to chromatin decondensation;
inhibition of this pathway impairs NET release (259). Nakazawa et al. made the observation that
PAD4 expression in PMA-differentiated THP-1 cells accompanied M1 phenotype induction; treatment
of these cells with PAD4 siRNA resulted in inhibition of extracellular DNA release (243). Mohanan et
al. demonstrated that treatment with TNF-a resulted in histone hypercitrullination via PAD2 in RAW
264.7 cells prior to chromatin decondensation and MET release (247).

Overall, the limited studies that have evaluated the steps of METosis mirror findings of
neutrophil ETosis, but there are discrepancies within the literature particularly with regard to the role
ROS and cytoskeleton polymerization during METosis. More work is needed to further define
differences in the ROS dependent and independent pathways of METosis and whether particular-

signaling pathways may favor one pathway over the other.

Is METosis a cell death pathway? ETosis is considered to be a different cellular pathway than
apoptosis as neutrophils undergoing ETosis do not demonstrate typical DNA fragmentation, lack
phosphatidylserine localization to the outer leaflet of cellular membrane, and lack typical caspase
activation that are hallmarks of cells undergoing apoptosis (212). ETosis is also notably different from
cellular necrosis, as in ETosis both the nuclear and granular membranes disintegrate while the
plasma membrane is intact (212). As noted above, reports of alternative forms of ETosis have been
documented in neutrophils and eosinophils and suggest that not all ETosis pathways end in cell death
(215, 251).

A few studies have evaluated monocyte and macrophage viability while undergoing METosis.
Using a fluorescent cell staining for intracellular esterase activity and plasma membrane integrity,
Chow et al. revealed that staining of MET producing RAW 264.7 macrophage-like cells was
consistent with loss of membrane integrity, suggesting these cells were no longer viable (237). Vega
et al. used a similar approach and noted mouse J774A.1 macrophage-like cells producing METs were
dead within 3 hours (245). Nakazawa et al. used TUNEL staining to evaluate M1-polarized THP-1
cells releasing extracellular DNA after exposure to NETs. These cells demonstrated positive TUNEL
staining, which contradicts a report in neutrophils suggesting that NET producing cells are TUNEL
negative (212, 243).
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One study evaluated the role of caspase-1 in METosis. Webster et al. illustrated that human
peripheral blood monocytes infected with either E. coli or Klebsiella pneumoniae resulted in caspase-
1 activation, which is considered part of some non-apoptotic cell death pathways, particularly
pyroptosis (260). Inhibiting caspase-1 with the chemical z-YVAD-fmk reduced MET release. With
caspase-1 activation, the authors remarked on a general loss of cell viability over the first 12 hours of
infection. Caspase-1, while not previously noted to be activated in neutrophil ETosis, was found to be
activated in macrophages in response to NET material and the antibacterial protein LL-37 present on
NET fibers (261). It remains unclear if exposure to MET fibers could induce a similar response in
surrounding macrophages, potentially driving further proinflammatory responses including METs.

The sparse data available suggest that METosis is indeed a cell death process, similar to
classical pathways in neutrophils. More work is needed to define the principle triggers and pathways
that move a macrophage from other immune responses to METosis. Additional studies are also
needed to differentiate makers of different cellular death pathways including METosis and to clarify

conflicting data.

Area of future research: As interest in METs grows, future research will likely focus on differences
between macrophages and other cells that produce ETs. As opposed to other leukocytes like
neutrophils or basophils, macrophage functions can vary dramatically based on differentiation,
microenvironment, and polarization states. As such, it may not be surprising that the current literature
in this field contains many conflicting reports. Future studies will need to find ways to delineate how
subtle shifts in cellular programing such as macrophage polarization may direct macrophages to
different immune responses against pathogens. Additionally, whether METosis occurs globally in all
macrophages including specialized cells like Kupffer cells or microglia is yet to be explored. As the
NET literature has widely expanded since the first description in 2004, it seems likely that
appreciation of METs and their role in immunity and pathophysiology will continue to gain recognition

and stimulate additional studies to add to our current understanding of METosis.
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PubMed Search:

((monocyte) OR macrophage)AND
extracellular trap(s):

244 articles identified

Filter: English language ) 3 excluded

241 articles included in 229 articles excluded based on initial
initial review review:
Reasons for exclusion:
References: *Only evaluated NETSs (82)
9 articles )-Did not evaluate METs (9)

*Investigated tartrate-resistant acid
phosphate (TRAP) positive cells (110)
+*Did not include ETs or macrophages
(26)

21 articles reviewed here

*ET reviews (2)

Figure VI.1: Search and review flow. 244 articles were identified by primary PubMed search. 3 were
excluded based on language. 241 articles underwent initial review of abstracts and 229 were
excluded. 12 primary articles were identified for inclusion in this review based on primary search and
from the reference of these articles an additional 9 articles were identified. ET: extracellular traps,
NETSs: neutrophil extracellular traps, METs: macrophage extracellular traps.

66



Figure VI.2: Examples of METs. A: Scanning electron micrograph image of a placental macrophage
with expelled MET in response to S. agalactiae. Measurement bar represents 20 um. As can be seen
in magnified panels (right) these fibers originate from the macrophage cell (bottom) and bacterial cells
become embedded in these fibers (top). B: Placental macrophage infected with S. agalactiae and
treated with DNase | leaving a defect in macrophage cell surface where MET fibers exited the cell.
Measurement bar represents 5 um. C: Confocal microscopy 3D reconstruction image of a placental
macrophage MET in response to S. agalactiae. Measurement bar represents 10 um. Cells were
stained with Sytox Green (green) for extracellular DNA and Hoechst 33342 (blue) for condensed
chromatin. Extracellular DNA fibers (green) are seen extending beyond the nucleus structure (blue).
Placental macrophages were obtained as published from de-identified, term, non-labored placenta
provided by the Cooperative Human Tissue Network, which is funded by the National Cancer Institute
(262). All tissues were collected in accordance with Vanderbilt University Institutional Review Board
(approval #131607).
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Table VI.1. Types of monocytes and macrophages known to produce METs and the cellular
proteins identified within MET structures.

Cell Type MET Contents Reference

Human alveolar macrophages Matrix (253)
metalloproteinase 12

Human glomerular macrophages Myeloperoxidase (233)

Human monocyte derived Histone H4 (236, 238, 255)
macrophages
Human peripheral blood Histone H2 and H3 (228, 260, 263)
monocytes Neutrophil Elastase

Myeloperoxidase

Lactoferrin
THP-1 cells Myeloperoxidase (231, 232, 236,

Neutrophil Elastase
Histone H3 and H4

243, 246)

Murine peritoneal macrophages

(234, 237, 246)

RAW 264.7 cells

Histone H2 and H4

(231, 237, 245,
247)

J774A 1 cells Histone H2 (234, 245)
Myeloperoxidase
Lysozyme

Rat macrophages (244)

(peripheral blood monocytes,

alveolar, peritoneal)

Bovine macrophages (230, 231)

(peripheral blood monocytes,

alveolar)

Bovine monocytes Histone H3 (229)
Myeloperoxidase

Caprine monocytes Histone H3 (235)
Myeloperoxidase

Carp (Cyprinus carpio) (264)

monocyte/macrophages

Harbor seal (Phoca vitulina) (265)

monocytes
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Table VI.2. Microbial organisms that elicit a macrophage extracellular trap response.

Klebsiella
pneumoniae(?60)

Mannheimia
haemolytical?3")

Toxoplasma gondii%)

Gram negative Gram positive Parasites Acid fast Fungi
bacteria bacteria bacilli
Escherichia colt??8.234.260)  Staphylococcus Besnoitia besnoiti??® Mycobacterium  Candida
aureus@37. 246) abscessus?%) albicans(?28: 234)
Nontypeable Eimeria
Haemophilus Streptococcus ninakohlyakimovae®®®  Mycobacterium
influenza53 agalactiae*® massiliense(®3?)
Strongyloides

Histophilus somni®?30) stercoalis®?3®) Mycobacterium

tuberculosist?%®)
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Table VI.3: Chemical inducers and inhibitors of METosis.

Chemical inducers

Chemical Inhibitors

Fosfomycin(246)

Glucose oxidase®"

HMG-CoA reductase inhibitors (statins)®@7")
Interferon-y(236)

Neutrophil extracellular trap material®*%)
Phorbol myristate acetate(®3" 237
TNF-24)

Zymosan(229. 265)

4-aminobenzoic acid hydrazide (ABAH)?2%)

Apocinin(@%3)

Cytochalasin D31, 232)

Diphenylene iodonium(229. 231, 235, 246)

GM-CSF2%)

N-methoxysuccinyl-Ala-Ala-Pro-Val-chloromethyl ketone(?32 236, 246)

z-YVAD-fmk (269)
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CHAPTER VII

Streptococcus agalactiae induces placental macrophages to release extracellular traps loaded

with tissue remodeling enzymes via an oxidative-burst-dependent mechanism

INTRODUCTION:

15 million cases of preterm birth, or birth before 37 weeks gestation, occur annually worldwide,
including 500,000 cases in the United States, conferring an estimated cost of $26.2 billion (1, 92,
266). The World Health Organization estimates that preterm birth complications are a leading cause
of death among children under five years of age, resulting in nearly 1 million deaths in 2015 (267,
268). In addition to loss of child lives, preterm birth increases risk of chronic health conditions
including neurodevelopmental deficits, metabolic syndrome, cardiovascular abnormalities, chronic
kidney disease, and chronic respiratory conditions (269, 270).

Streptococcus agalactiae, also known as Group B Streptococcus (GBS), is a common
perinatal pathogen (11). Approximately 10-40% of women are colonized with GBS during late
pregnancy (33, 34). Rectovaginal GBS carriage is associated with adverse pregnancy outcomes
including stillbirth, preterm labor, chorioamnionitis, and neonatal sepsis (3, 35, 142). Because of the
burden and severity of GBS-related adverse pregnancy outcomes, the CDC recommends GBS
screening late in gestation and antibiotic prophylaxis during labor (24). This strategy has decreased
the incidence of early-onset neonatal sepsis but misses mothers that deliver preterm, before
screening is conducted (24). Despite screening and treatment interventions, GBS remains a leading
neonatal pathogen (144).

Pregnancy represents a unique immunologic state in which the maternal immune system must
dampen its responses against foreign antigens of the semiallogenic fetus while defending the gravid
uterus from infection. Excessive inflammation can drive adverse pregnancy events including loss of
pregnancy, preterm birth, intrauterine growth restriction, and preeclampsia (67). Multiple mechanisms
exist to support maternal-fetal tolerance including production of anti-inflammatory cytokines that alter
the number and function of immune cells at the maternal-fetal interface (68-70). Unfortunately,
infection is a common complication of pregnancy. Bacterial infection of the fetal membranes, known
as chorioamnionitis, occurs most often by ascending infection from the vagina (11, 15, 16). During
infection, bacterial products are recognized by pathogen recognition receptors, which then stimulate
production of proinflammatory cytokines (15, 271, 272). These inflammatory mediators initiate a

cascade of events that result in neutrophil infiltration into the fetal membranes, production and

71



release of matrix metalloproteases (MMPs), and cervical contractions which eventually result in
membrane rupture and preterm birth (273).

Macrophages represent 20-30% of the leukocytes within gestational tissues (71). In particular,
fetally-derived macrophages, called Hofbauer cells or placental macrophages (PMs), play key roles in
placental invasion, angiogenesis, tissue remodeling, and development (72, 73). The inflammatory
state of these cells is carefully regulated throughout pregnancy. As the pregnancy progresses the M2
or anti-inflammatory and tissue remodeling phenotype predominates to supports fetal development
(74-77). PMs contribute to immune tolerance by secretion of anti-inflammatory cytokines, which
suppress production of proinflammatory cytokines (78-81). Disruption of appropriate macrophage
polarization is associated with abnormal pregnancies including spontaneous abortions, preterm labor,
and preeclampsia (74). We sought to understand how bacterial infection alters PM functions, and how
these responses may contribute to pathologic pregnancies. These studies demonstrate that both PMs
and a model macrophage cell line, the PMA-differentiated THP-1 macrophage-like cells, release
macrophage extracellular traps (METSs) in response to bacterial infection in a process that is
dependent upon the generation of reactive oxygen species (ROS). METs, reminiscent of neutrophil
extracellular traps (NETSs), have recently been recognized as structures released by macrophages
under a number of conditions including infection (274). PM METs contain histones, myeloperoxidase,
and neutrophils elastase as well as several MMPs, and MET structures are found within human fetal

membranes infected with GBS ex vivo.

METHODS:

Placental macrophage isolation and culture: Human placental macrophages (PM) and fetal
membrane tissues were isolated from placental tissues from women who delivered healthy infants at
full term by cesarean section (without labor). De-identified tissue samples were provided by the
Cooperative Human Tissue Network, which is funded by the National Cancer Institute. All tissues
were collected in accordance with Vanderbilt University Institutional Review Board (approval 131607).
Macrophage isolation occurred as previously described (275); briefly, placental villous tissue was
minced followed by digestion with DNase, collagenase, and hyaluronidase (all from Sigma-Aldrich, St.
Louis MO). Cells were filtered, centrifuged, and CD14+ cells were isolated using the magnetic MACS
Cell Separation system with CD14 microbeads (Miltenyi Biotec, Auburn CA). Cells were incubated in
in RPMI 1640 media (ThermoFisher, Waltham MA) with 10% charcoal stripped fetal bovine serum
(ThermoFisher) and 1% antibiotic/antimycotic solution (ThermoFisher) overnight at 37°C in 5%
carbon dioxide. The following day, PMs were suspended in RPMI media without antibiotic/antimycotic

and distributed into polystyrene plates. Cells were incubated for at least 1 hour prior to infection to
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allow for cell adherence to plate or Poly-L-Lysine coated glass coverslips (Corning, Bedford MA) for

microscopy assays.

THP-1 cell culture: THP-1 cells (ATCC, Manassas VA) were cultured in RPMI 1640 media with 10%
charcoal treated FBS and 1% antibiotic/antimycotic media at 37°C in 5% carbon dioxide. 24-48 hours
prior to co-culture experiments, cells were treated with 100 nM phorbol 12-myristate 13-acetate
(PMA) (Sigma-Aldrich) to induce differentiation to macrophage-like cells. Prior to co-culture
experiments, cells were suspended in RPMI media without antibiotic/antimycotic and distributed into
polystyrene plates containing Poly-L-Lysine coated glass coverslips and allowed to rest for at least 1

hour prior to infection to promote cell adherence.

Bacterial culture: Streptococcus agalactiae strain GB00590 is a capsular type Ill, ST-17 strain
isolated from a woman with asymptomatic colonization (139), and GB00037 is a capsular type V
strain obtained from a case of neonatal sepsis (65, 140). Escherichia coli serotype 075:H5:K1 is a
clinical isolate obtained from a fatal case of neonatal meningitis (149). Bacterial cells were cultured on
tryptic soy agar plates supplemented with 5% sheep blood (blood agar plates) at 37°C in ambient air
overnight. Bacteria were subcultured from blood agar plates into Todd-Hewitt broth or Luria-Bertani
Broth and incubated under aerobic shaking conditions at 37°C in ambient air to stationary phase.
Bacterial supernatant was collected and sterile filtered using a 0.1 ym filter (Millipore Sigma,
Burlington MA) and incubated with THP-1 cells at a concentration of 10% volume. Bacterial cells were
washed and suspended in phosphate buffered saline (PBS, pH 7.4) and bacterial density was
measured spectrophotometrically at an optical density of 600 nm (ODeoo) and bacterial numbers were
determined with a coefficient of 1 OD600 = 10° CFU/mL.

Bacterial-macrophage co-cultures: PMs or PMA-differentiated macrophage-like cells in RPMI
without antibiotics were infected with GBS or E. coli cells at a multiplicity of infection (MOI) of 20:1
unless otherwise noted. Co-cultured cells were incubated at 37°C in air supplemented to 5% carbon
dioxide for 1 hour. As stated, some cells were pretreated with 10 ug/mL cytochalasin D
(ThermoFisher), 10 nM nocodazole, 100 Units/mL DNase |, 500 nM PMA, or 10uM
diphenyleneiodonium chloride (all from Sigma-Aldrich) for at least 20 minutes prior to infection. At 1
hour, supernatants were collected, and cells were fixed with 2.0% paraformaldehyde and 2.5%
glutaraldehyde in 0.05 M sodium cacodylate buffer (Electron Microscopy Sciences, Hatfield PA) for at

least 12 hours prior to processing for microscopy.
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Field-emission gun scanning electron microscopy: Following treatment and infection as above,
macrophages were incubated in 2.0% paraformaldehyde and 2.5% glutaraldehyde in 0.05 M sodium
cacodylate buffer for at least 12 hours prior to sequential dehydration with increasing concentrations
of ethanol. Samples were dried at the critical point, using a CO2 drier (Tousimis, Rockville MD),
mounted onto an aluminum stub, and sputter coated with 80/20 gold-palladium. A thin strip of
colloidal silver was painted at the sample edge to dissipate sample charging. Samples were imaged
with a FEI Quanta 250 field-emission gun scanning electron microscope. Quantification of
macrophages producing extracellular traps was determined by evaluating scanning electron
micrograph images at 750X magnification and counting total macrophages and those macrophages
releasing extracellular traps. Extracellular traps were defined as previously described with typical

appearing fibers extending from the cell body into the extracellular space (274).

Confocal laser scanning microscopy: Co-cultures were completed, and macrophages fixed as
above. Coverslips were washed once with PBS prior to staining with SYTOX® Green (10 pM final
concentration, ThermoFisher) for double stranded DNA (dsDNA), and Hoechst 33342 (5 uM final
concentration, ThermoFisher) for condensed chromatin (nuclei). Additional staining for histones and
MMPs were accomplished by blocking cells in 1% bovine serum albumin in PBS for 30 minutes at
37°C followed by a 1 hour incubation at 37°C with antibodies for histone H3 (ab5103, abcam,
Cambridge, MA), neutrophil elastase (ab68672, abcam), myeloperoxidase (ab9535, abcam), matrix
metalloproteinase (MMP)-1 (ab551168, abcam), MMP-7 (ab5706, abcam), MMP-8 (ab81286,
abcam), MMP-9 (ab38898, abcam), or MMP-12 (ab137444, abcam). Cells were then washed 3 times
with 1% BSA in PBS followed by a 30 minute incubation with an Alexa-594 conjugated goat anti-
rabbit secondary antibody (ThermoFisher) and 2 additional washes with 1% BSA in PBS prior to
mounting coverslips onto glass microscope slides with Aqua Poly/Mount (Polysciences Inc,
Warrington PA). Macrophages were visualized with a Zeiss LSM 710 META Inverted Laser Scanning
Confocal Microscope, and extracellular traps were identified by dsDNA staining that extended into the

extracellular environment.

Bacterial killing by macrophages releasing extracellular traps: PMs were infected with GBS cells
at a MOI of 20:1 as described above. As indicated some PMs were incubated with100 U/mL DNase |
during infection to degrade extracellular trap structures as has been described previously (159). At
the end of 1 hour, DNase | was added to previously untreated wells for 10 minutes to release trapped
bacterial cells. Supernatants were collected, and PMs were permeabilized with 0.05% Tween-20 in

sterile ice-cold water to release intracellular bacteria. Samples were vortexed vigorously, serially
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diluted, and plated on blood agar plates to enumerate bacterial cells. Untreated PMs were compared
to DNase | treated cells and data are expressed as the percent colony forming units (CFU) recovered
compared to untreated cells. To further evaluate bacterial killing, PMs were seeded onto coverslips

and infected as above. Following infection, cells were stained using the Live/Dead BacLight Bacterial

Viability Kit (Invitrogen) prior to confocal laser scanning microscopy.

LDH cytotoxicity assay: Placental macrophages were incubated in RPMI media without antibiotics
or serum and infected as above. Supernatants were collected and centrifuged to pellet cellular debris.
Supernatants were analyzed using the Cytotoxicity Detection Kit (Sigma-Aldrich) per manufacturer
instructions. Results are expressed as percent toxicity using media without cells as the low control
and cells treated with 2% Triton X as a high control. Percent cytotoxicity was calculated using the

following equation: cytoxicity (%) = (experimental value-low control)/(high control-low control) x 100.

Apoptosis assay: Placental macrophages were incubated in RPMI media without antibiotics and
infected as above. Following infection supernatants were removed and cells were fixed with 2.0%
paraformaldehyde and 2.5% glutaraldehyde in 0.05 M sodium cacodylate buffer for at least 15
minutes. Click-iT Plus TUNEL Assay with Alexa-Fluor 594 dye (ThermoFisher) was used to identify
cells undergoing apoptosis and staining was conducted per manufacturer instructions with additional

staining that included Hoechst 33342 to visualize nuclei prior to confocal laser scanning microscopy.

Macrophage viability assay: To determine if DNase | treatment resulted in alterations in PM viability
or function, TNF-a release was used a functional measure. Cells were left untreated or treated with
100 U/mL DNase | for 60 minutes. All cells were then washed, and fresh media added prior to
stimulation with 150:1 heat-killed GBS cells (incubated at 42°C for 2 hours) for 24 hours.
Supernatants were collected and centrifuged to pellet cellular debris before TNF- a release was

determined using a DuoSet TNF- a ELISA (R&D Systems) per manufacturer instructions.

Measurement of intracellular ROS production: Measurements of intracellular ROS production was
made by staining cells with CellROX® Deep Red Reagent (ThermoFisher) which measures oxidative
stress by producing fluorescence upon oxidation by ROS. PMs were isolated and treated as
described above. At the time of infection, a cellular stain mixture containing CellROX Deep Red (5 uM
final concentration), SYTOX GREEN, and Hoechst 33342 was added to co-cultures. After 1 hour of
infection, cells were washed 3 times with PBS before a 15-minute fixation with 3.7% formaldehyde to

preserve CellROX Reagent signal. Coverslips were then mounted onto glass slides and visualized
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with a visualized with a Zeiss LSM 710 confocal microscope as above. Images obtained were
analyzed using Fiji Version 1.0 (276). In order to quantify ROS production, a cellular ROS production
index was calculated using the following equation: ((total image intensity — (mean background
fluorescence x image area))/total macrophages counted) x (number of macrophages with ROS
production/total macrophages counted). Images capturing only ROS staining (without other
stains/channels) were measured to determine the total corrected fluorescence for the total image
area. Mean background fluorescence was determined by at least 3 different measurements in areas
of the image lacking cellular contents (277). Data are presented as the mean +/- SE ROS cellular

production index of 10 images per sample.

Metalloproteinase ELISA: Supernatants from macrophage-GBS co-cultures were collected and
centrifuged as above to remove cellular debris. Supernatants were then evaluated for the
concentration of human MMP-8 and MMP-9 using DuoSet ELISA kits (R&D Systems, Minneapolis,

MN) per the manufacturer’s protocol and protein levels were calculated from a standard curve.

Matrix metalloproteinase activity: MMP activity of co-culture supernatants was measured using the
MMP Activity Assay Kit (abcam). Supernatants were incubated with assay buffer for 30 minutes and
fluorescence signal was measured with a fluorescence microplate reader at an Ex/Em = 490/525 nm.
Sample values were normalized to uninfected cells from the same placental sample to calculate a

percent change for each placental sample assayed.

Human fetal membrane infections: Fetal membrane tissue was obtained and cultured as previously
described (119). Briefly, fetal membranes were excised from placental tissues. Fetal membrane
tissue sections were suspended over a 12 mm Transwell Permeable Support without membrane
(Corning) and immobilized using a %4 inch intraoral elastic band (Ormco, Orange CA) so that the
choriodecidua was oriented facing up. Both transwell chambers were incubated with Dulbecco’s
modified Eagle’s medium (DMEM), high-glucose, HEPES, no-phenol-red cell culture medium (Gibco,
Carlsbad, California) supplemented with 1% fetal bovine serum and PEN-STREP
antibiotic/antimycotic mixture (Gibco). Transwells were incubated overnight at 37°C in ambient air

containing 5% CO2 before media was replaced with DMEM, high-glucose, HEPES, no-phenol-red

cell culture medium (lacking the PEN-STREP antibiotic/antimycotic mixture). Bacterial cells were

added to the choriodecidual surface of the gestational membranes at a multiplicity of infection of 1 x

6
10 cells per transwell. Co-cultures were incubated at 37°C in ambient air containing 5% CO,, for 48

hours at which time membrane tissues were fixed in 10% neutral buffered formalin prior to paraffin
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embedding.

Human fetal membrane immunohistochemistry staining: Tissues were cut to 5 ym sections and
multiple sections were placed on each slide for analysis. For immunohistochemistry, slides were
deparaffinized and heat induced antigen retrieval was performed on the Bond Max automated IHC
stainer (Leica Biosystems, Buffalo Grove IL) using their Epitope Retrieval 2 solution for 5-20 minutes.
Slides were incubated with a rabbit polyclonal anti-GBS antibody (abcam, ab78846), rabbit polyclonal
anti-histone H3 antibody (abcam, ab8580), or a mouse monoclonal anti-CD163 antibody (MRQ-26,
Cell Marque, Rocklin CA) for 1 hour. The Bond Polymer Refine detection system (Leica Biosystems)
was used for visualization. Slides were the dehydrated, cleared and coverslipped before light

microscopy analysis was performed.

Human fetal membrane immunofluorescence staining: For immunofluorescence evaluation of
METs within fetal membrane tissue, tissues were fixed and sectioned as above. Sections were briefly
incubated with xylene to deparaffinize. Tissues were blocked for greater than 1 hour with 10% bovine
serum albumins (Sigma-Aldrich) before staining with 1/100 dilutions of mouse monoclonal anti-H3
antibodies conjugated with Alexa Fluor® 647 (ab205729, abcam), rabbit monoclonal anti-CD163
antibodies conjugated with Alexa Fluor® 488 (ab218293, abcam), and mouse monoclonal anti-MMP-
9 antibodies conjugated with Alexa Fluor® 405 (NBP-259699AF405, Novus biological, Littleton CO)
overnight at room temperature. Additional tissues staining were conducted as previously described
(278). Tissues were deparaffinized and then incubated in R universal Epitope Recovery Buffer
(Electron Microscopy Sciences, Hatfield PA) at 50°C for 90 minutes. Samples were then rinsed in
deionized water three times followed by washing with TRIS-buffered saline (TBS, pH 7.4). Samples
were permeabilized for 5 minutes with 0.5% Triton X100 in TBS at room temperature followed by 3
washes with TBS. Samples were then blocked with TBS with 10% BSA for 30 minutes prior to
incubation with 1:50 dilutions of rabbit poly-clonal anti-neutrophil elastase antibodies (481001,
MilliporeSigma, Burlington MA) and mouse monoclonal anti-H3 antibodies conjugated with Alexa
Fluor® 647 in blocking buffer at room temperature overnight. The following day, samples were
washed in TBS followed by repeat blocking with blocking buffer for 30 minutes at room temperature
before incubation with 1/00 dilution of Alexa Fluor® 488 conjugated donkey anti-rabbit IgG
(Invitrogen) for 4 hours at room temperature. Samples were then washed and incubated with 5 yM
Hoechst 33342 for 30 minutes to stain nuclei. After final washes, slides were dried and coverslipped.
Tissues were visualized with a Zeiss LSM 710 META Inverted Laser Scanning Confocal Microscope.
Images shown are representative of 4 separate experiments using tissues from different placental
samples.
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Statistical analyses: Statistical analysis of MET quantifications was performed using one-way
ANOVA with either Tukey’s or Dunnet’s post-hoc correction for multiple comparisons and all reported
p values are adjusted to account for multiple comparisons. MMP activities assays and bacterial killing
assay were normalized to untreated or uninfected cells and analyzed with Student’s t-test or one-way
ANOVA. P values < 0.05 were considered significant. All data analyzed in this work were derived
from at least three biological replicates (representing different placental samples). Statistical analyses
were performed using GraphPad Prism 6 for MAC OS X Software (Version 6.0g, GraphPad Software
Inc., La Jolla CA).

RESULTS:
Placental macrophages release METs in response to GBS: To understand PM responses to GBS
at the host-pathogen interface, isolated PMs were infected ex vivo with GBS and cellular interactions
examined using field-gun high-resolution scanning electron microscopy (SEM). At one hour following
infection, fine, reticular structures were noted extending from macrophages, and these structures
were less abundant in uninfected samples (Figure VII.1A, lower panels). These structures resembled
NETs. Recent reports suggest that macrophages also release fibers composed of DNA and histones,
known as METs (159, 274). To determine if these structures were METs, macrophages were
evaluated by scanning laser confocal microscopy after staining with the DNA binding dye SYTOX
Green, which demonstrated extracellular structures extending from PMs that were not seen when
PMs were treated with DNase | (Figure VII.1A, top panels). Cells were then evaluated to assess the
degree to which these structures contained proteins previously associated with NETs and METSs,
including histones, myeloperoxidase, and neutrophil elastase (159, 274). Each of these proteins co-
localized to extracellular DNA structures extending from the PMs (Figure VII.1B). The staining for
MET-associated proteins was specific as no fluorescent signal was seen when either a secondary
conjugated antibody alone or an isotype control secondary conjugated antibody was used to evaluate
these structures (Figure VII.2). Together, these data suggest that these structures are METs
released by PMs. The extent of MET release was then quantified, and PMs co-cultured with GBS
released significantly more METs than uninfected cells and DNase | treatment degraded these
extracellular structures (Figure VII.1C). Additionally, MET release by PMs occurred in a dose
dependent fashion (Figure VII.3), and MET release was not GBS strain or bacterial species specific
as PMs infected with GBS strain GB00037, a capsular type V strain, Escherichia coli, or heat killed
bacteria resulted in similar MET release (Figure VIl.4).

One major immunologic function of extracellular traps is the ability to immobilize and Kkill

microorganisms through the locally high concentration of cellular proteins including histones that have
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antimicrobial effects (159, 279). In order to investigate the bactericidal activity of PM METs, PMs were
co-cultured with GBS cells alone or in the presence of DNase |. After 1 hour of infection, significantly
more bacterial colony forming units (CFU) were recovered from co-cultures treated with DNase |,
suggesting that PM METs have bactericidal activity and eliminating METs with DNase treatment
impaired bacterial killing (Figure VII.1D). To verify that DNase treatment itself did not result in
significant PM cell death, thus decreasing bactericidal ability, PMs were incubated with DNase | for
one hour prior to washing and stimulating PMs with heat-killed GBS for 24 hours. PM TNF-a release
was used as a marker of macrophage viability and function; there was no difference in TNF-a from
supernatants of cells treated with DNase compared to untreated cells (Figure VII.3). Additionally, live-
dead bacterial staining of PMs infected with GBS demonstrated dead GBS cells adjacent to MET
fibers (Figure VII.3C). Together, these data provide evidence that PMs release METSs in response to
bacteria and that these structures are capable of killing GBS cells.

Extracellular trap formation, or etosis, occurs by a cell death pathway distinct from pyroptosis
and apoptosis (249). To investigate if GBS infection results in different cell death pathways, GBS
infected PMs were assayed for LDH release as a marker of cellular death, TUNEL staining as a
marker of apoptosis, and IL-1p release to indicate pyroptosis. At one hour of GBS infection,
supernatants of PMs co-cultured with GBS demonstrated an increase in macrophage death,
determined by LDH release (Figure VII.5A). However, GBS infected PMs did not exhibit a significant
difference in IL-1B release or TUNEL positive cells compared to uninfected cells treated with vehicle
controls at 1 hour (Figure VII.5B-D).

PMA-differentiated THP-1 macrophage-like cells release METs after direct bacterial contact:
Experiments were conducted to determine if MET responses against GBS were specific to PMs or
might represent a broader macrophage response. The immortalized monocyte-like cell line, THP-1
cells, was evaluated after differentiation into macrophage-like cells with phorbol 12-myristate 13-
acetate (PMA) for 24 hours. THP-1 macrophage-like cells infected with GBS released significantly
more METs than uninfected cells, and DNase | treatment degraded the MET structures (Figure
VII.6). The THP-1 MET response required contact with bacterial cells, as treatment of the
macrophage-like cells with sterile filtered bacterial culture supernatant did not stimulate MET release

compared to uninfected cells.

Actin polymerization is required for GBS-induced MET release: Actin polymerization has been
shown to be important for MET release (274). A similar role of cytoskeletal changes on GBS-induced

MET release in THP-1 macrophage-like cells was examined. Treatment prior to infection with the
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actin polymerization inhibitor, cytochalasin D, but not nocodazole, which inhibits microtubule
polymerization, inhibited MET release compared to GBS infected, untreated cells (Figure VII.6). As
noted below (and shown in Figure VII.7), cytochalasin D also inhibited MET release by human PMs
infected with GBS.

Placental macrophage MET responses require ROS production: Neutrophil release of NETs
occurs in a ROS-dependent manner (248). It was hypothesized that MET release from PMs may
require production of ROS. Treatment of PMs prior to infection with the NADPH oxidase inhibitor
diphenyleneiodonium (DPI) inhibited release of METs, whereas treatment of uninfected macrophages
with PMA resulted in similar levels of MET release to GBS infected cells (Figure VII.7 A&B). As with
the THP-1 macrophage-like cells, treatment of PMs with cytochalasin D prior to infection inhibited
MET release. To further define that ROS production was associated with MET release a fluorescent
ROS dye was used to evaluate PMs for intracellular ROS production. Treatment with DPI inhibited
ROS production, and GBS infection as well as PMA treatment of uninfected PMs resulted in
significantly more ROS production than uninfected cells (Figure VII.7 C&D). Interestingly,
pretreatment with cytochalasin D decreased levels of intracellular ROS production similar to that of
DPI, suggesting that pretreatment with the actin cytoskeletal inhibitor may actually be preventing MET
release by impeding ROS production. Additionally, ROS production in these experiments mirrored the
degree of MET release under similar conditions (Figure VII.7B), suggesting that ROS production is

necessary for MET release from these macrophages.

Placental macrophage METs contain MMPs: During pregnancy, PMs support gestational tissue
remodeling through release of MMPs. Because macrophage release of MMPs has been implicated in
the pathogenesis of fetal membrane rupture (280), we hypothesized that these proteases may also
be released in METs. Five MMPs that have been implicated in development and pathologic
pregnancies were evaluated. Immunofluorescent staining of METs was significant for the co-
localization of MMP-1, -7, -8, -9, and -12 with extracellular DNA structures (Figure VII.8A). As MMPs
are present within METs and GBS infection induced MET release, metalloprotease concentrations
within co-culture supernatants were examined to determine if GBS infection would result in an
increase in metalloprotease release. MMP-8 and MMP-9 have been investigated as potential
biomarkers for intrauterine infection (281-283), and concentrations of both were significantly elevated
in supernatants of GBS infected cells compared to uninfected controls (Figure VII.8 B&C). Global
MMP activity of co-culture supernatants was then assessed to determine if the MMPs released were

active by using a MMP activity assay, which uses fluorescence resonance energy transfer peptides
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that, when cleaved by MMPs, are fluorescent. Supernatants taken from placental macrophages co-
cultured with GBS demonstrated significantly more MMP activity compared to uninfected controls
(Figure VII.8D). Together these data suggest that PMs express several MMPs, and these MMPs are
released during bacterial infection within METs and into the extracellular spaces, where they might

contribute to breakdown of gestational tissue extracellular matrix.

MET structures are present in human fetal membrane tissues infected ex vivo: To determine if
METs were present within gestational tissues in response to infection, fetal membrane tissues from
healthy, term, non-laboring caesarian sections were obtained, excised, and organized into transwell
structures, creating two chambers separated by the fetal membranes. GBS cells were added to the
choriodecidual surface and infection was allowed to progress for 48 hours prior to fixing tissues for
immunohistochemistry and immunofluorescence analysis. CD163" cells were found localized to an
area of GBS microcolonies within the membranes that demonstrated histone staining extending
beyond the nucleus and into the extracellular space, suggesting the release of a MET-like structure
(Figure VIL.9A). Immunofluorescence staining demonstrated CD163* cells associated with
extracellular material that stained positive for histones and MMP-9 (Figure VII.9B). Additional staining
of fetal membrane tissues using neutrophil elastase as was previously described for identification of
extracellular traps in tissues (278), identified cells within the choriodecidua with long extensions that
stained strongly for neutrophil elastase that co-localized to histone H3 and DNA staining (Figure
VII.10). Cells releasing MET-like structures could be compared to cells with intact nuclei and
neutrophil elastase staining limited to granule structures suggesting that cells releasing MET-like

structures had undergone cellular changes consistent with etosis.

DISCUSSION:
In the initial description of NETs in 2004, several potential immune functions were described including
the trapping and killing of microorganisms and degradation of bacterial products (159). Release of
cellular DNA and proteins within extracellular traps has also been associated with autoimmune
pathology in systemic lupus erythematosus and anti-neutrophil cytoplasmic autoantibodies (ANCA)-
associated vasculitis, as well as and in diseases of aseptic inflammation (219, 222-225). Other
leukocytes including mast cells, eosinophils, basophils and macrophages have now been shown to
release extracellular trap structures (214, 215, 217, 218, 274).

In this manuscript, PMs are added to a growing list of monocytes and tissue differentiated
macrophages capable of releasing METs, which includes human alveolar macrophages, glomerular

macrophages, peripheral blood monocytes, and macrophages from other mammalian and non-

81



mammalian species (274). These data demonstrate that human PMs and PMA-differentiated THP-1
macrophage-like cells release METs in response to bacterial infection and after treatment with the
protein kinase C agonist, PMA. The present data correlate with previous reports that neutrophils and
murine macrophages release traps in response to GBS infection and that METs are capable of killing
GBS cells (57, 245).

These data also demonstrate that PM METs contain many proteins previously identified in
NETSs, including histones, neutrophil elastase, and myeloperoxidase (159). These results mirror other
MET investigations demonstrating that diverse macrophages produce and release proteins including
neutrophil elastase within MET structures. For example, human glomerular macrophages releasing
METs containing myeloperoxidase has been demonstrated in cases of ANCA-associated
glomerulonephritis and human alveolar macrophages have been shown to release METs containing
histones and MMP-9 (233, 284). Human blood monocytes release METs containing H3 histones,
myeloperoxidase, lactoferrin, and neutrophil elastase in response to Candida albicans cells, and
similar MET contents have been demonstrated in THP-1 macrophage-like cells infected with
Mycobacterium massiliense (228, 232).

Similar to neutrophil etosis, these data suggest that ROS generation is necessary for PM MET
release as this response was inhibited by treatment with the NADPH oxidase inhibitor, DPI. These
results mirror reports that inhibition of ROS production via chemical inhibitors resulted in diminished
MET release in bovine, caprine, murine, and human macrophages (229-231, 235, 253). In
neutrophils, ROS act to break down intracellular membranes and activates neutrophil elastase, which
translocates to the nucleus where it degrades histones and promotes chromatin decondensation
(249). Myeloperoxidase is thought to contribute chromatin decondensation by a enzymatic-
independent mechanism (249). It is unclear at this time if neutrophil elastase and myeloperoxidase
perform similar roles in macrophages.

Our data indicate an increase in LDH release during infection, which is consistent with reports
that MET release results in cell death (237). Etosis has been noted to be distinct from other cellular
death pathways including pyroptosis and apoptosis. At one hour of infection when MET responses
were identified, there was no significant difference in TUNEL staining or IL-1[ release suggesting that
PM METs occur by a distinct pathway. This is notable as previous reports have shown that the GBS
toxin B-hemolysin is capable of inducing pyroptosis of macrophages, though in this study infection
was allowed to progress for 4 hours, longer than that required for the PM MET response (63).
Previous studies have also demonstrated that GBS is capable to inducing macrophage apoptosis, but
again this occurred over longer periods of infection than the one hour that was capable of inducing
MET responses (285).
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Pretreatment of THP-1 macrophage-like cells and PMs with the actin cytoskeletal inhibitor,
cytochalasin D, inhibited MET release, but not the microtubule inhibitor, nocodazole. Conflicting
reports exist regarding the role of actin polymerization in etosis. Studies evaluating bovine
macrophages and THP-1 cells demonstrated a decrease in MET release after cytochalasin treatment,
but similar treatment of murine J744A.1 macrophage-like cells, RAW macrophage-like cells, and
bovine blood monocytes did not have a significant effect on MET release (229, 231, 232, 234). This
collection of conflicting reports mirrors the NET literature. In the original NET description, cytochalasin
D prevented cell phagocytosis but not NET release (159). Others have documented NET inhibition
with nocodazole or cytochalasin D in response to LPS or enrofloxacin (257, 258). Because of the
differential responses, some authors have postulated that phagocytosis may be an important first step
towards cell stimulation and ROS generation, and cytoskeletal inhibition may block the initial steps
toward MET release. Another possibility is that the pretreatment with cytochalasin D may interrupt
trafficking of the NADPH oxidase complex, thus impairing ROS production. NADPH oxidase is a
complex of six components, and the cytosolic proteins p40P"°* and p47P"°* are known to interact with
F-actin; treatment with cytochalasins have been shown to interrupt NADPH complex formation and
lead to impaired ROS formation (286, 287). Timing of the cytochalasin treatment is important, as
treatment of cells after pre-stimulation with molecules such as LPS, which stimulates NADPH oxidase
assembly, may actually increase generation of ROS in these cells (288). In our study, macrophages
were pretreated with cytochalasin D and were not stimulated prior to infection. It remains unclear if
the conflicting literature with regards to the impact of cytoskeletal inhibition on extracellular traps may
be explained by the timing of cytoskeletal inhibition and subsequent effects on ROS production.

PMs were found to produce and release several MMPs within MET structures. During
chorioamnionitis, inflammatory mediators lead to the production and release of several
metalloproteinases including MMP-1, MMP-7, MMP-8, and MMP-9 (289, 290). MMP-9 is considered
to be the major MMP responsible for collagenase activity within the membranes, but many other
MMPs are thought to contribute to the processes of membrane weakening (289, 291). This study
reinforces and expands previous reports that identified placental leukocytes as being able to secrete
MMPs including MMP-1, -7, and -9 (292). Several MMPs have been implicated in preterm birth and
pathologic pregnancies. MMP-1 and MMP-9 were found to be elevated in placental tissues of women
with preterm births compared to women delivering at full term (293). MMP-1 and neutrophil elastase
have been shown to stimulate uterine contractions (294). Interestingly, proteomic comparisons of
amniotic fluid from women with premature preterm rupture of membranes demonstrated increases in
histones (H3, H4, H2B), myeloperoxidase, neutrophil elastase, and MMP-9 in women with histologic

chorioamnionitis and proven intrauterine infection, which likely represents the influx of inflammatory
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cells into these tissues and potentially release of extracellular traps (295). MMP-12, or macrophage
metalloelastase, is a key mediator of the breakdown of elastase and has been shown to be important
for spiral artery remodeling during parturition, but to date there are no studies demonstrating changes
in MMP-12 release during cases of pathologic pregnancies (296). MMP-12 is better studied in
conditions of lung pathology including emphysema, and alveolar macrophages are known to release
MMP-12 in METs during infection, suggesting that protease release from leukocytes may contribute
to this disease process (253). Analogous to a controlled burn, we speculate that tethering MMPs to
MET structures allows the host to control the release of these potent enzymes, thereby limiting their
capacity to broadly weaken membrane structure in response to infection.

MET release appears to occur within fetal membrane tissue as demonstrated by our
immunohistochemistry and immunofluorescence data. This report adds to the growing relevance of
these structures within cases of disease pathology. NETs have previously been identified in placenta
tissues from women with pregnancies complicated by systemic lupus erythematosus and
preeclampsia (221, 297). NETs were also found in fetal membrane samples of women with
spontaneous preterm labor due to acute chorioamnionitis (298). Interestingly, in this report, antibody
staining with histone H3 and neutrophil elastase was used to denote NET structures, but given our
data, this staining pattern would not have differentiated METs from NETs. Additionally, our group and
others have demonstrated that in animal models of vaginal colonization and perinatal infection with
GBS, neutrophils traffic to GBS-infected gestational tissues and release NETs containing
antimicrobial peptides including lactoferrin as a means to control bacterial growth and invasion (64,
120, 158).

In conclusion, we demonstrate that placental macrophages as well as PMA-differentiated THP-
1 cells respond to bacterial infection by releasing METs. These MET structures contain proteins
similar to NETs, including histones, myeloperoxidase, and neutrophil elastase. MET release from
these macrophages can be stimulated in the absence of bacterial cells with PMA and is inhibited by
pathways that impair ROS production. Placental macrophage METs contain several MMPs that have
been implicated in pathologic pregnancies including premature rupture of membranes. MET
structures were identified in human fetal membrane tissue infected ex vivo. Together these results
suggest that placental macrophages, which are thought to help maintain maternal fetal tolerance and
aid in extracellular matrix remodeling, are capable of responding to GBS infection in a way that may
trap and kill GBS cells but may also release important mediators of fetal membrane extracellular
matrix digestion that could potentially contribute to infection related pathologies including preterm

rupture of membrane and preterm birth.
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Figure VII.1: Placental macrophages infected ex vivo with GBS release extracellular traps
capable of killing GBS cells. A: Placental macrophages were infected for 1 hour with GBS cells at a
MOI of 20:1. Scanning electron micrographs (bottom row) demonstrate extracellular structures
released from macrophages (white arrows), which are not seen after DNase | treatment. PMs were
also stained with Sytox Green, a double stranded DNA dye, and evaluated by scanning laser confocal
microscopy, which demonstrates extracellular structures composed of DNA (white arrows).
Measurement bars represent 100 um. B: Placental macrophage extracellular traps were stained with
Hoechst 33342 (blue), a condensed chromatin/nuclear stain, SYTOX Green (green), and specific
antibodies for either histone H3, myeloperoxidase or neutrophil elastase as listed (red). Histone,
myeloperoxidase and neutrophil elastase staining co-localizes to extracellular DNA staining
suggesting that MET structures contain these proteins. Measurement bars represent 100 um. C: PMs
releasing METs were quantified by counting MET producing cells seen in SEM images and
expressed as the number of macrophages releasing METs per field. GBS infected PMs release
significantly more METs than uninfected cells, and DNase | treatment degraded these structures.
Data represent samples from 6-8 different placental samples, one-way ANOVA, F =32.7, P < 0.0001,
with post hoc Tukey’s multiple comparison test. D: Placental macrophage METs kill GBS cells. PMs
were infected for 1 hour at MOI 20:1 in the presence of DNase | to degrade METs or without
(Untreated). Untreated wells were treated with DNase | for the last 10 minutes of infection to break up
DNA complexes prior to serial dilution and plating. DNase | treatment significantly impairs bactericidal
activity. Data represent the percent recovered colony forming units (CFU), normalized to untreated
cells from 7 separate experiments from different placenta samples, Student’s t test, t = 3.224, df = 6,
P =0.0180. **** represents P < 0.0001, * represents P < 0.05.
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Figure VII.2: Staining controls for MET content evaluation. Placental macrophages were treated
as in Figure VI.1B but were either stained without a primary antibody (top row) or with an isotype
control fluorophore-conjugated secondary antibody. Negligible myeloperoxidase (MPO) staining was
identified in these samples compared to Figure VI.1B (middle row) confirming the specificity of the
staining protocol. Measurement bars represent 100 um.
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Figure VII.3: GBS infection of PMs results in release of METs capable of killing GBS. A: PMs
release METs in a dose dependent response. PMs were infected for one hour at increasing MOI as
indicated or treated with vehicle control (PBS) (one-way ANOVA, F =12.3, P = 0.0076 with post hoc
Tukey’s multiple comparison test). B: DNase | treatment does not alter PM viability. PMs were either
treated with DNase | or left untreated for one hour before cells were washed and stimulated with heat-
killed GBS cells (MOI 150:1) or left unstimulated for 24 hours. Supernatants were assessed for TNF-a
release by ELISA as a measure of viability. Treatment of PMs with DNase | did not have a significant
effect on TNF-a release (one-way ANOVA, F =7.75, P = 0.0016 with post hoc Tukey’s multiple
comparison test). C: PM METs are capable of killing GBS cells. PM co-cultures were stained with
live-dead bacterial staining including Syto9 and propidium iodide. Both dyes stain DNA but propidium
iodide (red) is excluded from live cells. Dead GBS cells (red) are shown in close proximity to MET
fibers (white arrows). Measurement bar represents 50 um.
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Figure VII.4: Placental macrophages release extracellular traps in response to different GBS
strains as well as E. coli cells. A: Placental macrophages were co-cultured with live GBS strain
GB00037, E. coli cells, or heat killed GBS or E. coli cells at a MOI of 20:1 for 1 hour. Cells were
pretreated with DNase | as indicated. Cells were then fixed and subsequently stained with SYTOX
Green and evaluated for MET release by confocal microscopy. Measurement bars represent 100 um.
B: Placental macrophages releasing METs were quantified by counting MET producing cells from
SEM images (not shown) and expressed as the number of macrophages releasing METs per field. At
1 hour of infection live GB00037, heat killed GB00590 (GBS), and live or dead E. coli stimulated MET
release as DNase | treatment significantly reduced the number of extracellular structures (unpaired t-
test of similar treated groups of at least 3 separate experiments from separate placental samples). ***
represents P < 0.001, ** represents P < 0.01, * represents P < 0.05.
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Figure VII.5: GBS infection results in PM cell death but not pyroptosis or apoptosis at 1 hour
of infection. PMs were isolated and co-cultured with GBS as in Figure VI.1. A: Following 1 hour of
infection, co-culture supernatants were assayed for LDH release and percent cytotoxicity was
calculated. GBS infection results in a significant increase in cell death (two-tailed, paired Student’s t
test, t =4.13, df = 4, P = 0.0145). B: GBS infection does not result in significant PM pyroptosis at 1
hour. Following infection as above, co-culture supernatants were assessed for IL-1[3 release by
ELISA. GBS infection does not result in significant IL-1p release (two-tailed Student’s ¢ test, t =
0.08945, df = 11, P = 0.9303). C,D: Following infection as above, PMs underwent TUNEL staining to
evaluate cells for apoptotic changes. C: Representative confocal images demonstrate nuclear
staining (blue) and TUNEL positive cells (red, bottom row). Permeabilized, DNase | treated cells are
shown as a positive control. D: Quantification of TUNEL positive cells. One hour of GBS infection
does not result in an increase in TUNEL positive PMs (two-tailed, paired Student’s t test, t = 1.056, df
=2, P=0.4017).
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Figure VII.6: PMA activated THP-1 macrophage-like cells release METs in response to GBS.
S5A: THP-1 cells were incubated with 100 nM PMA for 24 hours prior to infection to induce
differentiation to macrophage-like cells. Cells were infected with GBS at a MOI of 20:1 for 1 hour. As
indicated, cells were pre-incubated with DNase |, cytochalasin D, nocodazole, or exposed to 10%
volume of sterile filtered bacterial supernatant from GBS cultures grown overnight to steady state.
After infection, cells were fixed and evaluated by confocal microscopy after staining with SYTOX
Green (top) or by SEM (bottom). White arrows denote METs. Measurement bars represent 100 pm.
S5B: Macrophages releasing METs were quantified by counting MET producing cells seen in SEM
images and expressed as the number of macrophages releasing METs per field. Data represent
mean percent of cells releasing METs per field of 3 separate experiments, one-way ANOVA, F =
8.08, P = 0.028 with Dunnett’'s multiple comparison test with samples compared to GBS infected. *
represents P < 0.05, ** represents P < 0.01.
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Figure VII.7: MET release from placental macrophages requires ROS generation. Placental
macrophages were incubated with DNase |, DPI to inhibit ROS generation, or cytochalasin D to
prevent actin polymerization and then infected with GBS at a MOI of 20:1 for 1 hour. Uninfected cells
were also stimulated with 500 nM PMA to stimulate protein kinase C activation. A: Cells were then
imaged to identify MET release by confocal microscopy after staining with SYTOX green (top row) or
via SEM (bottom row). Measurement bars represent 100 ym. B: MET release was then quantified as
in Figure 1. Treatment with DPI and cytochalasin D significantly inhibited MET release, whereas MET
release from PMA stimulated uninfected cells was not different from GBS infected cells. Data
represent mean * SE percent of cells releasing METs per field of 3-9 separate experiments, one-way
ANOVA, F =21.1, P <0.0001 with Tukey’s multiple comparison test. C, D: PM cell infections were
repeated with staining for intracellular ROS production using CellROX deep red reagent. This reagent
becomes fluorescent when oxidized by ROS. Cells were co-cultured with GBS cells as above and
stained with CellROX deep red, SYTOX green, and Hoechst (D top row). Measurement bars
represent 100 um. ROS production was quantified by measuring the total red fluorescence per image
(D, bottom row) and the cellular ROS production index was calculated (C). Data are shown from a
representative experiment of 3 independent experiments and are expressed as the mean cellular
ROS production index + SE of 10 images from a single placental sample. GBS infected and PMA
stimulated uninfected cells generated significantly higher amounts of ROS than uninfected cells or
those treated with DPI or cytochalasin D (one-way ANOVA, F = 16.5, P < 0.0001 with post hoc
Tukey’s multiple comparison test). **** represents P < 0.0001, *** represents P <0.001, ** represents
P <0.01, * represents P < 0.05.
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Figure VII.8: GBS infection results in release of matrix metalloproteinases (MMPs) from
placental macrophages. A: PM METs contain MMP-1,- 7, -8, -9, and -12. PMs were infected as
above and then fixed and stained with anti-MMP antibodies and an Alexa Fluor-conjugated secondary
antibody (red), Hoechst 33342, and SYTOX green. METs (white arrows) stained strongly for MMPs.
Measurement bars represent 100 um. B, C: Supernatant from PM-GBS co-cultures were collected
and evaluated for MMP-8 (B) and MMP-9 (C) concentrations by ELISA. GBS infection results in a
significant increase in MMP-8 (Student’s t test, t = 3.599, df =7, P = 0.0087) and MMP-9 (Student’s t
test, t = 3.160, df = 10, P = 0.0102) release compared to uninfected cells. D: PMs release active
MMPs in response to GBS. Supernatant from PM-GBS co-culture was evaluated for MMP activity
using a MMP Activity Assay to assess global MMP activity within co-culture supernatants.
Supernatant from GBS infected cells had 53% more MMP activity compared to uninfected PMs

(Student’s t test, t = 2.439, df = 11, P = 0.0329).
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Figure VII.9: Identification of MET-like structures within human fetal membrane tissues
infected with GBS ex vivo. Fetal membrane tissues were excised from healthy, term placental
tissues from women undergoing routine cesarean section. Fetal membrane tissues were then
infected with GBS on the choriodecidual surface for 48 hours prior to fixation and
immunohistochemistry (A) or confocal microscopy (B). A: Fetal membrane tissues were stained with
hematoxylin and eosin (far left) and representative images are shown at 4X magnification. Area within
the red box is shown in sections stained with anti-GBS, anti-CD163, or anti-histone H3 antibodies and
visualized by immunohistochemistry. GBS cells are able to invade from the choriodecidual surface
(CD) toward the amnion epithelium (AE). Macrophages are shown in the area of GBS infection and
macrophages with extracellular histone staining (far right, 40X insert) are demonstrated in an area
that is also staining with the macrophage marker CD163 (red boxes). Measurement bars represent
100 um. B: Fixed and paraffin embedded fetal membranes were stained with conjugated primary
antibodies against CD163, histone H3, and MMP-9. CD163* cells within the membrane tissue are
seen extruding contents that stain positive for histones and MMP-9 consistent with METs (white
arrows). Measurement bar represents 20 pym.
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Figure VII.10: MET-like structures containing neutrophil elastase are seen in human fetal
membrane tissues infected ex vivo with GBS. Human fetal membrane tissues were isolated and
infected as in Figure 4 and then stained for neutrophil elastase (green), histones (red), or
DNA/chromatin (blue). Neutrophil elastase positive cells were identified in the choriodecidua (CD)
(top panel). The area in the red box was then evaluated at higher magnification and elongated
structures of neutrophil elastase that co-localized with staining for histones and DNA consistent with
METs were identified (white arrows). This staining pattern contrasts with staining of intact cells where
neutrophil elastase staining was isolated to granule structures that did not localize to histone or DNA
staining (yellow arrow). Measurement bars represent 20 um.
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CHAPTER VIII

Conclusion of these studies and future directions

CONCLUSION OF THESE STUDIES:
In these studies, | have defined that perinatal bacterial pathogens including S. aureus, E.coli, and S.
agalactiae (GBS) are capable of infecting human fetal membrane tissues and forming biofilms on
their surface (Chapters II-1V). GBS demonstrates the ability to invade membrane tissues, and
bacterial infection of the fetal membranes results in proinflammatory cytokine release including IL-6
and IL-1B, which are important mediators of the chorioamnionitis cascade of proinflammatory events
that result in adverse pregnancy outcomes such as preterm birth (8). GBS biofilms can be modified
be environmental signals including glucose and zinc availability, which are important environmental
nutrients as GBS moves from the gastrointestinal tract to the vaginal mucosa. Raman spectroscopy,
an emerging microbiologic diagnostic technology, identified unique spectral features of these
pathogens, that when combined with machine learning algorithms, allowed for identification of
infected fetal membranes tissues compared to uninfected controls and identification of the bacterial
cause of infection, suggesting that this technology could be used in the future to improve the
diagnosis of chorioamnionitis (Chapter IV). GBS infection of human and mouse gestational tissues
stimulates trafficking of macrophages and neutrophils to the site of infection (Chapters 111&V) similar
to histologic specimens from cases of human chorioamnionitis (16). These data provide evidence that
our ex vivo and in vivo models can provide insight the interactions that occur during perinatal bacterial
infections at the host-pathogen interface. Additionally, these data with respect of biofilm modulators
may provide new avenues to modify bacterial responses and alter the continuum of perinatal
infections at the stage of vaginal colonization.

| also provide a comprehensive review regarding macrophage extracellular traps (METSs),
extracellular structures composed of a DNA backbone and studded with proteases that are released
by monocytes and tissue differentiated macrophages in response to diverse pathogens including
bacteria, fungi, and parasites. | reviewed current knowledge of this innate immune response including
identification of METSs, factors that stimulate and inhibit this cellular response, and clinical significance
of these structures (Chapter VI). Upon closer investigation into interactions between GBS and
placenta resident, fetally-derived macrophages, | found that GBS infection resulted in the release of
METs that are capable to ‘trapping’ and killing GBS (Chapter VII). GBS infection induced MET
release by stimulating the production of reactive oxygen species. The process of MET release, or
METosis, results in macrophage cell death by a mechanism independent of pyroptosis and apoptosis.
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In addition to MET release, GBS infection of placental macrophages resulted in release of several
matrix metalloproteinases implicated in premature rupture of membranes, and these active MMPs
were found in bacterial supernatants and within MET structures. MET-like structures were found
within human fetal membrane tissues infected with GBS ex vivo, suggesting that MET release occurs
during chorioamnionitis. These data provide a new role and response of placental macrophages
during perinatal infections. These responses may help protect the developing fetus by trapping and
killing microorganisms but may also result in membrane degradation via the release of digestive

proteases.

FUTURE DIRECTIONS:

More investigation into the basic pathogenesis of GBS perinatal infections is needed. Data regarding
how GBS maintains colonization, possibly through biofilm production, and subsequently ascends to
cause chorioamnionitis is still incomplete. These data demonstrate that environmental cues such as
zinc and glucose availability change GBS behavior and could be harnessed to halt ascending
infection at the stage of colonization, but in vivo studies are needed to more clearly evaluate the
impact of these environmental signals.

| have shown that GBS-macrophage interactions and GBS interactions with fetal membrane
tissues lead to the release of factors including cytokines and metalloproteases that are known to
contribute to the chorioamnionitis cascade. Investigations of woman with perinatal infection
demonstrate the potential of biomarkers like IL-6 and MMP-8 for earlier diagnosis of intrauterine
infections (281, 299), but there are not yet therapies that can stall the escalating immune responses
that result in infection-related adverse pregnancy outcomes including preterm birth and fetal
inflammatory response syndrome. A more thorough understanding of the molecular mechanisms of
GBS pathogenesis may open new opportunities for therapeutics aimed at supporting fetal tolerance
while perinatal infection could be treated with antibiotics. Emerging technologies including
instrumented fetal membrane on a chip platforms (300) will provide opportunities to investigate the
contributions of other cells types and cell-cell interactions within membrane tissues that shape the
host response to perinatal infection. These platforms will also provide a means to test novel therapies
that could modify those responses that may contribute to adverse pregnancy outcomes.

This work has broadened our understanding of how macrophages within gestational tissues
function during perinatal infection. Despite these advances, more work is needed to understand the
consequences of macrophage responses in vivo. Ongoing investigation in this area includes
depleting macrophages during pregnancy in mouse models of ascending bacterial infection. These

studies have the potential to answer questions regarding the necessity of macrophages for
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maintenance of normal pregnancy as well as further defining the role of macrophages in defense of
the gravid uterus from bacterial pathogens. Additionally, macrophage extracellular trap release has
recently become an area of active investigation, and reports have shown that METs contribute to
clinical syndromes such as myeloperoxidase (MPO)-ANCA-associated glomerulonephritis (233). Our
understanding of the impact of METs within fetal membrane and placenta tissues is still incomplete.
Further investigation into the cellular events leading to MET release and the consequences of MET
structures within tissues will provide opportunities to modulate macrophage responses that may be

able to minimize the consequences of perinatal infections and promote healthy pregnancies.
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