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Group B Streptococcus (GBS), also known as Streptococcus agalactiae, are bacteria that 

commonly reside in the vagina of healthy women. GBS is not a major cause of infection in 

normal adults. However, newborns can acquire GBS from colonized mothers during birth 

leading to neonatal infections. Alternatively, GBS can migrate from the vagina to the uterus, 

during pregnancy leading to in utero infection and significant adverse pregnancy outcomes such 

as preterm birth and stillbirth. To successfully establish an in utero infection, GBS must bypass 

the host immune response to traffic from the vagina into the pregnant uterus in a process known 

as ascending infection. Despite the significant impact on perinatal and neonatal health, the 

mechanisms of GBS vaginal colonization and ascending infection are not completely understood. 

An increased understanding of these processes will enable the development of novel therapeutic 



 

strategies and interventions and are critical for the reduction of the burden of GBS disease. This 

dissertation summarizes our efforts to describe the interactions between GBS and the host during 

vaginal colonization, ascending in utero infection and preterm birth.  

First, we aimed to explore the host-pathogen interactions that mediate vaginal colonization. 

While significant work has been done to identify GBS virulence factors involved in vaginal 

colonization, little attention has been given to the host response during colonization. We 

demonstrate that the vaginal resident immune cells known as mast cells are critical for 

preventing colonization of hyper-virulent GBS, which are highly associated with invasive 

infections. GBS virulence is largely mediated by its unique hemolytic toxin which is a pigmented 

rhamnolipid (hereafter-called hemolytic pigment); yet hyper-pigmented GBS strains are rarely 

isolated from vagina. We found that the hemolytic pigment toxin activates a subset of host 

immune cells known as mast cells, leading to its clearance from the vagina. Interestingly, 

removal of the GBS hemolytic pigment from the bacteria, which renders it avirulent, also leads 

to inefficient vaginal colonization. Once GBS has ascended from the vagina to infect the 

placenta, the hemolytic pigment is required for resistance of the host immune response, and 

hyper-pigmented strains are more resistant to killing by host immune defenses. These data 

indicate that a delicate balance of hemolytic pigment expression, and therefore regulation of the 

host immune response, is necessary for successful colonization and ascending infection. 

Next, we sought to determine the mechanism by which GBS ascends from the vagina to the 

uterus. We show that GBS interactions with vaginal epithelial cells play an integral role in 

permitting ascending infection. GBS stimulate a process known as epithelial exfoliation that is 

critical for ascending infection. Epithelial exfoliation is a process wherein epithelial cells lose 

their junction properties and detach from the epithelial surface and basement membranes. To 



 

induce epithelial exfoliation, GBS actives a class of proteins called integrins, which leads to β-

catenin signaling and epithelial-to-mesenchymal transition (EMT), resulting in a migratory cell 

phenotype. EMT drives loss of junctional and adherent properties, and permits bacterial 

dissemination into vaginal tissues for ascending infection. Reduction of integrin activation 

results in less epithelial exfoliation and a reduction in ascending infection and adverse pregnancy 

outcomes. This work is the first to outline a mechanism of GBS ascending infection.  

Finally, we endeavored to define the mechanism by which GBS establishes in utero 

infection. We observed that GBS isolated from cases of preterm birth had significantly higher 

levels of hyaluronidase activity than those isolated from commensal settings. The GBS 

hyaluronidase, HylB, is a secreted enzyme that cleaves the host extra-cellular matrix molecule 

hyaluronic acid into is disaccharide moiety. Hyaluronic acid disaccharides have the ability to 

block toll-like receptors, which are critical for the detection of pathogenic bacteria, and thus 

prevent immune recognition of GBS. Using a murine model of ascending infection, we show that 

GBS deficient for hylB have reduced ability to establish in utero infections due to increased 

immune recognition of the bacteria. The reduction in bacterial load in the uterus reduces 

bacterial invasion of placental and fetal tissues, leading to improved pregnancy outcomes.  

Together, the work in this dissertation describes how GBS successfully colonizes the vagina, 

ascends from the vagina into the pregnant uterus, and blunts the host immune response in the 

uterus, leading to placental and fetal infection and adverse pregnancy outcomes. 
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Chapter 1. Introduction 

The figures and figure legends in this chapter have been adapted from the following articles:  

 

Jay Vornhagen, Kristina Adams Waldorf, and Lakshmi Rajagopal. (2017) Perinatal Group B 

Streptococcal infections: virulence factors, immunity and prevention strategies. Trends in 

Microbiology, accepted. 

 

Figure numbers have been updated to conform to the dissertation. Adapted text remains as 

published with minor editorial changes.  
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1.1 INFECTION-ASSOCIATED PRETERM BIRTH 

Perinates and neonates are exceedingly vulnerable to many adverse health outcomes. 

Every minute more than five neonates die, accounting for roughly 50% of under-five deaths 

(WHO World Health Statistics Report 2016). These deaths disproportionately affect people of 

low socioeconomic status, and are largely attributable to high rates of perinatal or neonatal 

infection, and preterm birth
1
. Preterm birth occurs before 37 weeks gestation

2,3
, and is the 

primary risk factor for neonatal death
4
. Every year, approximately 6,000,000 premature births 

occur and more than 500,000 neonates die due to prematurity, accounting for 44% of all under-

five deaths
1,5

. The long term effects of preterm birth include but is not limited to cognitive or 

sensory impairments
6,7

, developmental disorders
6
, and increased risk for cardiovascular and 

pulmonary disease
8
. Finally, the economic burden of preterm birth is substantial

9
. The estimated 

cost of preterm birth in the United States in 2007 was $26.2 billion
10

, and it is certain that figure 

has increased over the last decade, as preterm birth only diminished slightly during that time
11

. 

Given its clinical impact, a better understanding of mechanisms that lead to preterm birth is 

critical for the improvement of global health. 

The etiology of preterm birth is multi-faceted and poorly understood. Multiple factors, 

including microbial infection, vascular disorders, breakdown of maternal-fetal tolerance, stress, 

uterine distension, and cervical disease, have been associated with preterm birth
12

. A majority of 

early preterm births are due to infection
3
, wherein bacteria have been identified by culture and/or 

PCR in the amniotic fluid of 15-50% of women undergoing preterm birth
3,13-16

. A wide variety of 

bacteria have been associated with preterm birth including: Chlamydia trachomatis
17

, Neisseria 

gonorrhea
17

, Treponema pallidum
18

, Escherichia coli
19

, Gardnerella vaginalis
19

, and 
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Streptococcus agalactiae
20

; however, many questions regarding the mechanisms by which these 

bacteria cause preterm birth remain unanswered.  

During infection-associated preterm birth, microbes come into contact with the placenta 

and may invade the amniotic cavity. This leads to inflammation of the placental membranes, 

referred to as chorioamnionitis, which is frequently associated with preterm birth and stillbirth
3
. 

During pregnancy, the placental membranes protect the fetus from infection and injury. The 

placental membranes are comprised of two main layers known as the chorion and amnion. The 

chorion faces the maternal side and the amnion is located on the fetal side and is in direct contact 

with the amniotic fluid and fetus. These membranes contain various types of cells. The amnion is 

made up of five distinct layers, the epithelial layer being most proximal to the fetus, followed by 

the epithelial basement membrane, the compact layer and fibroblast layers, which contain high 

levels of collagen that maintain the mechanical strength of the amnion, and finally, the 

intermediate layer, which is rich in hyaluronic acid and separates the amnion and chorion
21

. The 

chorion is made up of three layers: the reticulate layer followed by the basement membrane, and 

a trophoblast layer. Together, these layers add strength and elasticity to the placental membranes 

with the amnion providing more tensile strength than the chorion
22

. Upon infection of the 

placenta or the amniotic cavity, microbes infection can elicit inflammation, damage to the 

placental membranes, and fetal damage, which can lead to preterm labor. Studies have shown 

that bacterial penetration of the amniotic cavity is not necessary for this process, though the 

inflammatory cascade is critical in driving these processes. Interestingly, intra-amniotic 

administration of cytokines such as TNFα and IL-1β (without bacteria) also stimulated preterm 

labor in non-human primates
23

, and multiple studies have implicated IL-1α, IL-1β, IL-6, and IL-8 

in driving infection-associated preterm birth in humans
24

. In mice, IL-6 has been shown to be an 
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important regulator to the timing of parturition
25,26

. Thus, chorioamnionitis and inflammation 

induced by bacterial infection is a critical component of infection-associated preterm birth.  

Currently, the only intervention for infection-associated preterm birth is the use of intra-

partum broad spectrum antibiotic prophylaxis (IAP)
27-30

. While this treatment is effective, it is 

not without its limitations. IAP is only appropriate in at-risk situations, and is not recommended 

for universal administration in all cases of preterm labor
31,32

. Additionally, IAP does not prevent 

preterm birth, but rather minimizes the adverse perinatal and neonatal outcomes. If infection and 

inflammation occurs during pregnancy, preterm labor frequently occurs prior to antibiotic 

intervention, thus, IAP is not a preventative measure for preterm birth. Finally, antibiotic 

resistance is on the rise
33

, and recent work suggests potential impacts of antibiotics during labor 

and delivery on the immediate and long-term health of the neonate
34,35

. Given these trends, more 

information is needed about infection-associated preterm birth and how individual bacteria 

stimulate preterm birth to successfully develop therapeutics and interventions to reduce this 

important cause of preterm birth and perinatal and neonatal mortality.  

1.2 ASCENDING BACTERIAL INFECTION 

Frequently, the bacterial agents that cause preterm birth and stillbirth originate from the 

mother’s vagina. In order for these bacteria to infect placental tissues, they must penetrate the 

cervix, enter the uterus in a process called ascending infection. A variety of bacteria have been 

experimentally and/or clinically shown to cause ascending infection
36

 (Table 1-1); however, the 

mechanisms by which they travel from the vagina to the uterus remains unexplored. Many 

studies have focused on how the host prevents ascending infection during pregnancy, but few 

have aimed to determine the mechanisms by which bacteria ascend, or what bacterial factors are 

involved. The only bacterial properties that have been suggested to play a role in ascending 
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infection are resistance to the anti-microbial activity of the cervical mucus plug
37

, which 

separates the uterus and the vagina during pregnancy, modification of the host immune system 

through poly-microbial infection
38

, and for Streptococcus agalactiae, expression of its hemolytic 

pigment toxin (described in detail below)
39

. One reason for the absence of mechanistic 

information regarding ascending infection is the lack of appropriate experimental models, as in 

vitro models are unsuitable, and in vivo models are limited in their ability to recapitulate human 

pregnancy
40,41

. The development of new models for the study of ascending bacterial infection is 

crucial for a better understanding of the mechanisms, timing, and causes of ascending infection.  

1.3 GROUP B STREPTOCOCCUS 

Group B Streptococcus (GBS) or Streptococcus agalactiae, are Gram positive, beta-

hemolytic bacteria that are the leading cause of infection during pregnancy, preterm birth and 

neonatal infection
4,42,43

. Additionally, GBS are a cause of soft-tissue infection, pneumonia, 

bacteremia, and urinary tract infection in elderly or immunocompromised non-pregnant adults, 

and those with chronic illnesses
44,45

. GBS were first identified in 1887 as a cause of bovine 

mastitis
46

, and later were isolated from the human vagina
47

 and associated with cases of human 

disease
48

. Subsequently, GBS vaginal colonization was identified as a risk factor for the 

development of neonatal GBS disease
49,50

 and preterm birth
4,43

.  

Neonatal GBS infection is classified into two categories: early onset neonatal disease 

(EOD), which manifests during the first week of life, and late onset neonatal disease (LOD), 

which manifests from the first week through the first three months of life. Neonatal infection by 

GBS results in sepsis, pneumonia, and/or meningitis, with an overall case fatality rate of 5-

10%
51-54

. EOD most frequently presents as sepsis, and LOD most frequently presents as 

meningitis
54

. The primary risk factor for neonatal GBS infection is heavy maternal vaginal 
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colonization during pregnancy
43

. In the U.S. and many other countries, women are routinely 

screened for GBS in the late third trimester (between 35-37 weeks gestation) for GBS 

colonization by rectovaginal swab and subsequent culture
55

. If the rectovaginal swab is culture 

positive or the patient has GBS in the urine, or has a prior history of a GBS perinatal infection, 

intrapartum prophylactic antibiotics are administered to prevent vertical transmission of GBS to 

the neonate during labor and delivery. 

GBS vaginal colonization during pregnancy is associated with increased rates of vertical 

transmission of GBS and neonatal infection
56

, recurrent maternal colonization
57

, and importantly, 

early term birth
58

, preterm birth
4
, and stillbirth

59
. The close proximity of the vagina and rectum is 

thought to enable GBS trafficking from intestinal flora into the vagina. Once GBS enters the 

vagina, colonization requires these bacteria to overcome a number of challenges: physical 

barriers created by the mucus and epithelial layers, low environmental pH, antimicrobial 

peptides, antibodies, microbicidal immune cells, and a vaginal microbiome dominated by 

lactobacilli. To overcome these barriers, GBS encodes a number of factors for vaginal 

colonization. 

Once GBS colonizes the vagina during pregnancy, the potential exists for these bacteria 

to ascend into the uterus and infect the placenta and fetus. How a non-motile bacterium, such as 

GBS traffic from the vagina into the uterus and amniotic cavity is not fully understood. A 

number of animal models, including pregnant mice and nonhuman primates, have been 

developed to study mechanisms of ascending GBS infection
39,60-66

, shedding new light on these 

complicated processes. While studies using these models have revealed novel insight into the 

role of virulence factors that contribute to ascending infection, more research is needed to fully 

understand the process of ascending GBS infection that leads to adverse neonatal outcomes.  
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The host immune response evoked in the placenta in response to GBS infection is a key 

determinant of perinatal outcome, microbial invasion of the amniotic cavity and fetal infection. 

A variety of fetal and maternal cells within the placental membranes are capable of pathogen 

recognition for initiating and sustaining an inflammatory response; these include chorionic cells, 

amniotic epithelial cells and those recruited in the context of an infection such as fetal 

macrophages, decidual macrophages, decidual NK cells, and neutrophils 
3,62,66-69

. While a severe 

infection with microbial invasion of the amniotic cavity is typical for early preterm birth, an 

inflammatory response in the context of a limited GBS infection confined to the placenta is 

sufficient to induce preterm labor in some cases
61

. Thus, placental inflammation induced by 

bacterial infection is likely a critical component of GBS-associated preterm birth. Also, GBS 

suppression of placental immune responses could contribute to bacterial invasion of the amniotic 

cavity leading to stillbirths
70

. A better understanding of the mechanisms by which in utero GBS 

infections drive preterm births or stillbirths may lead to development of new interventions to 

reduce the burden of disease.  

1.4 EPIDEMIOLOGY OF GROUP B STREPTOCOCCUS VAGINAL COLONIZATION  

Significant effort has been dedicated to measuring the global rates of GBS 

colonization
71,72

 (Figure 1-1), disease
50,73,74

, and related risk factors
75,76

. These studies have 

revealed that global GBS colonization rates during pregnancy are approximately 20%
71

, are high 

in many low-income countries, and parallel high rates of neonatal infection and preterm birth
1
. A 

variety of risk factors for GBS colonization have been identified, including obesity
75,77

 and black 

ethnicity
78

. Vaginal colonization during pregnancy can be difficult to assess, as the dynamics of 

colonization during pregnancy are highly variable
79

, thus more prospective cohort studies are 

needed to fully assess the intricacies of vaginal colonization during pregnancy. Additionally, 
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work has been done to determine the mode of person-to-person transmission of GBS. Some 

studies have identified sexual transmission of GBS leading to vaginal colonization
80-84

, but 

vertical transmission and fecal-oral transmission may be alternative routes.  

While much work has been to estimate regional GBS colonization rates
71

, the 

colonization rate in many individual countries remains unknown. Individual country studies can 

be highly variable, with inter-study colonization rates differing by up to 20%
71

. This variability 

may be due to differences between sub-regions of large countries (e.g. India) or the means of 

diagnosing colonization (culture-based methods versus PCR-based methods versus serology-

based methods). Additionally, few studies provide information about GBS serotype prevalence, 

colonization load, antibiotic resistance profiles, or valuable genetic information, such as 

virulence gene prevalence. It is clear that a previous GBS colonization is a risk factor for a 

subsequent pregnancy
76

, but few risk factors for initial GBS colonization or resulting ascending 

infection have been identified. A better understanding of the GBS colonization and ascending 

infection would greatly improve our ability to reduce the global burden of GBS disease.  

1.5 MECHANISMS OF GROUP B STREPTOCOCCUS VAGINAL COLONIZATION AND 

ASCENDING INFECTION 

1.5.1 Adherence and Invasion Factors 

To maintain long-term colonization, GBS encodes a number of virulence factors that 

allow it to persist in the harsh vaginal environment and avoid clearance (Table 1-2). Many of 

these factors are involved in adherence to and invasion of host epithelial cells that ultimately lead 

to persistent colonization
85

. Cellular adherence and invasion appears to be mediated by GBS 

interactions with host extracellular matrix components (ECM), and may also promote increased 

resistance of the pathogen to mechanical clearance, avoidance of immune surveillance, and 
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enable paracellular transmigration
86

. GBS interactions with host ECM molecules are mediated by 

a variety of mechanisms and a few are discussed below. The GBS extracellular protein BsaB 

(bacterial surface adhesin of GBS) has been shown to interact with host laminin and fibronectin, 

leading to increased adherence to cervicovaginal epithelial cells and biofilm formation
87

. GBS 

Srr (serine-rich repeat) family of glycoproteins have been shown to bind host fibrinogen through 

a unique “dock, lock, and latch” mechanism, in which fibrinogen binding leads to an ordered 

series of conformational changes in Srr1 and Srr2 proteins that results in enhanced adherence
88

. 

Deletion of the entire Srr1 glycoprotein or only the latch domain of Srr1 leads to diminished 

vaginal colonization
89,90

. The GBS pilus also mediates bacterial adherence during vaginal 

colonization via the binding of the PilA adhesin to collagen type 1
89,91

. Finally, the GBS Alpha C 

protein, which contains a glycosaminoglycan binding domain, is thought to mediate GBS 

invasion of cervical epithelial cells
92,93

, however, the specific glycosaminoglycan that binds 

Alpha C is not known. GBS invasion has also been suggested to be driven by lipid raft 

association and phosphoinositide 3-kinase signaling
94

. Once ascended, GBS are able to adhere to 

and invade both chorionic and amnion epithelial cells
95,96

, which is partially mediated by the 

virulence factors IagA, a glycosyltransferase that helps anchor lipoteichoic acid to the cell 

surface
97

, the CovR/S two component system
96

, and quorum sensing through the rgf operon
98

. 

Interestingly, clinical GBS isolates have been shown to be able to interact with ECM 

molecules
90,99

 (Table 1-2), suggesting their importance to human disease. Despite these findings, 

the interactions between GBS and host ECM components in the setting of human vaginal 

colonization is yet to be explored. A better understanding of factors that regulate GBS vaginal 

colonization is essential for the development of preventive therapies. Given that there is no 
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known benefit for humans to be vaginally colonized by GBS, elimination of colonization during 

pregnancy may be ideal for the prevention of GBS disease. 

 

1.5.2 Hemolytic Pigment 

GBS are β-hemolytic and this property is conferred through the hemolytic ornithine 

rhamnolipid pigment (hereafter referred to as “hemolytic pigment” or “pigment”)
96

. The 

hemolytic pigment was one of the earliest identified GBS virulence factors
100,101

, and was long 

thought to be a proteinaceous in nature
102

, until Whidbey and colleagues determined it to be a 

lipid
96

. Production of the pigment is necessary for full virulence in multiple infectious settings, 

including systemic infection
103

, urinary tract infection
104

, vaginal colonization
105

, ascending 

infection
39

, perinatal infection
66

, and preterm birth
62

. During pregnancy, the hemolytic pigment 

permeabilizes the membranes of macrophages upon entry into the uterine space, leading to K
+
 

efflux and activation of the NLRP3 inflammasome, resulting in pyroptosis
66

. High levels of 

inflammatory cytokines are released in the process of pyroptosis, which induces tissue damage, 

fetal demise in utero
66

, and preterm labor
62

. Interestingly, over-expression of pigment 

biosynthetic genes, which induces a hyper-hemolytic phenotype, leads to inefficient vaginal 

colonization. This is likely due to clearance due to increased inflammation and immune 

surveillance
106

; however, the exact mechanism by which the process occurs is unknown. 

1.5.3 Hyaluronidase  

The GBS hyaluronidase, known as HylB, also promotes GBS vaginal persistence
65

. HylB 

is secreted by GBS into the extracellular milieu and specifically targets and degrades host 

hyaluronic acid
107,108

. Hyaluronic acid is a extracellular matrix glycosaminoglycan composed of 

repeating disaccharide units (N-acetyl-D-glucosamine-D-glucuronic acid) and is important for 
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cell migration, cell signaling, regulation of inflammation
109

 and for prevention of ascending 

infection
110,111

. It was recently shown that HylB degrades host hyaluronic acid into its 

disaccharide moieties
65

, which are immunosuppressive as they bind to TLR2/4 and block 

immune signaling. GBS HylB diminished anti-bacterial responses by blocking TLR2/4 signaling 

in immune cells
65

 and deletion of hylB led to increased clearance of GBS from the mouse 

vagina
65

. The suppression of key inflammatory responses is likely to pay an important role in 

ascending GBS infection and fetal injury. 

1.5.4 Other Virulence Factors 

Studies have described a role for extracellular membrane vesicles (MVs) in weakening 

placental (gestational) membranes
112

. GBS were shown to release MVs that contain multiple 

virulence factors, including: HylB (described above); CAMP factor (Christine, Atkins, Munch-

Peterson factor
113

), which is a secreted pore-forming protein
114

 that may amplify
115

, but is not 

essential for GBS virulence
116

; IgA binding protein, which has the ability to bind human IgA
117

 

and has been suggested to play a role in host immune evasion
118

; and multiple enzymes that may 

play a role in ECM degradation
112

. Intra-amniotic administration of these MVs in pregnant mice 

caused significant damage to choriodecidual tissues and stimulated leukocytic infiltration and 

inflammation, leading to weakening of the membranes
112

. The specific role played by each 

virulence factors in the context of MV weakening of membranes remains unknown. The 

observation of MV weakening of choriodecidual membranes may represent a novel means by 

which GBS are able to damage placental/fetal tissues. 
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1.6 HOST IMMUNITY DURING GBS INFECTION OF REPRODUCTIVE TISSUES 

The female reproductive tract is unique immunological environment, as it is the only 

mucosal site that is dually responsible for the destruction and tolerance of foreign bodies, such as 

invasive viruses and bacteria, commensal bacteria, sperm, and notably, the developing fetus. In 

order to successfully undertake this responsibility, a dynamic interplay between the various types 

of cells and cell products that mediate immunity and their environment is required. Conversely, 

pathogens such as GBS must circumvent female reproductive immunity, and thus immune cells, 

in order to successfully establish colonization and infection. 

Evasion of the host immune response is essential for successful vaginal colonization. 

Vaginal immunity is mediated by many physical and cellular components, beginning with the 

luminal mucus layer, followed by the squamous vaginal epithelia, and finally, immune cells 

present in vaginal tissue. Little is known about how GBS interacts with the vaginal mucus layer 

or prevents epithelial immune responses, but recent work has elucidated new information 

regarding the immune cell response to GBS during vaginal colonization
85,105,106,119

. Cellular 

immunity in the vaginal tract in response to GBS is largely mediated by neutrophils
85,105,106

, and 

macrophages
105

. The role of NK cells and dendritic cells in GBS colonization remains 

unexplored. Multiple soluble inflammatory cytokines and chemokines have been identified as 

important for reduction of colonization in animal models of GBS vaginal colonization, including 

IL-1β, IL-6, IL-8, IL-17, IL-23, and histamine
85,105,106

. Currently, the mucosal T cell response to 

GBS colonization is ill-defined. IL-17 and IL-17+ cells were indicated to play an important role 

in clearance of persistent colonization by a hyper-adherent and invasive strain of GBS
85

, 

suggesting that the Th17 differentiation pathway is important for controlling persistent GBS 

colonization. Similarly, another study found cytokines involved in Th1, Th2, and Th17 
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differentiation pathways as important for reduction of colonization
105

; however, T cells were not 

directly identified as being important for the response to GBS in either study. 

The progression of labor relies on inflammation derived from immune cells
120,121

. During 

labor, women have high levels of circulating neutrophils
122

 and high levels of NK cells, 

macrophages, mast cells, regulatory T cells, and CD4+CD25- T cells are present in the 

decidua
123,124

. Inflammatory activation of these cell types leads to the progression of labor at 

term
120,121

. If the activation or invasion of these cells into gestational tissues occurs at an 

inappropriate time during parturition, labor can be induced prematurely
125

. GBS invasion of the 

uterus leads to a variety of adverse outcomes, including tissue damage, inflammation, lung and 

brain injury, pneumonia, meningitis, sepsis, and fetal death. GBS can invade multiple fetal 

organs, including the blood, liver, spleen, gastrovascular cavity, and lung. Fetal tissue damage 

has been observed in the presence and absence of bacterial invasion, likely due to inflammation 

in gestational tissues. GBS invasion of fetal tissues induces inflammation and fetal death
39,59,60,66

, 

and in the case of the hemolytic pigment, this involved induction of the NLRP3 inflammasome
66

, 

potentially accompanied by the recognition of bacterial RNA
126

. Indeed the activation of the 

NRLP3 inflammasome by the hemolytic pigment induced significant inflammation and tissues 

damage, leading to fetal injury and demise in a mouse model of ascending infection
66

. GBS has 

been shown to induce secretion of multiple cytokines and defensins from gestational membranes 

ex vivo, including TNF-α, IL-1α, IL-1β, IL-6, and IL-8
68,96,127-129

. Inflammation is stimulated 

either through pattern-recognition receptor (PRR) recognition of GBS antigens
68,127

 or by 

pigment-mediated cell cytoxicity and activation of NF-κB
96

. GBS are also able to bind Siglecs 

through their sialic acid capsule or β-protein to prevent placental membrane inflammation
70

, 

potentially leading to increased rates of GBS-associated preterm birth. 
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1.7 DISSERTATION SUMMARY 

Understanding the complex interactions between GBS and the host during colonization 

and ascending infection is critical for the development therapeutic strategies to prevent perinatal 

infection. While much attention has been given to understanding GBS pathogenesis in in vitro 

settings and in the context of systemic infection, little research has focused on understanding 

GBS pathogenesis in settings that closely replicate human disease. The work presented in this 

dissertation attempts to address this issue by trying to understand how GBS interacts with host 

from initial colonization through ascending infection, and finally, during preterm birth. Chapter 2 

defines the role of the GBS hemolytic pigment in vaginal colonization and placental infection. 

Chapter 3 explains a novel mechanism that GBS utilize to ascend from the vagina into the 

uterine space. Chapter 4 outlines the role of the GBS hyaluronidase in immune evasion during 

ascending infection and preterm birth. Finally, a summary of my findings, conclusions, and 

thoughts on future directions for research regarding GBS colonization, ascending infection, and 

perinatal infection is provided in Chapter 5.  
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1.8 FIGURE AND TABLES 

Table 1-1 - Bacteria that cause ascending infection 

Gram’s 

Stain 
Phylum Species Identification Reference 

Positive 

 

Actinobacteria 
Gardnerella 

vaginalis 

Identified in amniotic fluid 

by culture or PCR, shown 

experimentally 

130
 

Firmicutes 

Mycoplasma 

hominis 

Identified in amniotic fluid 

by culture or PCR 
131,132

 

Peptostreptococcus 

spp. 

Identified in amniotic fluid 

by culture or PCR 
133

 

Streptococcus 

agalactiae 

Identified in amniotic fluid 

by culture or PCR, shown 

experimentally 

36,39,60,132
 

Streptococcus 

anginosus 

Identified in amniotic fluid 

by culture or PCR 
132

 

Streptococcus 

dysgalactiae 

Identified in amniotic fluid 

by culture or PCR 
134

 

Streptococcus 

anginosus 

Identified in amniotic fluid 

by culture or PCR 
132

 

Ureaplasma 

parvum 

Identified in amniotic fluid 

by culture or PCR 
132

 

Ureaplasma 

urealyticum 

Identified in amniotic fluid 

by culture or PCR 
38,131,135,136

 

Negative 

Chlamydiae 
Chlamydia 

trachomatis 

Identified in amniotic fluid 

by culture or PCR, shown 

experimentally 

137-139
 

Fusobacteria 

Fusobacterium 

nucleatum 

Identified in amniotic fluid 

by culture or PCR, shown 

experimentally 

140,141
 

Leptotrichia spp. 
Identified in amniotic fluid 

by culture or PCR 
15,141

 

Sneathia 

sanguinegens 

Identified in amniotic fluid 

by culture or PCR 
14

 

Proteobacteria Escherichia coli 

Clinically identified in 

amniotic fluid, shown 

experimentally 

36,38,111,142
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Table 1-2 - GBS factors involved in vaginal colonization 

Virulence 

Factor 
Host Target Function Model Reference 

HylB Hyaluronic Acid 

Blocks TLR2/4 

signaling for vaginal 

persistence 

Mouse Vaginal 

Colonization 
65

 

BsaB 
Fibronectin and 

laminin 

Adherence to vaginal 

epithelial cells 

Immortalized 

human cell line 
87

 

Hemolytic 

Pigment 
PMNs 

Provides resistance to 

PMN response 

Mouse Vaginal 

Colonization, 

Primary human 

cells 

105
 

Srr1/2 Fibrinogen 

Adherence to vaginal 

epithelial cells, cervical 

epithelial cells 

Mouse Vaginal 

Colonization, 

Immortalized 

human cell line 

89,90
 

Pili Collagen I91 
Adherence to vaginal 

epithelial cells 

Mouse Vaginal 

Colonization, 

Immortalized 

human cell line 

89
 

Capsule Unknown 

Adherence to and 

invasion of cervical 

epithelial cells 

Immortalized 

human cell line 
86

 

Alpha C 

Protein 

Host cell surface 

glycosaminoglycan93 

Invasion of cervical 

epithelial cells 

Immortalized 

human cell line 
92

 

Two 

Component 

System 

External Signal Function Model Reference 

CovRS pH143 

Represses inappropriate 

expression of the 

hemolytic pigment to 

avoid immune detection, 

adherence to vaginal 

epithelial cells and 

cervical epithelial cells 

Mouse Vaginal 

Colonization, 

Immortalized 

human cell line 

106,119,144
 

FspSR fructose 6-phosphate Vaginal persistence 
Mouse Vaginal 

Colonization 
145
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Figure 1-1 – Estimates of global GBS colonization prevalence 

Heat map showing percent of the women that test positive for GBS during pregnancy. Country-

level colonization prevalence data is displayed where data were available, or is displayed by 

WHO regional groupings. Significant portions of these data are generated in countries where 

universal screening for GBS does not occur, thus some country estimates may be over- or under-

reported. Data are adapted from Kwata and colleagues, 2016
71

.  
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Chapter 2. Role of hemolytic pigment toxin in GBS vaginal colonization 

and ascending infection 

The figures, figure legends, and materials and methods in this chapter have been adapted from 

the following articles:  

 

Claire Gendrin, Jay Vornhagen, Lisa Ngo, Christopher Whidbey, Erica Boldenow, Veronica 

Santana-Ufret, Morgan Clauson, Kellie Burnside, Dionne P. Galloway, Kristina Adams Waldorf, 

Adrian M. Piliponsky, and Lakshmi Rajagopal. (2015) Mast cell degranulation by a hemolytic 

lipid toxin decreases GBS colonization and infection. Science Advances, vol. 1, no. 6, 

e1400225.  

 

Erica Boldenow, Claire Gendrin†, Lisa Ngo†, Craig Bierle†, Jay Vornhagen†, Michelle 

Coleman, Sean Merillat, Blair Armistead, Christopher Whidbey, Varchita Alishetti, Veronica 

Santana-Ufret, Jason Ogle, Michael Gough, Sengkeo Srinouanprachanh, James W. MacDonald, 

Theo K. Bammler, Aasthaa Bansal, H. Denny Liggitt, Lakshmi Rajagopal, and Kristina M. 

Adams Waldorf. (2016) Group B Streptococcus circumvents neutrophils and neutrophil 

extracellular traps during amniotic cavity invasion and preterm labor. Science Immunology, vol. 

1, no. 4, DOI: 10.1126/sciimmunol.aah4576. †Equal contribution.  

 

Jay Vornhagen, Kristina Adams Waldorf, and Lakshmi Rajagopal. (2017) Perinatal Group B 

Streptococcal infections: virulence factors, immunity and prevention strategies. Trends in 

Microbiology, accepted. 
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Figure numbers have been updated to conform to the dissertation. Adapted text remains as 

published with minor editorial changes. 
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2.1 INTRODUCTION 

More than 30% of neonatal deaths are a result of preterm birth
3
. A significant cause of 

preterm birth is in utero infection by vaginal microorganisms. One microorganism frequently 

associated with in utero infection and preterm birth is Group B Streptococcus (GBS), or 

Streptococcus agalactiae. GBS are β-hemolytic, gram-positive bacteria that commonly colonize 

the vagina in healthy adult women; however, the factors necessary for GBS colonization of the 

vagina remain ill defined.  

Expression of the GBS hemolysin affects vaginal colonization and infection. Hemolytic 

activity of GBS is due to the ornithine rhamnolipid pigment expressed by genes in the cyl 

operon
102

. Deletion of the cylE gene, which encodes an N-acyl transferase necessary for pigment 

production
96

, renders GBS non-pigmented and non-hemolytic
96,102

. Absence of the hemolytic 

pigment reduces the ability of GBS to successfully colonize the vagina, likely due to an 

increased susceptibility to neutrophilic clearance
39,105

. It has been suggested that the GBS 

pigment is able to sequester reactive oxygen species, and GBS lacking the hemolytic pigment 

exhibit decreased survival in macrophages
103

, and likely also in neutrophils. Expression of the 

hemolytic pigment is negatively regulated at the transcriptional level by the CovR/CovS two-

component system
96,146

, therefore, genetic ablation of covR/S renders GBS hyper-pigmented and 

hyper-hemolytic. Interestingly, deletion of covR/S results in ineffective vaginal colonization
106

; 

however, the interaction between the hemolytic pigment and the host vaginal response and how 

that leads to a reduction in colonization is unknown.  

Additionally, the hemolytic pigment plays an important role in ascending GBS infection. 

Randis and colleagues observed decreased bacterial load in the placentas of pregnant mice 

vaginally inoculated with non-hemolytic GBS (GBS lacking cylE) when compared to isogenic 
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hemolytic GBS WT
39

, suggesting a role for the GBS pigment in bacterial ascension to the uterus. 

This decrease in bacterial ascension results in decreased damage to fetal tissues and reduced rates 

of preterm birth
39

. These results support the idea that production of the hemolytic pigment must 

be tightly regulated for ascension to occur, but how expression of the hemolytic pigment enables 

GBS to bypass host defenses for ascension during pregnancy are not well understood.  

In this chapter, we show that, in clinical settings, hyper-hemolytic GBS strains are rarely 

isolated from the vagina. Using a mouse model of vaginal colonization, we show that expression 

of the hemolytic pigment is important for successful colonization, but overexpression greatly 

diminishes colonization. Furthermore, we show that hyper-hemolytic GBS are able to activate 

and degranulate mast cells, leading to clearance from the vagina. Finally, we demonstrate how 

expression of the GBS hemolytic pigment enables GBS to surpass neutrophil extracellular traps 

during infection of gestational tissues. Together, these data define the role of the hemolytic 

pigment toxin in GBS vaginal colonization and ascending infection.  

2.2 RESULTS 

2.2.1 Hyper-Hemolytic and Hyper-Pigmented Strains are Rarely Isolated from the Vagina 

It is known that non-pigmented GBS strains are also non-hemolytic
147

, and it was  

thought that the source of the hemolytic activity was due to a protein encoded by the cylE gene 

and was independent of pigmentation
102

. Only recently was it discovered that the pigment is 

responsible for the hemolytic activity
96

. It has been shown described that hyper-pigmented GBS, 

some of which were associated with mutations in a two component repressor of the hemolytic 

pigment known as CovR/CovS (comprising the sensor kinase CovS and the DNA binding 

response regulator CovR), were present in the amniotic fluid and placental membranes of women 

in preterm labor
96

 and can induce fetal injury
66

. To determine if hyper-hemolytic GBS exist as 
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colonizers in the lower genital tract of adult women, we analyzed GBS isolates obtained from 

rectovaginal swabs of 53 women in their third trimester of pregnancy. GBS strains were 

examined for their hemolytic properties and pigmentation on blood agar and tryptic soy agar, 

respectively. As controls, the wild type GBS strain COH1 and isogenic GBScovR which 

exhibits increased hemolysis/pigmentation were used; these controls were chosen as they were 

used in our previous work
96

 to compare hyper-hemolysis/pigmentation from GBS obtained from 

women in preterm labor. Quantitative titers were estimated using a modified hemolysis assay 

(see Materials and Methods). We observed that 2 of the 53 isolates showed increased 

hemolysis/pigmentation similar to GBScovR (Table 2-1). In comparison, we previously 

obtained eight GBS isolates obtained from six women in preterm labor and subsequently noted 

that these were hyper-hemolytic
96

. Although our collection of GBS clinical isolates is not 

exhaustive, the frequency of hyper-hemolysis that we observed between the preterm (6 of 6 

isolates
96

) and rectovaginal GBS isolates (2 of 53 isolates) is significantly different (p = 0.001, 

Fisher’s exact test). These observations suggest that host immune mechanisms may diminish 

colonization of hyper-hemolytic/hyper-pigmented GBS strains from the vaginal 

microenvironment. Interestingly, the 2 hyper-hemolytic, rectovaginal isolates resembled the 

GBScovR (Figure 2-1, top panel); however, DNA sequencing of the covR/S locus did not reveal 

the presence of any mutations, similar to the previously described natively hyper-pigmented 

strain NCTC10/84
102,148,149

. These results suggest that the presence of other regulators may 

influence the expression of the covR/S regulon in certain GBS strains. Nevertheless, these 

observations led us to hypothesize that an effective host immune response may diminish 

colonization of hyper-hemolytic/hyper-pigmented GBS strains from the human vaginal 

microenvironment. 
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2.2.2 The Role of the Hemolytic Pigment in Murine Model of GBS Vaginal Colonization 

Mouse models have indicated an important role for the GBS hemolytic pigment during 

vaginal colonization. Studies have shown that hyper-pigmented GBS are less able to effectively 

colonize the vagina
106

. Conversely, non-hemolytic GBS strains due also exhibited diminished 

vaginal colonization, though this effect is more subtle than that of hyper-pigmented strains
39,105

. 

Given that GBS strains express different levels of hemolysin, we aimed to determine how 

differences in hemolytic pigment expression affect vaginal colonization. To this end, we used 

three different wild-type GBS strains: the weakly-hemolytic strain COH1
119

, the mildly-

hemolytic strain A909, and the naturally occurring hyper-hemolytic strain NCTC10/84 (Figure 

2-1, bottom panel). In all cases, isogenic cylE mutants were used as controls for examining the 

role of hemolysin. To examine their vaginal colonization, we modified a version of the murine 

model of GBS vaginal colonization originally developed by Sheen and colleagues
89

. In this 

model, mice are synchronized for estrus 1 day prior to vaginal inoculation by intraperitoneal 

administration of 50µg of β17-estradiol. The vaginal lumen is then inoculated with 10
7
 colony 

forming units (CFU) of GBS, and mice are inverted for 5 minutes to allow retention of the 

inoculum in the vaginal cavity and to prevent genital grooming. GBS colonization is tested by 

vaginal swab or lavage every 24-48 hours, and lavage samples can be used to measure cytokine 

or hormone concentrations. Unfortunately, vaginal sampling in this model is limited since lavage 

samples only capture bacteria and analytes in vaginal secretions or that are loosely associated 

with the vaginal epithelium. Bacteria that have disseminated into the deeper tissue and tissue-

associated analytes are not captured. Additionally, the physical disruption caused by vaginal 

lavage or swab may have effects on the host immune response and the vaginal microbiome. In 
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order to avoid any uncontrolled effects present in the above model, we modified the murine 

model of GBS vaginal colonization as indicated. Instead of using vaginal lavage or vaginal 

swabs to test for colonization, mice are left undisturbed until the termination of the experiment. 

Upon termination of the experiment, mice are euthanized, a midline laparotomy is performed, 

and whole reproductive tissues are collected for analysis.  

To test how differences in hemolytic pigment expression affects vaginal colonization., 

10
8
 CFU of GBS were vaginally inoculated into eight to sixteen week old female non-pregnant 

C57BL/6J mice. 96 hours post-inoculation, mice were euthanized and vaginal GBS burden was 

measured by serial dilution and plating. The results shown in (Figure 2-2a,b) indicate that 

deletion of cylE in GBS strains that were weakly- and mildly-hemolytic (COH1 and A909, 

respectively) diminished vaginal colonization, likely due to an increased susceptibility of these 

non-hemolytic GBS strains to the host immune response
103,105

. Conversely, for the naturally 

occurring hyper-hemolytic GBS strain NCTC10/84, deletion of cylE gene lead to more effective 

vaginal colonization (Figure 2-2c), likely due to decrease pigment-induced immune activation. 

Finally, a hyper-hemolytic strain of GBS derived from the weakly-hemolytic strain (COH1), 

through deletion of covR, significantly decreased vaginal colonization efficiency (Figure 2-2d). 

Together, these results suggest that a delicate balance of hemolytic pigment expression is 

required for effective vaginal colonization, as too much or too little hemolysin results in 

decreased vaginal colonization. 

2.2.3 Mast Cells are Important for Clearance of Hyper-Pigmented GBS from the Vagina 

We next sought to determine the host response that controls clearance of hyper-

pigmented GBS from the vagina. One type of immune cell resident in the vagina and can 

potentially mediates the initial response to hyper-pigmented GBS are mast cells. Mast cells are 
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pro-inflammatory, tissue-resident immune cells that are present in the vaginal mucosa
123

. When 

activated by bacteria, mast cells release pre-formed pro-inflammatory granules containing a 

variety of cytokines, chemokines, proteases, anti-microbial peptides, and histamine
150

. Mast cell 

activation has been shown to be protective against many bacterial infections, including two close 

relatives of GBS, Streptococcus pyogenes
151

 and Staphylococcus aureus
152

. To determine if the 

hemolytic pigment induces mast cell degranulation, we used bone marrow mast cells as model 

system as they represent mucosal and connective tissue mast cells found in vivo 
153

. Scanning 

electron microscopy was performed on mast cells that were exposed to the GBS pigment. As 

controls, mast cells were either exposed to an equivalent amount of cylE extract (GBS pigment 

isolation performed from the non-pigmented GBScylE strain), or treated with the Ca
2+

 

ionophore A23187 that induces mast cell degranulaiton. Mast cells treated with GBS pigment 

exhibit morphological changes indicative of degranulation similar to mast cells treated with the 

Ca
2+

 ionophore A23187 but not with mast cells exposed only to media or the cylE extract 

(Figure 2-3). These data confirm that the GBS pigment triggers mast cell degranulation. 

To assess the role of mast cells during vaginal colonization with hyper-hemolytic GBS, 

twelve-to-sixteen week old female mast cell deficient mice (Cpa3-Cre;Mcl-1
fl/fl

) and littermate 

control mast cell proficient mice (Cpa3-Cre;Mcl-1
fl/fl+

) were vaginally inoculated with 

approximately 10
8
 CFU of GBSΔcovR or the isogenic control strain GBSΔcovRΔcylE. 

Remarkably, hyper-hemolytic GBSΔcovR was cleared from the vagina of mast-cell proficient 

mice, whereas it persisted in mast-cell deficient mice (Figure 2-4a). In contrast, non-hemolytic 

GBSΔcovRΔcylE persisted in the vagina both mast cell proficient and deficient mice (Figure 2-

4a). Moreover, vaginal persistence correlated with both vaginal and uterine bacterial burden  

(Figure 2-4b,c). Finally, increased histamine levels, a measure of mast cell activation and 
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degranulation, were observed in mast cell proficient mice inoculated with the hyper-hemolytic 

GBSΔcovR strain, whereas this was not observed in mast cell deficient mice or mast cell 

proficient mice inoculated with the non-hemolytic GBSΔcovRΔcylE strain (Figure 2-4d). 

Together, these data indicate that mast cells are activated in vivo by hyper-hemolytic GBS, 

leading to their clearance from the vagina. 

To corroborate these data, histological sections were analyzed for mast cell degranulation 

by toluidine blue staining. Mast cell proficient mice inoculated with the hyper-hemolytic 

GBSΔcovR strain displayed higher levels of mast cell degranulation than that of mast cell 

proficient mice inoculated with the non-hemolytic GBSΔcovRΔcylE strain or control saline 

(Figure 2-5a, i-iii). Mast cells were not observed in mast cell deficient mice (Figure 2-5a, iv-vi). 

Moreover, histological findings indicated higher levels of edema an inflammation in tissues of 

mast cell proficient mice inoculated with GBSΔcovR (Figure 2-5b, ii), whereas inflammation and 

edema was not observed in mast cell proficient mice inoculated with the GBSΔcovRΔcylE or 

control saline (Figure 2-4b, i, iii), or in mast cell deficient mice (Figure 2-5b, iv-vi). These 

findings were replicated in mice inoculated with the endogenously hyper-hemolytic WT 

NCTC10/84 strain and control NCTC10/84ΔcylE strain (Figure 2-6). These results show that 

hyper-pigmented, and thus hyper-hemolytic, strains of GBS do not persist in the vagina due to 

the inflammatory action of mast cells, and potentially other immune cells that migrate to sites of 

mast cell degranulation.  

2.2.4 The GBS Hemolytic Pigment is Critical for Survival of Neutrophil Extracellular Traps 

in Placental Tissues 

When hyper-pigmented strains of GBS successfully colonize the vagina, they have 

potential to ascend from the vagina into the uterus during pregnancy. Indeed, mouse models of 
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ascending infection have suggested that pigment production is integral to ascending GBS 

infection and resulting preterm birth
39

. In addition to causing inflammation, the hemolytic 

pigment permits GBS penetration of intact human chorioamnion, induces loss of barrier function 

in human amnion epithelial cells
96

. Studies in pregnant non-human primates confirmed the role 

of the GBS pigment in penetration of placental membranes and dissemination into the amniotic 

cavity, leading to increased inflammation, acceleration of uterine contractions or preterm labor, 

and neutrophilic infiltration
62

; however, the means by which GBS evades the host immune 

response during infection of placental tissues is unknown. 

Given that neutrophilic infiltration has been observed in placental tissues in response to 

GBS, and neutrophils are critical for anti-bacterial responses during infection, we aimed to 

determine how GBS evades this response. Neutrophils are able to eradicate invading bacteria 

through the formation of neutrophil extracellular traps (NETs)
154

. The formation of NETs in 

response to GBS infection was observed in murine models of colonization
105

 and ascending 

infection
64

, but it is unknown if NET formation occurs in response to pigment. To determine if 

NETs are formed in response to pigment, we performed scanning electron microscopy to 

determine if GBS pigment or hyper-pigmented GBS induce morphological changes to 

neutrophils. To this end, neutrophils in NET assay buffer were treated with either GBS pigment 

(5 μM), equivalent amount of control (ΔcylE extract) or with the GBS (hyper-hemolytic ΔcovR, 

or non-hemolytic ΔcovRΔcylE) at an MOI of ~ 10 for 4 hours at 37°C. Phorbol myristate acetate 

(PMA, 20 nM) was included as a positive control. SEM was then performed and the results 

shown in Figure 2-7. The top panel in Figure 2-7 shows that the hemolytic GBS pigment induced 

the formation of NETs similar to PMA, whereas the control ΔcylE extract did not induce 

significant NET formation. Similarly, the hyperhemolytic GBSΔcovR strain robustly induced 
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NET formation whereas the ΔcovRΔcylE strain showed slightly attenuated NET formation 

(Figure 2-7, lower panel). Collectively, these data indicate that the hemolytic pigment of GBS 

stimulates NET formation. 

To determine if NETs are formed in placental tissues in response to hyper-hemolytic 

GBS, chronically catheterized pregnant non-human primates (NHPs) where inoculated in the 

choriodecidiual space with hyper-hemolytic GBSΔcovR, non-hemolytic GBSΔcovRΔcylE, or 

control saline (see Materials and Methods for details)
61

. Following cesarean section, gestational 

tissues were excised, and NET formation was assessed by immunostaining. Interestingly, NHPs 

inoculated with GBSΔcovR displayed substantially more extracellular DNA and neutrophil 

elastase, both indicators of NET formation
155,156

, than NHPs inoculated with GBSΔcovRΔcylE or 

control saline (Figure 2-8). Quantification of these images using ImageJ revealed significantly 

more NETs in GBSΔcovR inoculated tissues than GBSΔcovRΔcylE or control saline inoculated 

tissues (Figure 2-9). These data indicate that indeed, NETs are formed in gestational tissues in a 

pigment-dependent manner.  

We then examined the ability of the GBS strains to resist killing by NETs. To this end, 

neutrophils were induced to produce NETs and the ability of the GBS strains (WT GBS, hyper-

hemolytic GBSΔcovR, and non-hemolytic GBSΔcovRΔcylE,) to resist killing by NETs was 

evaluated. As sialic acid deficiency on the GBS polysaccharide capsule was previously described 

to increase sensitivity to NET killing
157

, we included the sialic acid deficient GBSΔcpsK strain
158

 

as a control in the NET killing assay. The hyper-hemolytic GBSΔcovR strain was resistant to 

killing by NETs unlike the non-hemolytic GBSΔcovRΔcylE strain or the control capsule 

deficient GBSΔcpsK strain (Figure 2-10). Our observations suggest that the increased virulence 

of the hyper-hemolytic GBSΔcovR strain is primarily due to its ability to induce neutrophil cell 
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death and may be augmented by resistance to NETs. Together, these data indicate a critical role 

for the pigment in GBS dissemination upon entry into placental tissues following ascending 

infection. 

 

2.3 DISCUSSION 

Understanding the mechanisms by which GBS are able to colonize the vagina is vital for 

the reduction of neonatal and perinatal GBS disease. The work presented in this chapter refines 

our knowledge of the role the hemolytic pigment during colonization, ascending infection, and 

infection of placental tissues, leading to preterm birth. Furthermore, this work provides insight 

into the biology of the organism by examining the delicate balance of expression of a single 

virulence factor and the drastic consequences of genetic dysregulation.  

The fine-tuned regulation of pigment expression by the CovR/S two-component system 

(TCS) is crucial for successful vaginal colonization and invasion of the amniotic cavity, wherein 

low levels of pigment expression permit vaginal colonization (Figure 2-2, Table 2-1), whereas 

high levels of pigment expression are necessary for penetration of gestational tissues (Figures 2-

8 through 2-10), and stimulation of preterm birth. In addition to colonization and ascending 

infection, studies have demonstrated a role for the hemolytic pigment in fetal damage
39,66

, 

sepsis
103

, prosthetic joint infection
159

, septic arthritis
159

, conjunctivitis
159

, 

tonsillopharnyngitis
66,159

, necrotizing fasciitis
159

, and urinary tract infection
159,160

. While the 

function of the pigment has not been identified in the pathogenesis of all of these diseases, it is 

clear that it vital for the survival of GBS in the human host. The tight control of pigment 

expression is critical for successful vaginal colonization, and as such, makes the GBS pigment an 

intriguing target for vaccine development. 
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While these studies have advanced our knowledge of GBS virulence in the context of 

vaginal colonization, significant work is still needed to fully understand the role of the CovR/S 

TCS during vaginal colonization. The CovR regulon includes over 150 genes
106

, and the role of 

most of these genes in vaginal colonization has yet to be explored. Interestingly, the CovR/S 

TCS is responsive to pH
143,144

, and studies have determined pH to be an important factor for 

GBS colonization
144

. Some studies have shown GBS to have enhanced adhesive properties
161

 

and biofilm formation
162,163

 in highly acidic conditions, whereas other studies have found the 

opposite to be true
144,164

. Despite these inconsistencies, the interplay between pH and CovR/S 

likely plays a role in colonization given the acidic environment of the vagina. This may explain 

why women of African descent, who generally have a high vaginal pH and non-lactobacilli 

dominated vaginal microbiome
165

 have higher GBS colonization rates
71,166,167

 and are more 

predisposed to preterm birth and neonatal GBS disease
19,52,168

. The relationships between vaginal 

microflora, increased GBS colonization, and increased adverse pregnancy outcomes have been 

described in obese women
75,169,170

. Further studies are needed to delineate the complex interplay 

between human physiology, the microbiome, and GBS virulence. 

The role of mast cells in the response to pathogenic bacteria in vagina is a novel aspect of 

the work presented in this chapter. The response of neutrophils and macrophages to GBS has 

been well studied
66,103,126,171-173

, but little is known about how other types of immune cells 

respond to GBS, and even less is known about the role of the hemolytic pigment. The vaginal 

mucosa contains higher numbers of natural killer cells and T cells than macrophages and 

granulocytes
123

, yet the effects of pigment on these cells remains unexplored. Moreover, the 

interaction between more minor, yet vital, subsets of vaginal immune cells, such as dendritic 

cells, regulatory T cells, or mucosal-associated invariant T cells, is unknown. Given the 
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importance of the hemolytic pigment to almost every aspect of GBS pathogenesis studied to this 

point, studies focused on the various interactions between immune cells and the hemolytic 

pigment will reveal crucial information about the mechanisms of GBS colonization, and 

potentially inform strategies of preventing or treating vaginal colonization.  

Additionally, the work presented in this chapter refine our understanding of the response 

of neutrophils to GBS, namely, NET formation. Typically NET formation is associated with the 

ability of neutrophils to ensnare bacteria for further antimicrobial action. However, we observed 

that GBS strains that overexpress the hemolytic pigment were resistant to killing by NETs when 

compared to the non-hemolytic strain. This may in part be due to the ability of the unsaturated 

polyene chain in the hemolytic pigment toxin to quench reactive oxygen species (ROS). Previous 

work by Liu et. al.
103

 demonstrated the antioxidant nature of the GBS pigment. They observed 

that hyper-pigmented GBS strains are more resistant to ROS such as hydrogen peroxide, 

superoxide and singlet oxygen in vitro and in macrophages
103

. Although expression of an 

extracellular nuclease (nuclease A) in GBS was shown to degrade NETs
174

, previous work by 

others and us showed that expression of nuclease A is not under CovR/S regulation in GBS
146,175

. 

This suggests that differences in resistance to NET killing between GBSΔcovR and 

GBSΔcovRΔcylE is likely not due to altered endogenous DNAse activity. Our observations 

suggests that increased expression of the hemolytic toxin enables GBS to induce neutrophil cell 

death and likely resist killing by NETs, which may promote microbial invasion of the amniotic 

cavity during ascending infection. It is also noteworthy that a few reports have indicated that 

NETs may only entrap bacteria to prevent dissemination and wall off infection, without actually 

inducing bacterial cell death
176,177

. Addition of DNase at the end of the NET killing assay is 

thought to relieve the clumping effect and provide accurate results for discrimination between 
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ensnaring of bacteria by NETs versus bacterial killing by NETs
176

, While we repeated these 

experiments with addition of DNase at the end of the experiment to confirm increased sensitivity 

of the GBSΔcovRΔcylE to NETS, it remains plausible that GBS entrapment by NETs rather than 

NET associated killing regulates microbial invasion of the amniotic cavity in vivo. 

In this chapter, data are presented that further define the role of the hemolytic pigment in 

GBS colonization and ascending infection. While these studies are not exhaustive, they provide 

novel insight into the host-pathogen interaction during GBS vaginal colonization. These data 

show that the hemolytic pigment is necessary for effective colonization, but hyper-pigmented 

GBS are also not able to colonize the vagina, likely as a result of induction of inflammation 

through mast cell degranulation. Furthermore, pigment aids in survival of the host immune 

response during infection of placental tissues through resistance to NET killing. Future work 

should aim to develop better diagnostic tools to determine if a woman is colonized with a hyper-

pigmented strain of GBS during pregnancy, and to identify therapies and interventions to prevent 

colonization with hyper-pigmented GBS.  

 

2.4 MATERIALS AND METHODS 

2.4.1 Ethics Statement 

All mouse experiments were approved by the Seattle Children’s Research Institutional 

Animal Care and Use Committee (protocol #13907) and performed in strict accordance with the 

recommendations in the Guide for the Care and Use of Laboratory Animals (8
th

 Edition).  

All non-human primate experiments were carried out in strict accordance with the 

recommendations in the Guide for the Care and Use of Laboratory Animals of the National 

Research Council and the Weatherall report, “The use of non-human primates in research”. The 
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protocol was approved by the University of Washington Institutional Animal Care Use 

Committee (Permit Number: 4165-01). All surgery was performed under general anesthesia and 

all efforts were made to minimize pain and distress.  

 

2.4.2 Bacterial Strains 

The wild type (WT) GBS strains A909 and COH1 used in this study are clinical isolates 

obtained from infected human newborns
178,179

. The ΔcylE, covR, and covRcylE mutants 

were previously derived from A909, COH1
96,180,181

. The previously described natively occurring 

hyper-pigmented GBS strain NCTC10/84
149

 and its non-pigmented NCTC10/84cylE control
102

 

were also used in this study. The clinical isolate RM003 was isolated at the University of 

Washington
182

. GBS were grown in Tryptic Soy Broth (Difco Laboratories) at 30
°
 or

 
37

°
C in 5% 

CO2. Cell growth was monitored at 600 nm.  

2.4.3 Human Subjects 

GBS clinical isolates from rectovaginal swabs were obtained from women in their third 

trimester of pregnancy at the University of Washington Medical Center and Harborview Medical 

Center in 2007 under University of Washington IRB# 30308; samples were collected without 

any identifiers or clinical information and a waiver for written informed consent was obtained for 

testing anonymous samples. Written informed patient consent for donation of human blood was 

obtained with approval from the Seattle Children’s Research Institute Institutional Review Board 

(protocol #11117).  
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2.4.4 Hemolytic Titer Estimation of GBS Strains 

To measure hemolytic activity from the various GBS isolates, hemolytic titer assays were 

performed as described previously
183

 with a few modifications. Briefly, TSB containing 1% 

glucose and 3% tween-20 was inoculated with the GBS isolates and grown overnight at 30°C in 

a 96 well plate. Bacteria were pelleted and the supernatants were transferred to a new plate. Two-

fold serial dilutions were performed in PBS, and a 1% suspension of human red blood cells 

(RBC) was added at a ratio of 1:1. Cells were incubated for one hour at 37°C. Unlysed RBCs 

were pelleted by centrifugation, and hemoglobin release in the supernatant was measured as 

absorbance at 420nm using a plate reader (BioTek). Absorbance’s were normalized to control 

wells containing either PBS (0% lysis) or 0.1% SDS (100% lysis), and the reciprocal of the 

highest dilution giving at least 50% lysis was considered to be the hemolytic titer. 

 

2.4.5 Mouse Model of Vaginal Colonization 

Eight-to-sixteen week old female, non-pregnant C57BL/6J (The Jackson Laboratories), 

mast cell deficient (Cpa3-Cre;Mcl-1
fl/fl184

), and mast cell proficient (Cpa3-Cre;Mcl-1
fl/+

) 

littermate control mice were used to define the role of mast cells in GBS vaginal colonization. 

Briefly, female mice were synchronized for estrous by cohabiting in the same cage for >10 days 

if not from birth, or by intraperitoneal administration of 50 µg 17-estradiol suspended in sterile 

corn oil. 17-estradiol was not administered in mast cell studies, as this agent has been described 

to activate mast cells
185

. Mice were anesthetized using 3-4% isoflurane and GBS (approximately 

10
8
 CFU in 10l sterile PBS) was inoculated into the lower genital. Mice were left inverted for 

an additional 5 min under anesthesia. Subsequently, the mice were returned to their cages and 

monitored until ambulatory. At 4 days post infection, mice were euthanized and the lower genital 
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tract and uterine horns were excised and analyzed for CFU and mast cell activation. Briefly, 

tissues were homogenized and GBS CFU were enumerated by serial dilution and plating on both 

nonselective and selective media (TSA, TSA containing 50 g/ml spectinomycin). Of note, 

covR andcovRcylE strains of GBS are spectinomycin resistant as covR was replaced with a 

gene conferring spectinomycin resistance in these strains
181,186

. All plates were incubated for 24 

hrs at 37°C and the nonselective TSA plates were then left on the bench for an additional 24-48 

hrs to distinguish GBS from other commensal bacteria. As further confirmation, ~100 GBS 

colonies from each experiment were patched on selective media i.e. TSA containing 

spectinomycin and the level of CAMP factor activity was tested on sheep blood agar plates with 

the inoculum strain included in parallel. CHROMagar
TM

StrepB (DRG International, Inc.) was 

also used to distinguish GBS from commensal organisms. Supernatants of tissue homogenates 

were analyzed for histamine using the ALPCO histamine ELISA assay as described above. For 

histology, the lower genital tract and uterine horns were excised from mast cell proficient and 

deficient mice at 4 days post infection. Tissues were fixed in 10% phosphate buffered formalin at 

4°C overnight and stored in 70% ethanol. The tissues were subsequently embedded in paraffin, 

sectioned, and stained with hematoxylin and eosin (H & E) or toluidine blue. All tissues were 

mounted and stained by the Histology and Imaging Core located at the University of Washington 

(Seattle, WA) and were scored by a pathologist blinded to group assignment. Images were 

captured in bright field using a DM4000B Fluorescent upright microscope (Leica) under 20X 

and 40X magnifications. The microscope was attached to a DFC310FX camera (Leica) and the 

acquisition software used was the Leica application suite (version 4.0.0). The experiment was 

repeated using natively hyper-pigmented WT GBS NCTC10/84 and isogenic non-pigmented 

NCTC10/84cylE using WT C57BL6/J mice (n=8/group).  
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2.4.6 Purification of the GBS Hemolytic Pigment 

The GBS hemolytic pigment was purified as previously described
96

. Briefly, pigment was 

extracted from WT GBS A909 using DMSO:0.1% TFA, precipitated using NH4OH  and column 

purified using a Sephadex LH-20 (GE Healthcare) column as described
96

. Fractions containing 

purified pigment were pooled, precipitated with NH4OH, washed three times with HPLC grade 

water, twice with DMSO and lyophilized as described
96

. The pigment extraction procedure was 

also performed in parallel on the non-pigmented strain GBScylE and this extract was used as a 

control for pigment in all experiments, along with buffer DTS (DMSO+0.1% TFA+20% starch), 

which was used to resuspend pigment and control cylE extract. Three independent pigment 

preparations were used in this study and all preparations were confirmed to be hemolytic as 

described previously
96

. Mass Spectrometry and NMR were used to confirm the presence of 

pigment exclusively in the pigment samples and not in the control cylE extract as shown 

previously
96

. 

 

2.4.7 Generation of Bone Marrow-Derived Mast Cells (BMCMCs) 

BMCMCs were isolated and cultured as described previously
184

. Briefly, femoral bone 

marrow cells from WT C57BL6/J mice were cultured for 6 weeks in cell culture media 

(DMEM+10% FBS+50 MBME) supplemented with 10 ng/ml IL-3 to generate BM-derived 

cultured mast cells (BMCMCs).  

 

2.4.8 Scanning Election Microscopy of Pigment Activation of Mast Cells 

Approximately 10
6
 BMCMCs were centrifuged, washed twice and resuspended in 0.5 

mL of DMEM. BMCMCs were then treated with either 0.5 M pigment or an equivalent amount 
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of control cylE extract or A23187 (0.83 ng/L, 1.66 M) for 10 min. at 37
o
C. One volume of 

Karnovsky fixative was added to the samples and incubated for an additional 10 min at room 

temperature. Subsequently, the cells were centrifuged and resuspended in 1.4 mL of Karnovsky’s 

Fixative and incubated overnight at 4
o
C. Samples were then prepared for scanning electron 

microscopy as described
96,187

. Images were captured using a JEOL 5800 Scanning Electron 

Microscope equipped with a JEOL Orion Digital Acquisition System. 

2.4.9 Isolation of Neutrophils from Adult Human Blood 

Neutrophils were isolated from fresh human adult blood. Briefly, approximately 20 - 30 

mL of blood was collected from independent healthy human donors in EDTA tubes (BD 

Bioscience). Neutrophils were then isolated using a MACSxpress neutrophil isolation kit 

following manufacturer’s instructions (Miltenyi Biotec). Following neutrophil isolation, the cells 

were pelleted and any residual red blood cells (RBC) were removed using the RBC lysis solution 

(0.15nM NH4Cl, 1mM NaHCO3) as per manufacturer’s instructions. Cells were then washed 

with RPMI 1640 containing L-glutamine (Corning Cellgro; hereafter referred to as RPMI-G). To 

assess neutrophil purity, neutrophils (purified as described above) and control whole blood (after 

2 erythrocyte lysis steps as indicated above) were stained for the neutrophil markers CD15 and 

CD16 (BD Biosciences). Approximately 5 x 10
5
 cells were washed and placed in Fc receptor 

block (1:200, BD Biosciences) for 15 min at room temperature (RT). Following blocking, 

immunofluorescent antibodies were added to the cells at manufacturer recommended 

concentrations (1:10, CD15; 1:200, CD16) and incubated at RT for 30 min. Stained cells were 

washed twice in FACS (fluorescence-activated cell sorting) buffer (1mM EDTA, 25mM HEPES, 

1% BSA (w/v) in PBS) and analyzed immediately or re-suspended in 1.0% paraformaldehyde 
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until analysis by flow cytometry. Flow cytometry experiments were conducted using an LSR II 

(BD Biosciences. and analyzed using FlowJo v. 10.1 (FlowJo, LLC). 

 

2.4.10 Scanning Electron Microscopy of NET Formation 

Approximately 1 × 10
6
 neutrophils were washed with RPMI and resuspended in 0.5 ml of RPMI. 

The cells were then treated with either pigment (0.5 μM) or an equivalent amount of control 

(ΔcylE extract) or media (RPMI) or with bacteria (hyper-hemolytic GBSΔcovR, or non-

hemolytic GBSΔcovRΔcylE) at MOI 100 for 10 min at 37°C. One volume of ½ Karnovsky’s 

fixative was added to the samples, and the cells were incubated for an additional 10 min at RT. 

Subsequently, the cells were centrifuged and resuspended in 1.4 ml of ½ Karnovsky’s fixative 

and incubated overnight at 4°C. Samples were then prepared for scanning electron microscopy as 

described
188,189

. Images were captured using a Sigma 500 variable pressure Field Emission 

Scanning Electron Microscope (FESEM) using Smart SEM version 5.09. 

 

2.4.11 Chronically Catheterized NHP Model 

In this study, ten chronically catheterized pregnant NHP (Macaca nemestrina) containing 

catheters surgically implanted via laparotomy into the maternal femoral vein, amniotic cavity, 

and choriodecidual interface in the lower uterine segment (between uterine muscle and fetal 

membranes, external to amniotic fluid) received one of two experimental treatments: i.e. 

choriodecidual inoculation of either GBS COH1ΔcovR (n=5; hyper-pigmented strain) or GBS 

COH1ΔcovRΔcylE (n=5; isogenic, non-pigmented strain). Results obtained from these animals 

were compared to saline controls (n=5; choriodecidual and amniotic fluid saline inoculations) 

that were performed previously
61,190

.  Experiments involving chronically catheterized pregnant 
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NHP model of choriodecidual GBS infection was performed as previously reported
61,191

 with one 

exception; for all the NHP animals enrolled in this study, we omitted catheterization of the fetal 

internal jugular vein. This was due to fetal catheter entanglement observed in two previous 

animals where fetal death occurred prior to experimental start.  

Briefly, in this model, pregnant pigtail macaques were time-mated and fetal age 

determined using early ultrasound. Temperature in the animal quarters was maintained between 

72-82 F. Animals were fed a commercial monkey chow, supplemented daily with fruits and 

vegetables and drinking water was available at all times. Each animal was first conditioned to a 

nylon jacket/tether system for several weeks before surgery, which allowed free movement 

within the cage, but protected the catheters. Between days 116-125 of pregnancy (term=172 

days), catheters were surgically implanted via laparotomy into the maternal femoral artery and 

vein, amniotic cavity, and choriodecidual interface in the lower uterine segment (between uterine 

muscle and fetal membranes, external to the amniotic cavity). Choriodecidual and amniotic fluid 

catheters were comprised of polyvinyl tubing and maternal artery and vein catheters were made 

from silicone tubing. Fetal ECG electrodes and a maternal temperature probe (AD Instruments) 

were also implanted.  Post-operative analgesia was provided via a fentanyl patch applied the day 

prior to surgery, in addition to postoperative indomethacin or ketoprofen as described
61

.    

After surgery, the animal was placed in the jacket and tether with the catheters/electrodes 

tracked through the tether system. Cefazolin and either terbutaline sulfate or atosiban 

0.12mg/kg/hour were administered intravenously to reduce postoperative infection risk and 

uterine activity. Cefazolin, terbutaline or atosiban were stopped at least 72 hours before 

experimental start (~ 240 half-lives for atosiban, ~18 half-lives for terbutaline, ~40 half-lives for 

cefazolin, >97% of drugs eliminated), which represented approximately a 7-10 day period of 
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postoperative terbutaline administration. Experiments began approximately two weeks after 

catheterization surgery to allow recovery (~30-31 weeks human gestation). AF and maternal 

blood were collected for culture, cytokine and prostaglandin analysis during the course of the 

experiment. Intra-amniotic pressure was continuously recorded, digitized, and analyzed as 

described previously
61

. The integrated area under the intrauterine pressure curve was used as a 

measure of uterine activity and reported as the hourly contraction area (HCA; mmHg * sec/hour) 

over 24 hours. 

Preterm labor was defined as progressive cervical dilation associated with increased 

uterine activity (>10,000 mmHg*sec/hour). Cesarean section was performed at the following 

endpoints to allow for tissue collection: 1) preterm labor, 2) three days after GBS inoculation if 

no preterm labor was observed, or 3) seven days after saline inoculation
61

. After Cesarean 

section, fetuses were euthanized by barbiturate overdose  (1-2 ml, 390mg/ml, Beuthanasia-D 

Special, Schering-Plough Health Corp) followed by exsanguination and fetal necropsy
61

. 

Complete gross and histopathologic examination was performed.  

A three-day endpoint to assess the effects of GBS infection on placental tissues and fetal 

injury was chosen in order to study the earliest events in the pathway of infection/inflammation 

associated preterm birth. The seven-day endpoint for saline controls was chosen at the inception 

of our research program and provides a close gestational age match for the current study. Using 

this model, we previously showed that saline inoculation in five pregnant NHP induced minimal 

to no inflammation without signs of preterm labor
61

. Data from saline control animals was used 

in this study for comparison as needed. 

GBS strains used in the NHP model were derived from the clinical isolate obtained from 

an infected newborn known as COH-1 which is a ST-17 clone belonging to capsular serotype 
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III
192,193

. The hyper-hemolytic/hyper-pigmented ΔcovR isogenic non-pigmented ΔcovRΔcylE 

were derived from wild type (WT) GBS COH-1 and were previously described
96

. Routine 

cultures of GBS were grown in tryptic soy broth (TSB) or tryptic soy agar (TSA, Difco 

Laboratories) at 37°C in 5% CO2. For inoculations in the NHP model, GBS strains were grown 

to mid-log phase (O.D600 = 0.5) and ~ 1-3 X 10
8
 CFU in 1mL PBS was inoculated into the 

choriodecidual space, as described previously
61

.  

The hyper-pigmented GBSΔcovR strain exhibits an orange color on TSA and non-

pigmented GBS strains are white in color
96,148

. Also, ΔcovR and ΔcovRΔcylE strains of GBS are 

spectinomycin-resistant because the gene covR was replaced with a gene conferring 

spectinomycin resistance in these strains
96,181

. To confirm that the GBS strains recovered from 

infected NHP were the correct strains, a few colonies obtained from each sampled tissue and 

fluid per experiment were patched on selective medium (i.e. TSA containing spectinomycin), 

and the level of CAMP factor activity was tested on sheep blood agar plates with the inoculum 

strain included in parallel. 

2.4.12 Placental Immunostaining 

After cesarean section, placenta samples underwent tissue fixation in 10% neutral 

buffered formalin. Complete gross and histopathologic examination was performed on the 

chorioamnion and placenta.  For immunostaining, full thickness paraffin sections of fetal roll 

were deparaffinized and epitopes were revived overnight at 60C in citrate buffer (10 mM 

sodium citrate, 0.05% Tween 20, pH 6.0). After epitope revival, slides were washed, blocked for 

1 hour at 23C in 5% (v/v) goat serum and 1% (w/v) BSA, then incubated overnight at 4C with 

rabbit anti-neutrophil elastase antibody (1:2000, Abcam). Anti-neutrophil elastase antibody was 

detected using anti-rabbit IgG antibody conjugated to Cy3 (1:2500, Abcam). Extracellular and 
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nuclear DNA was detected using DAPI (4',6-diamidino-2-phenylindole) in Vectashield (Vector 

Laboratories). Images were captured using a DM4000B Fluorescent upright microscope (Leica) 

under 20× magnifications. The microscope was attached to a DFC310FX camera (Leica) and the 

acquisition software used was the Leica application suite (version 4.0.0). Images were quantified 

using ImageJ v. 1.6.0_24. 

2.4.13 NET Killing Assay 

To observe neutrophil extracellular trap (NET) -mediated killing, neutrophils in NET assay 

buffer (RPMI-G + 1mM CaCl2 + 1% BSA) were incubated with cytochalasin D and B (10 μM in 

0.25% DMSO, Cayman Chemical) for 30 min at 37°C to block phagocytosis as described
194

. To 

induce NETs, neutrophils from above were seeded in a 24 well plate at ~ 9 X 105 cells /ml per 

well and were stimulated with PMA (20nM in 0.02% DMSO, Cayman Chemical) for 2 hours at 

37°C. Subsequently, the PMA-containing media was removed and replaced with 500μL fresh 

NET assay buffer. Wells containing NETs were inoculated with the GBS strains described above 

at an MOI of 0.1. To inhibit NET-mediated bacterial killing, selected wells were treated with 

20kU DNase I (Qiagen) for 15 min at 37°C as described
194

, prior to infection with GBS. After 1 

hour of incubation at 37°C, Triton X-100 was added to a final concentration of 0.025% and 

media was pipetted up down thoroughly to dislodge any NET-associated bacteria. The 

supernatant was serially diluted and plated on TSA for GBS enumeration. The survival index 

was calculated as the ratio of CFU recovered in the presence of neutrophils to CFU recovered in 

the absence of neutrophils for each condition (i.e. with and without DNAse), respectively.  
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2.4.14 Statistical Analysis 

Students t-test, Mann-Whitney test, Bonferroni’s, Tukey’s or Dunnett’s multiple 

comparison tests following ANOVA, Fisher’s exact test or Barnard’s test was used to estimate 

differences as appropriate and p value <0.05 was considered significant. These tests were 

performed using GraphPad Prism version 6.0, GraphPad Software, USA, www.graphpad.com or 

SciStatCalc. 
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2.6 FIGURES AND TABLES 

 
 

 
Figure 2-1 – Hemolytic factor activity of GBS isolates 

The top panel shows hemolytic factor activity of rectovaginal GBS isolates. COH1 is a wild type 

(WT) GBS clinical isolate from an infected newborn and belongs to the hyper-virulent ST-17 

clone. COH1ΔcovR is a mutant derived from COH1 and exhibits increased hemolytic activity. 

Strains 65 and 91 are rectovaginal GBS isolates that exhibit increased hemolysis and decreased 

CAMP factor expression similar to COH11ΔcovR. The bottom panel shows the wildtype strains 
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A909, COH1, and NCTC10/84. A909 is mildly hemolytic, COH1 is weakly hemolytic, and 

NCTC10/84 is naturally hyper-hemolytic. The top panel is adapted from Gendrin et al. 2015
119

.   
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Figure 2-2 – Role of hemolytic pigment in GBS vaginal colonization.  

a-d, Female, non-pregnant C57BL6/J mice were intra-vaginally inoculated with ~10
8
 CFU of 

GBS. At 4 days post inoculation, bacterial persistence was evaluated in the lower genital tract. a, 

Vaginal bacterial burden of mice inoculated with the mildly-hemolytic WT GBS strain A909 and 
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isogenic non-pigmented A909ΔcylE mutant. b, Vaginal bacterial burden of mice inoculated with 

the mildly-hemolytic WT GBS strain COH1 and isogenic non-pigmented COH1ΔcylE mutant. c, 

Vaginal bacterial burden of mice inoculated with the natively hyper-pigmented NCTC10/84 and 

isogenic non-pigmented NCTC10/84ΔcylE (n=8/group, *p < 0.05). d, Vaginal bacterial burden 

of mice inoculated with WT COH1 and isogenic hyper-pigmented COH1ΔcovR (n=8/group, **p 

< 0.005). Statistical significance assessed by Mann-Whitney test. Panel c adapted from Gendrin 

et al., 2015
119

. 
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Figure 2-3 – Role of hemolytic pigment in GBS vaginal colonization.  

Scanning electron micrographs showing membrane morphology of BMCMCs that were briefly 

exposed to 0.5 M pigment or controls (cell culture media, cylE extract or 1.66 M Ca
2+

  

ionophore A23187) for 10 min. A representative image from two independent experiments is 

shown, a minimum of 30 cells were examined in a blinded fashion. Adapted from Gendrin et al., 

2015
119

. 
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Figure 2-4 – Mast cells activation promotes clearance of hyper-hemolytic GBS from the 

lower genital tract 

a-c, Mast cell deficient mice or heterozygous littermate controls were intra-vaginally inoculated 

with ~10
8
 CFU of GBS ΔcovR or ΔcovRΔcylE. At 4 days post inoculation, bacterial persistence 

and dissemination was evaluated in the lower genital tract and both uterine horns. (a) Negative or 

positive bacterial cultures obtained from the lower genital tract and both uterine horns of mast 

cell proficient mice and mast cell deficient mice that were inoculated with either GBSΔcovR or 

ΔcovRΔcylE.  Data are represented as % Clearance compared to Persistence (a, n=8/group, *p = 

0.028, **p = 0.007, Barnard’s Test), as bacterial burden in the uterine horns (b) or in the lower 

genital tract (c, n=8/group, *p < 0.05). In the mast cell proficient group inoculated with 

GBScovR, the same mouse had bacterial CFU in both the lower genital tract and uterine horn 

(denoted as a partially filled symbol). d, Histamine levels in the lower genital tract of mast cell 

proficient and deficient mice infected with GBScovR  or ΔcovRΔcylE.  (n=8/group, *p < 0.05). 

Adapted from Gendrin et al., 2015
119

. 
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Figure 2-5– Histological sections of the genital tracts of female mast cell proficient and 

mast cell deficient mice infected with hyper-pigmented and non-pigmented GBS strains. 

a-b, Histology of mouse genital tracts at 4 days post inoculation with GBS (covR or 

covRcylE) or PBS controls. Sections were stained with  toluidine blue (a) and hematoxylin 
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and eosin (b). Arrows and boxed area indicate non-degranulated mast cells in mast cell proficient 

mice treated with control PBS or GBScovRcylE (see a, panels i & iii and magnified insets).  

In mast cell proficient mice treated with GBScovR, arrowheads indicate degranulated mast cells 

(see a, panel ii and magnified inset). Hematoxylin and eosin stained sections of mouse genital 

tracts reveals the presence of inflammatory foci in mast cell proficient mice infected with 

GBScovR (see b, arrow in panel ii) and not in mast cell proficient mice treated with PBS or 

GBS covRcylE (see b, panels i & iii). Inflammatory foci are also not seen in mast cell 

deficient mice treated with PBS, GBScovR or GBScovRcylE  (see b,panels iv-vi). Scale bar 

=100m. Adapted from Gendrin et al., 2015
119

.  
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Figure 2-6 – Histological sections of the genital tracts of female mast cell proficient and 

mast cell deficient mice infected with endogenously hyper-pigmented GBS strain. 

Toluidine blue and hematoxylin and eosin stained sections of mouse genital tracts. Arrows and 

boxed area indicate degranulated mast cells in mice infected with hyper-pigmented NCTC10/84 

and non-degranulated mast cells in NCTC10/84cylE (see panels i-iv and magnified insets). 

Hematoxylin and eosin stained sections reveal the presence of edema in mice infected with 

NCTC10/84 (see panel v) and not in mice infected with NCTC10/84cylE (panel vi-viii). WT 

indicates C57BL/6J mice, and MC+ indicates Cpa3-Cre;Mcl-1
fl/+

 heterogeneous mice. Scale bar 

=100m. Adapted from Gendrin et al., 2015
119

. 
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Figure 2-7 – Hemolytic pigment stimulates NET formation 

Top Panel: SEM of neutrophil extracellular traps (NETs) in neutrophils treated with GBS 

pigment (5 μM), negative control (cylE extract) or positive control PMA (20 μM). Bottom 

panel: SEM of NETS due to hyper-pigmented GBSΔcovR or non-pigmented GBSΔcovRΔcylE. 

Adapted from Boldenow et al., 2016
62

. 
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Figure 2-8 – NETs are formed in the chorioamnion during in vivo GBS infection.  

Immunofluorescence staining for neutrophil elastase and extracellular DNA was performed on 

chorioamniotic membranes from NHPs inoculated with either hyper-pigmented GBSΔcovR, non-

pigmented GBSΔcovRΔcylE, or control saline. Data are representative of five animals from each 

group that were examined for NETs. Neutrophil elastase staining is shown in grayscale mode for 

ease of visualization. PBS, phosphate-buffered saline; DAPI, 4′,6-diamidino-2-phenylindole. 

Adapted from Boldenow et al., 2016
62

. 
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Figure 2-9 – Increased NETs in the chorioamnion of NHPs infected with hyper-pigmented 

GBSΔcovR.  

NET formation was quantified on immunofluorescent images obtained from chorioamniotic 

membranes inoculated with GBSΔcovR (n = 5), GBSΔcovRΔcylE (n = 5), or saline controls 

(PBS, n = 2). Three random frames of equal area were collected from each sample and NETs 

were counted using ImageJ by thresholding images and analyzing particles >10 pixels in size. 

Particle counts from each frame were then averaged for each sample (mean ± SEM, Tukey’s 

multiple comparison test following ANOVA, *p < 0.05). Adapted from Boldenow et al., 2016
62

. 
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Figure 2-10 – Increased expression of the hemolytic pigment enables GBS to resist killing 

by neutrophil extracellular traps 

Neutrophils were incubated with cytochalasin D and B (10 μM) to block phagocytosis and NETs 

were induced by stimulation with PMA. Subsequent NET killing of the GBS strains (WT GBS, 

isogenic hyper-hemolytic GBSΔcovR, non-hemolytic GBSΔcovRΔcylE and GBSΔcylE and 

capsule deficient GBSΔcpsK) was compared. To inhibit NET-mediated bacterial killing, control 

wells were treated with DNase I. Data shown are the average of three independent experiments 

performed in duplicate, error bars ± SEM. Significance was determined using Bonferroni’s 

multiple comparison test following ANOVA, * p <0.05. Adapted from Boldenow et al., 2016
62

. 
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Table 2-1 – Hemolytic titers of GBS strains isolated from rectovaginal swabs of women in 

their third trimester of pregnancy.  

COH1 is a wild type (WT) GBS clinical isolate from an infected newborn and belongs to the 

hypervirulent ST-17 clone. COH1ΔcovR is a mutant derived from COH1 and exhibits increased 

hemolytic activity. Strain 65 and 91 are rectovaginal GBS isolates that exhibit increased 

hemolysis expression similar to COH1ΔcovR (see Fig. 2-1). Adapted from Gendrin et al., 

2015
119

. 

 

Strain Hemolytic Titer 

Clinical Isolates 

WT GBS (COH1) 2 

COH1ΔcovR >32 

Rectovaginal Isolates 

Strain 65 > 32 

Strain 91 > 32 

Remaining 
51 isolates 

≤ 2 
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2.7 SUPPLEMENTAL FIGURES 

 
Figure 2-S1 – FACS (fluorescence-activated cell sorting) of neutrophils purified from 

human blood. 

Flow cytometry was used to assess neutrophil purity from purified neutrophils and whole blood 

was included for comparison. Samples were first gated for single cells using FSA (forward 

scatter area) and FSH (forward scatter height, see LHS panels), and then by FSA and FSW 

(forward scatter width, see center panels). Finally, single cells were assessed for the neutrophil 

markers CD16 and CD15 (RHS panels). Note that ~ 15.8% of cells in whole blood were 

CD15+CD16+ prior to purification, whereas ~ 92.7 % of cells that were isolated after neutrophil 

purification were CD15+CD16+. Adapted from Boldenow et al., 2016
62

. 
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Chapter 3. Role of epithelial exfoliation in ascending GBS infection 

The following text is from the article:  

 

Jay Vornhagen, Blair Armistead†, Verónica Santana-Ufret†, Claire Gendrin†, Sean Merillat†, 

Michelle Coleman†, Phoenicia Quach, Erica Boldenow, Varchita Alishetti, Christina Leonhard-

Melief4, Lisa Y. Ngo, Christopher Whidbey, Kelly S. Doran, Chad Curtis, Kristina M Adams 

Waldorf1, Elizabeth Nance, Lakshmi Rajagopal. (2017) Group B Streptococcus exploit vaginal 

epithelial exfoliation for ascending infection and fetal injury. In review, Nature Medicine. 

†Equal contribution. 

  

Figure numbers have been updated to conform to the dissertation. The text remains as published 

with minor editorial changes. 
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3.1 ABSTRACT 

Eleven percent of all pregnancies worldwide are preterm, accounting for roughly fifteen 

million preterm births and one million deaths per year. Premature birth increases the risk of 

adverse birth outcomes and is the leading cause of neonatal mortality. A significant cause of 

preterm birth is in utero infection by vaginal microorganisms. To establish an in utero infection, 

vaginal microbes must ascend from the vagina into the pregnant uterus by a process called 

ascending infection. The mechanisms by which vaginal organisms gain access into the uterus are 

not known. Previous studies have implicated vaginal epithelial exfoliation as a mechanism to 

diminish bacterial colonization. Here, we demonstrate how a vaginal commensal known as 

Group B Streptococcus (GBS), which is frequently associated with preterm birth, uses 

exfoliation for ascending infection. Using a murine model of vaginal colonization and ascending 

infection, we show that GBS induces vaginal epithelial exfoliation. This process is driven by 

extracellular activation of β1 integrin signaling, which stimulates β-catenin signaling, and 

epithelial-to-mesenchymal transition (EMT). EMT induces loss of barrier function and cellular 

detachment, leading to epithelial exfoliation. Interestingly, epithelial exfoliation does not 

diminish vaginal colonization, but rather permits bacterial dissemination and ascending infection. 

Abrogation of epithelial exfoliation by interruption of β1 integrin signaling and EMT leads to 

reduced rates of ascending infection and preterm birth. These data indicate that for some vaginal 

bacteria, epithelial exfoliation permits ascending infection rather than preventing colonization. 

This study provides novel mechanistic insight into ascending infection, potentially leading to 

novel interventions to prevent preterm birth. 
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3.2 INTRODUCTORY PARAGRAPH 

Fifteen million babies are born prematurely each year
9
, making preterm birth the leading 

cause of neonatal morbidity and mortality
4
. Intrauterine infection is the most frequent cause of 

preterm birth, which occurs when bacteria ascend from the vagina into the cervix and, ultimately, 

the uterus
12,195

. Once in the uterus, bacteria cross the placenta and invade the amniotic cavity, 

leading to inflammation, tissue damage, and preterm labor
3
. The mechanisms by which bacteria 

ascend from the vagina to the uterus remain unknown
3
. Here, we show how pathogenic bacteria 

such as Group B Streptococcus (GBS), which are associated with ascending infection and 

preterm birth
42,60,62,66,96

, hijack host cellular processes to enable bacterial trafficking into the 

uterus. Although vaginal epithelial exfoliation is thought to prevent pathogen colonization of the 

genitourinary tract
196,197

, we found that GBS exploits epithelial exfoliation for ascending 

infection, fetal injury and preterm birth. GBS activates β1 integrin and β-catenin signaling 

leading to loss of barrier function, epithelial-to-mesenchymal transition (EMT) and exfoliation of 

vaginal epithelium. Preventing GBS induced vaginal epithelial exfoliation decreased ascending 

infection and improved pregnancy outcomes. Herein, we describe a novel mechanism by which 

GBS utilize epithelial exfoliation to establish an invasive perinatal infection. This work 

represents a shift in the current paradigm that vaginal epithelial exfoliation prevents pathogen 

colonization and infection. 

3.3 MAIN TEXT 

Heavy vaginal colonization is a primary risk factor for GBS-associated preterm birth
43

. Prior 

studies have demonstrated a role for epithelial exfoliation in decreasing bacterial colonization of 

the urinary tract
197

 and vagina
198,199

. Upon challenge with pathogenic bacteria such as 



 75 

Escherichia coli and Neisseria gonorrhoeae, vaginal epithelial cells lose their junctional and 

adhesive properties and exfoliate from their basement membrane along with the colonizing 

bacteria, thus preventing long term colonization and dissemination
197-199

. This phenomenon has 

yet to be explored in the context of GBS vaginal colonization and preterm birth. To determine 

how vaginal epithelial cells respond to GBS, female mice were vaginally inoculated with the 

GBS wild-type (WT) serotype III strain COH1, or saline, as previously described
119

. 

Interestingly, increased exfoliation of vaginal epithelial cells was observed in response to GBS 

over time (Figure 1a-b; Figure 3-S1a-c). Although a slight increase in epithelial exfoliation was 

observed in saline controls at 48-72 hours post-inoculation (Figure 3-S1c), which is consistent 

with the natural estrus cycle
200

, levels of vaginal exfoliation were significantly higher in GBS 

treated animals compared to saline controls at 72 and 96 hours post-inoculation (Figure 1a-b, 

Figure 3-S1a-c). Similar levels of vaginal epithelial exfoliation was also observed with a GBS 

WT serotype V strain CJB111 (Figure 3-S2), previously described to exhibit increased vaginal 

persistence
85

. These data indicate that GBS stimulate epithelial exfoliation during vaginal 

colonization.  

We next hypothesized that epithelial exfoliation would reduce GBS burden in the vagina, 

as observed with N. gonorrhoeae lacking the Opa protein
199

. Despite GBS being present on 

exfoliating vaginal epithelial cells (Figure 1c), epithelial exfoliation did not correlate with 

significantly decreased bacterial burden in the vagina (Figure 1d). Rather, a significant increase 

in GBS colony-forming units (CFU) was observed in the uterus (Figure 1e), suggesting a 

potential association between increased epithelial exfoliation and GBS ascending infection.  

To determine if bacteria in the uterus primarily represented those ascending from the 

vagina or those arising by replication of initially ascended bacteria, we vaginally inoculated mice 
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with a WT GBS strain expressing a plasmid-encoded GFP
201

. Retention of this plasmid requires 

the presence of erythromycin. In the absence of antibiotic pressure, daughter cells do not inherit 

the plasmid (Figure 3-S3a), and GFP+ (mother) and GFP- (daughter) populations are generated 

(Figure 3-S3b). We confirmed that GFP fluorescence was observed under microaerobic and 

anaerobic conditions that represent genitourinary oxygen levels
202

 (Figure 3-S3c). These data 

indicate that any potential differences in GFP expression observed in vivo is not solely due to 

differences in environmental conditions. Flow cytometry analysis of GFP+ GBS in vaginal and 

uterine tissues (Figure 3-S3d-e) demonstrated a modest decrease in GFP+ GBS in the vagina 

(Figure 1f) over 96 hours; in contrast, a significant increase in GFP+ GBS was observed in the 

uterus (Figure 1g). These data suggest that GBS recovered from the uterus likely ascended from 

the vagina. Although growth dynamics that occur in vivo are difficult to recapitulate in vitro, our 

results indicate that there is an association between epithelial exfoliation and GBS trafficking 

into the uterus.  

We next sought to understand how GBS induces vaginal epithelial exfoliation. We first 

explored signaling via toll-like receptor 2 (TLR2) as a potential means of stimulating epithelial 

exfoliation, as it has been shown to be an important regulator of the host response to GBS
203

. 

Vaginal epithelial exfoliation and ascending GBS infection were independent of TLR2, as no 

differences in either exfoliation (Figure 3-S4a-b) or vaginal or uterine GBS burden (Figure 3-

S4c-d) were observed between WT mice and TLR2 knockout mice. Similarly, mice deficient for 

the critical TLR2 adaptor molecule MyD88 displayed high levels of vaginal epithelial exfoliation 

in response to GBS colonization (Figure 3-S4a). We next explored cell death as a mechanism of 

GBS stimulation of epithelial exfoliation, as caspase 1-controlled lytic cell death has been shown 

to be a critical component of the host response to genitourinary GBS
66

. Vaginal epithelial 
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exfoliation due to GBS was not associated with induction of cytotoxicity or cell death. GBS 

infection of immortalized human vaginal epithelial cells (hVECs) did not correlate with a 

significant increase in cytotoxicity (Figure 3-S5a). Exfoliated CD326+ murine vaginal epithelial 

cells collected from GBS and saline inoculated animals did not display any differences in 

propidium iodide uptake, indicating that GBS does not induce cell permeabilization (Figure 3-

S5b). Moreover, exfoliated CD326+ murine vaginal epithelial cells did not display external 

phosphatidylserine, a marker of apoptosis, as determined by Annexin V staining (Figure 3-S5c). 

Finally, no differences in vaginal exfoliation (Figure 3-S5d-e) or uterine GBS CFU (Figure 3-

S5f) were observed between WT mice and Caspase 1 knockout mice, indicating that caspase 1 

does not control epithelial exfoliation. Together, these data indicate that epithelial exfoliation and 

ascending GBS infection is independent of TLR2 signaling and cell death.  

We then hypothesized that GBS triggers loss of barrier function in vaginal epithelial 

cells, leading to exfoliation. Epithelial exfoliation is a complex process influenced by multiple 

factors including failure of barrier function, as observed in intestinal cells
204

. Indeed, GBS 

infection resulted in loss of barrier function in hVECs, as measured by electric cell–substrate 

impedance sensing
205

 (Figure 2a) and by trans-epithelial permeability assays (Figure 2b). 

Notably, loss of barrier function in hVECs correlated with increased cellular detachment (Figure 

2c-d) and differences in cell shape and structure (Figure 2d) of detached hVECs similar to 

epithelial exfoliation observed in vivo (Figure 1c). To determine if exfoliation also disrupted 

underlying epithelia, we used fluorescent nanoparticles (hydrodynamic size: 118.7 ± 1.5 nm, 

surface charge -9.8 ± 0.7 mV) to probe vaginal epithelial barrier function in vivo. Interestingly, 

more nanoparticles penetrated the epithelial barrier over time in GBS-inoculated mice (Figure 

2e,iii-iv), when compared to control animals (Figure 2e,i-ii). This increase in epithelial 
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permeability suggests that GBS may be able penetrate the epithelial due to exfoliation. Finally, 

intra-epithelial GBS were observed in conjunction with epithelial disruption (Figure 2f), 

indicating that indeed GBS are able to disseminate into epithelial tissues. Collectively, these data 

indicate that GBS disruption of epithelial barrier function is associated with increased cell 

detachment and exfoliation.  

We next examined if GBS induced loss of barrier function in vaginal cells correlated with 

induction of epithelial-to-mesenchymal transition (EMT). EMT is a process wherein non-motile 

epithelial cells lose their cell-cell adhesions and gain migratory and invasive properties, which 

disrupts epithelial barrier function
206

. EMT is characterized by the loss of the epithelial marker E 

Cadherin and gain of the mesenchymal marker N Cadherin
206

. Interestingly, GBS-infected 

hVECs exhibited decreased surface expression (hVEC gating strategy shown in Figure 3-S6) of 

E Cadherin (Figure 2g) and increased surface expression of N cadherin (Figure 2h). Loss of E 

Cadherin observed in GBS-infected hVECs could not be attributed to either direct cleavage by 

GBS (Figure 3-S7) or its serine protease HtrA (Figure 3-S8), in contrast to the effect of HtrA in 

Helicobacter pylori
207

. GBS infection of hVECs induced changes in gene transcription that are 

well-characterized markers of EMT
206

. We observed decreased expression of miR200c and 

increased snail1, zeb1, and zeb2 expression in GBS-infected hVECs compared to controls 

(Figure 2i). Further, infection of hVECs with the common vaginal commensal Lactobacillus 

crispatus failed to induce EMT or loss of barrier function (Figure 3-S9), indicating that induction 

of EMT is GBS specific. To corroborate these findings in vivo, E Cadherin levels in murine 

vaginal tracts were analyzed by immunohistochemistry. Interestingly, decreased levels of E 

Cadherin were observed in vaginal tissues of GBS-inoculated mice compared to control animals 

(Figure 2j). Additionally, flow cytometry of primary murine vaginal epithelial cells isolated from 
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GBS infected mice (see Figure 3-S10 for murine vaginal epithelial cell isolation and gating 

strategy) displayed significantly less E Cadherin compared to control animals (Figure 2k). 

Finally, EMT does not appear to be dependent on bacterial invasion. Inhibition of GBS invasion 

of hVECs (Figure 3-S11a) did not impact E Cadherin and N Cadherin surface expression in 

response to GBS infection (Figure 3-S11b-c). These data demonstrate that GBS induce EMT in 

vaginal epithelial cells in vitro and in vivo. 

We next examined if GBS can trigger the β-catenin signaling pathway, which can 

regulate EMT
206

. β-catenin is sequestered at the membrane by E Cadherin, and when released, is 

either degraded or translocated to the nucleus. There, β-catenin binds the transcription factors T-

cell factor 1 (TCF1) and lymphoid enhancer factor 1 (LEF1), resulting in transcription of genes 

associated with cell cycle progression, EMT, and oncogenesis
208

. Intriguingly, β-catenin 

regulated genes were significantly up-regulated during GBS infection of vaginal cells (Figure 

3a). Visualization of β-catenin in GBS-infected hVECs demonstrated that β-catenin did indeed 

re-localize to the cytoplasm and nucleus (Figure 3b). A subset of these findings was recapitulated 

in vivo. Many β-catenin regulated genes were significantly upregulated in vaginal tissues of 

GBS-inoculated mice compared to controls (Figure 3c). Additionally, increased levels of the β-

catenin target c-Myc were observed in GBS-inoculated mice compared to control animals 

(Figure 3d). Finally, inhibition of β-catenin signaling by a chemical inhibitor FH535
209

 blocked 

cell detachment and loss of E Cadherin in response to WT GBS infection of vaginal cells in vitro 

(Figure 3-S12). These data show that β-catenin signaling controls EMT in vaginal epithelial cells 

and that GBS exploits this signaling mechanism to induce epithelial exfoliation. 

Integrins are a widely expressed family of proteins, controlling various cellular processes 

ranging from proliferation to migration to organogensis
210

. Activation of β1 integrins through 
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clustering at the cell surface stimulates a signaling cascade beginning with focal adhesion kinase 

(FAK), which is auto-phosphorylated at Tyr397
211

. FAK activates protein kinase B (AKT) by 

phosphorylation at Ser473
212

, which proceeds to phosphorylate glycogen synthase kinase-3 beta 

(GSK3β) at Ser9, leading to its deactivation. Deactivation of GSK3β permits nuclear 

translocated of β-catenin, thus resulting in integrin control of β-catenin signaling. To test if β1 

integrin signaling is induced by GBS in vaginal epithelial cells, we used the 9EG7 β1 integrin 

antibody, which specifically recognizes the active conformation of β1 integrin
213

. Interestingly, 

GBS-infected vaginal epithelial cells displayed significantly more active β1 integrin than mock-

infected cells (Figure 3e). Additionally, vaginal epithelial cells infected with WT GBS showed 

increased phosphorylation of FAK, AKT and GSK3β (see FAKpTyr397, AKTpSer473, and 

GSK3βpSer9 in Figure 3f, Figure 3-S13) compared to mock infected cells. Furthermore, vaginal 

tissues from GBS-inoculated animals had substantially higher levels of active β1 integrin at the 

epithelial layer near vaginal lumen in contrast to control tissues, where active β1 integrin staining 

is localized to the basement membrane (Figure 3g). These findings are similar to those observed 

in carcinoma biology, wherein active integrins are normally expressed at the basement 

membrane of healthy stratified squamous epithelia; in contract, expression above the basement 

membrane is typical in cancerous tissues or tissues undergoing EMT
214

. Finally, intravaginal 

administration of recombinant murine α1β1 integrin significantly diminished epithelial exfoliation 

and ascending infection without affecting vaginal colonization (Figure 3h-j). Although it is 

difficult to discern the independent effects of the integrin α1 chain compared to the β1 chain in the 

in vivo experiments, increased active β1 integrin was observed in vaginal cells and tissues during 

GBS infection and competitively inhibited epithelial exfoliation and ascending infection. 
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Together, these data indicate that GBS are able to stimulate β1 integrin signaling, which results in 

nuclear translocation of β-catenin, EMT, barrier disruption, and vaginal epithelial exfoliation.  

We posit that GBS induced epithelial exfoliation compromises epithelial barrier function 

thereby permitting ascending infection. Thus, we sought to determine the effects of attenuated 

GBS-mediated β1 integrin signaling on ascending infection and preterm birth. Previous work has 

shown that GBS deficient for the invasion associated gene A (GBSΔiagA) are less able to invade 

human brain microvascular endothelial cells and are less virulent than WT GBS
97

. We 

hypothesized that GBSΔiagA may exhibit decreased interaction with vaginal epithelial cells 

leading to diminished β1 integrin signaling. Interestingly, in contrast to brain microvascular 

endothelial cells, both WT GBS and GBSΔiagA invaded vaginal epithelial cells similarly in vitro 

(Figure 3-S14a) and in vivo (Figure 3-S14b-c). Despite this, hVECs infected with GBSΔiagA 

displayed less active β1 integrin (Figure 4a) and reduced levels of FAKpTyr397 and 

GSK3βpSer9 (Figure 4b), consistent with reduced activation of the β-catenin signaling pathway. 

Additionally, GBSΔiagA did not induce loss of barrier function in vaginal epithelial cells (Figure 

4c), exhibited reduced β-catenin signaling (Figure 4d), and did not stimulate EMT (Figure 4e-f). 

Although the exact mechanism of how the absence of IagA reduces GBS β1 integrin signaling is 

still to be elucidated, we used the strain as a model to test the effects of reduced GBS-mediated 

β1 integrin signaling in vivo. We observed that mice inoculated with GBSΔiagA had significantly 

decreased vaginal epithelial exfoliation (Figure 4g-h) and less ascending infection (Figure 4i), 

compared to mice inoculated with WT GBS. Additionally, the amount of GFP+ GBS observed in 

the uterus of mice inoculated with GBSΔiagA was significantly less than that of WT GBS 

(Figure 4j). Together, these data demonstrate that a reduction in epithelial exfoliation leads to a 

decrease in ascending GBS infection. Given the importance of ascending GBS infection for 
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preterm birth
3
, we vaginally inoculated pregnant mice with WT GBS or GBSΔiagA. Pregnant 

mice inoculated with GBSΔiagA exhibited substantially fewer CFUs in the uterus, placenta, and 

fetal tissues (Figure 4k, see Figure 3-S15 for a diagram of the murine female reproductive 

tissues). Moreover, the number of pups affected by an adverse birth outcome (either born 

premature or died in utero) was significantly reduced in mice inoculated with GBSΔiagA (Figure 

4l). These data are the first to indicate that GBS attenuated for their ability to stimulate β1 

integrin signaling in vivo exhibit reduced epithelial exfoliation, ascending infection and preterm 

birth. These results highlight the importance of these processes to GBS-associated preterm birth. 

This work suggests a shift in the current paradigm of vaginal epithelial exfoliation in 

response to pathogen colonization. Previous studies on pathogenic Neisseria and uropathogenic 

E. coli (UPEC) have extensively demonstrated a role for vaginal epithelial exfoliation in the 

prevention of bacterial colonization
197-199

, whereas we have found the opposite to be true for 

GBS (see model in Figure 3-S16). It appears that GBS lost with exfoliating cells do not 

significantly diminish the bacterial load in the vagina or uterus. This may be due to replicating 

GBS in the vagina, as evident by the decrease in number of GFP+ GBS in vaginal tissues (Figure 

1f). One potential explanation for the difference between GBS and other bacteria that prevent 

vaginal epithelial exfoliation lies at the host-pathogen interface. Both N. gonorrhoeae and UPEC 

express proteins that target a family of host epithelial cell glycoproteins known as CEACAMs, 

and for these bacteria, CEACAM engagement prevents vaginal epithelial exfoliation
197,198

. We 

have not found CEACAM-binding proteins in GBS, indicating differences in the interactions 

between vaginal-resident microbes and host epithelial cells. These differences in host-microbe 

interactions explain the functional consequences on epithelial exfoliation, and are an interesting 

example of divergent evolution between the bacteria. It is intriguing that GBS and bacteria such 
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as N. gonorrhoeae and E. coli that prevent epithelial exfoliation both target integrin 

signaling
197,199

. It is logical that pathogens would target these proteins as a means of controlling 

cellular behaviors and circumventing host defenses, and that different pathogens would subvert 

integrin signaling in different ways for their benefit. CEACAM binding leads to integrin 

activation and increased epithelial adhesion
197,199

, whereas integrin activation without CEACAM 

binding leads to decreased epithelial adhesion. This suggests that activation of integrin signaling 

is a conserved strategy for pathogen interaction with vaginal epithelial cells, but the host target is 

an important determinant of cell behavior. Although N. gonorrhoeae and E. coli target integrin 

signaling to prevent exfoliation
197,199

, the downstream signaling components of this process are 

currently unknown, and may explain the divergent strategies used by these bacteria and GBS. 

Additionally, identifying other host determinants of cell adhesion in response to bacteria that 

stimulate integrin signaling is an interesting area for further research. Modification of integrin 

signaling may be a common mechanism for pathogenic manipulation of host cells, as it has been 

in shown to play a role in viral infection
215

, fungal infection
216

, Gram negative bacterial 

infection
197,199,217

, and now, Gram positive bacterial infection. Interestingly, N. gonorrhoeae also 

targets α1β1 integrins during urethral mucosa infection
218

. The ubiquitous occurrence of integrin 

signaling during host-pathogen interactions, as well as the increasingly limited availability of 

antibiotics, makes integrin signaling an attractive target for therapeutic intervention, and thus 

warrants further research.  

GBS induction of epithelial exfoliation and loss of barrier function is a result of β1 

integrin activation and induction of β-catenin signaling and EMT (Figure 3-S16). The role of 

EMT, β-catenin signaling, and β1 integrin activation in response to GBS are novel findings, but 

the role of EMT during bacterial infection remains poorly understood. Bacterial induction of 
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EMT is largely thought to be a TLR-mediated process
219

 rather than an integrin-mediated 

process; however, we have found this process to be TLR2 independent for GBS. Recent studies 

have focused on induction of EMT by bacterial pathogens that are either associated with or are 

causal agents of cancer
220-222

; however, the induction of EMT by bacterial pathogens that are not 

associated with cancer receives little attention. β-catenin is a master regulator of many different 

processes, including organogenesis, cell adhesion, and cancer development
223

. Similar to EMT, 

its role in bacterial infection is not known. Interestingly, direct and indirect inhibition of the 

Wnt/β-catenin signaling pathway is an active area of research in cancer progression and 

metastasis
224-226

. Insights from this field may reveal novel mechanisms applicable to bacterial 

disruption of the epithelial barrier and for the development of therapeutic compounds that 

prevent bacterial epithelial colonization. Given the importance of EMT and β-catenin signaling 

in maintaining the vaginal epithelial barrier, which is the primary defense against many 

pathogens, more insight is necessary to fully understand how bacterial pathogens colonize and 

disrupt epithelial surfaces.  

While there are many novel findings in this study, we acknowledge limitations. First, our 

findings stem from experiments performed with immortalized cells and animal models. As 

performing these studies in humans is not possible, these models are extensively used to provide 

insight into mechanisms of disease processes
197-199

. However, there are significant biological 

differences between humans and animal and cell culture models. To fully confirm the importance 

of EMT and epithelial exfoliation during ascending bacterial infection, these processes should be 

explored in humans. Secondly, we were unable to attribute vaginal epithelial exfoliation to one 

microbial factor. In this study, GBS lacking iagA acts was used as a model to define the outcome 

of reduced epithelial exfoliation; however, IagA is a glycosyltransferase
97

 that likely does not 
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directly interact with β1 integrin. It is possible that multiple GBS factors are directly or indirectly 

involved in these processes, and this warrants further exploration. Identification of key virulence 

factors that control GBS induction of integrin signaling and EMT may reveal novel vaccine 

targets for the prevention of GBS-associated preterm birth. Finally, this study shows an 

association between a cellular process occurring in the vagina (epithelial exfoliation), and a 

phenotypic result of this process (ascending bacterial infection), but does not comprehensively 

identify the mechanism of bacterial trafficking. We speculate that 1) the loss of epithelial barrier 

function may permit pathogen entry into microvasculature and dissemination into uterine tissues, 

2) increases in cellular mobility may inadvertently enable bacterial trafficking to new locations, 

and/or 3) changes in the cellular architecture may prevent clearance of disseminated bacteria 

thereby permit bacterial trafficking and persistence.  

The importance of preterm birth as a leading cause of neonatal morbidity and mortality 

cannot be overstated. Premature neonates are at higher risk for respiratory distress syndrome, 

intracranial hemorrhage, necrotizing enterocolitis, severe neurological disorders, and death
227

. 

Unfortunately, our knowledge of the causes of preterm birth is incomplete, thus available 

interventions are limited
3
. A significant portion of this disease burden is attributable to ascending 

bacterial infection
3
. For successful infection, pathogen-specific factors must be involved in 

circumventing host defenses. Previously, we have identified multiple bacterial virulence factors 

that promote ascending infection and preterm birth
60,66

, and in this study, we have identified a 

novel host mechanism that inadvertently promotes entry of GBS into the uterus. GBS strains that 

are more proficient in inducing integrin signaling, EMT, and vaginal epithelial exfoliation are 

better able to establish ascending infection. Furthermore, these studies give insight into 

mechanisms that predispose some individuals to ascending infection and preterm birth, which is 
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critical for the development of effective interventions. To fully confirm the importance of EMT 

and vaginal epithelial exfoliation during infections occurring in pregnancy, clinical studies 

should be designed to explore these processes in humans, and we hope these will ultimately lead 

to interventions that reduce the global burden of preterm birth. 

 

3.4 MATERIALS AND METHODS 

3.4.1 Ethics Statement 

All animal experiments were approved by the Seattle Children’s Research Institutional 

Animal Care and Use Committee (protocol #13907) and performed in strict accordance with the 

recommendations in the Guide for the Care and Use of Laboratory Animals of the National 

Institutes of Health (8th Edition).  

 

3.4.2 Materials, Bacterial Strains, and Cell Lines 

Chemicals in this study were purchased from Sigma Aldrich, unless stated otherwise. The 

WT GBS strains COH-1 and CJB111, used in this study, are clinical isolates obtained from 

infected newborns. COH-1 is a capsular serotype III, hypervirulent ST-17 clone
172

 and CJB111 

is a capsular serotype V strain
228

 (Carol Baker Collection, Division of Infectious Diseases, 

Baylor College of Medicine, Houston). The ΔiagA mutant was previously derived from 

COH1
97,102

. The htrA allelic replacement mutant was generated using methods previously 

described
229

. GBS were grown in Tryptic Soy Broth (TSB) or on Tryptic Soy Agar (TSA, Difco 

Laboratories) at 30° or 37° C in 5% CO2. Erythromycin (5 μg/mL) was added to GBS growth 

media to retain the plasmid expressing green fluorescent protein (GFP). The Lactobacillus 

crispatus strain used in this study was obtained as a gift from Dr. Michael Fischbach (University 
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of California, San Francisco). L. crispatus was cultured in MRS broth at 37° C under anaerobic 

conditions. Human vaginal epithelial cells (hVECs) were originally obtained from the American 

Type Culture Collection (ATCC CRL-2616) and cultured as previously described
106

. Cells were 

maintained in keratinocyte serum-free medium (KSFM, Invitrogen), supplemented with 65 

μg/mL bovine pituitary extract (Invitrogen), 67.419 pg/mL human recombinant epidermal 

growth factor (Invitrogen), and 50 to 100 I.U./mL penicillin and 50 to 100 μg/mL streptomycin 

(Corning). Cells were split every 3-4 days and passaged at a 1:10 dilution. All assays were 

performed at passages 14-30, and prior to infection, antibiotic-containing media was aspirated, 

cells were washed 2 times with sterile PBS, and media was replaced with antibiotic-free 

supplemented KSFM. Cells were determined to be mycoplasma free using the Universal 

Mycoplasma Detection Kit (ATCC). 

 

3.4.3 Murine Model of GBS Vaginal Colonization and Ascending Infection 

To determine sample size, power calculations (alpha level 0.05) were performed to detect 

a pre-determined effect size for adverse birth outcomes or changes in bacterial load in genital 

tissue to obtain 80% power. 

3.4.3.1 Vaginal Colonization 

 

Six-to-eight week old female C57BL/6J, B6.129-Tlr2
tm1Kir

/J (TLR2 knockout), and 

B6N.129S2-Casp1
tm1Flv

/J (Caspase 1 knockout) mice were obtained from The Jackson 

Laboratory and used for colonization studies at 8- to 16-weeks as previously described
119

 with 

some modifications. One day prior to colonization, mice were intraperitoneally injected with 500 

µg of 17β-estradiol suspended in 100 µL sterile canola oil as previously described
89

, and 

randomly assigned to an experimental group. No blinding was performed during group 
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assignment. Overnight GBS cultures were sub-cultured 1:20, grown to OD600 = 0.3, pelleted at 

2300 x g for 8 min, washed once with sterile PBS, and re-suspended in sterile PBS to a final 

concentration of 10
10

 CFU/mL. Mice were anesthetized using 4% isoflurane and 10 µL (~10
8
 

CFU) of GBS was administered into the vaginal tract using a micropipette. Mice were left 

inverted for an additional 5 minutes under anesthesia, then returned to their cages and monitored 

until ambulatory, as previously described
119

. After inoculation, mice were monitored daily for 

signs of distress, euthanized at specified times, and vaginal and uterine tissues were excised for 

further analysis. For inhibitor studies, 300 ng of recombinant murine α1β1 integrin (R and D 

Systems) dissolved in 10 µL PBS was administered 1 day prior to GBS inoculation, 2 hours prior 

GBS inoculation, and every 24 hours up to 96 hours post GBS inoculation. To obtain vaginal 

lavage fluids, mice were euthanized, and the vaginal lumen of each mouse was lavaged twice 

with 20 µL sterile PBS using a standard 200 µL pipette tip. Collected fluid was dispensed into a 

1mL microcentrifuge tube.   

3.4.3.2 Ascending Infection 

 

Six-to-eight week old female C57BL/6J mice were obtained from The Jackson Laboratory, 

mated for pregnancy, randomly assigned to an experimental group, and inoculated with GBS as 

previously described
60

. No blinding was performed during group assignment. GBS inoculum was 

prepared and administered as described above. After inoculation, pregnant mice were monitored 

twice per day for up to 3 days post-inoculation for signs of preterm labor (vaginal bleeding 

and/or pups in cage). At 72 hours post-infection, or earlier if preterm labor was observed, mice 

were euthanized and a midline laparotomy was performed to identify fetal injury or loss of 

pregnancy. For CFU enumeration, maternal and fetal tissues were excised, homogenized in 1 mL 

of PBS, serially diluted, and plated on TSA and confirmed as GBS by Granada media or 
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ChromAgar StrepB as described
119

. In order to minimize use of pregnant mice, data shown in 

this study for ascending infection of WT GBS (Figure 4h-i) were recently reported in a previous 

publication
60

. All other mouse work was conducted as part of this study and is not previously 

reported. 

3.4.4 Scanning Election Microscopy 

Vaginal GBS colonization was performed as above. Excised vaginal tissues were split 

vertically at one side of the tissue to expose the entire vaginal lumen. Tissues were then pinned 

onto 3.5% agarose pads using 30-gauge needles and immediately fixed with ~3 mL of ½ 

Karnovsky’s fixative. After 5-10min of fixation, tissues were transferred to ~10 mL of fixative 

and stored at 4°C until imaging. For hVEC imaging, hVEC monolayers were grown in 6-well 

tissue culture treated plates on glass coverslips and infected with WT GBS at an MOI = ~1.0. At 

24 hours, media was aspirated and 1 mL of ½ strength Karnovsky’s fixative was added and 

stored at 4°C until imaging. Samples were prepared for SEM by the Electron Microscopy Core 

of Fred Hutch Cancer Research Center. Fixed tissues were washed in 0.1 M Cacodylate Buffer, 

and then dehydrated using a series of ethanol washes (50%, 70%, 95%, 2 x 100%, 30 min each). 

After dehydration, samples were dried using a critical point dryer (Tousimis), mounted, and 

sputter coated with Au/Pd. Images were captured using a JEOL 5800 Scanning Electron 

Microscope equipped with a JEOL Orion Digital Acquisition System. For quantification, at least 

3 images of equal surface area from at least 2 tissues were de-identified, and individual 

exfoliated cells were counted in a blinded manner.  
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3.4.5 GBS GFP Expression Validation 

3.4.5.1 pDEST-erythromycin-GFP Plasmid Loss 

 

WT GBS containing the pDEST-erythromycin-GFP plasmid
230

 were grown at 30° C in 

5% CO2 overnight in 5 ml TSB with 5 ug/mL erythromycin. The following day, the bacteria 

were pelleted at 10,000 x g for 10 minutes and washed twice with 5 ml TSB and re-suspended in 

5 ml TSB. The bacteria were then sub-cultured 1:20 in 10 ml TSB, grown at 37° C in 5% CO2 

for 8 hour, then sub-cultured 1:20 in 10 ml TSB. This process was repeated for the following 

four days and CFU were enumerated by serial dilution onto TSA or TSA containing 

erythromycin. CFU on TSA were compared with CFU on TSA containing erythromycin to detect 

loss of erythromycin resistance and therefore plasmid loss. 

 

3.4.5.2 GFP expression in response to oxygen availability 

 

WT GBS containing the pDEST-erythromycin-GFP plasmid
230

 were grown at 30° C in 

5% CO2 overnight in 5 ml TSB with 5 ug/mL erythromycin. The bacteria were then sub-cultured 

and grown at 37° C in 5% CO2 or at 37° C in an anaerobic chamber (Coy Laboratory Products). 

Sub-cultures were then incubated for 24 hours and then pelleted at 10,000 x g for 10 minutes. 

Bacterial pellets were re-suspended in 500 µl 10% formalin and then FACS buffer was added to 

a total volume of 1 ml. All data was collected using an LSR II instrument (BD Biosciences) 

using the following voltages: SSC – 220, FSC – 300, GFP/FITC – 300. 

 

3.4.6 Cytotoxicity Assay 

Cell cytotoxicity was measured by lactate dehydrogenase (LDH) release assay (Clontech) 

as per manufacturer’s instructions. Briefly, hVEC monolayers grown in 6-well tissue culture 
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treated plates were infected with WT GBS at an MOI = ~1.0 for 16 or 24 hours. One hour before 

analysis, an untreated well was treated with 1.0% (v/v) Triton X-100, which served as a positive 

control. At 16 or 24 hours, 10 µL of media was removed and mixed with the assay reagent 

supplied in the kit and incubated for 20 min at RT. Following incubation, absorbance was 

measured with a Spectramax i3x plate reader (Molecular Devices) at 492 nm and referenced at 

600 nm. Data are represented as percent cytotoxicity, which is calculated as: 

𝑖𝑛𝑓𝑒𝑐𝑡𝑒𝑑−𝑚𝑜𝑐𝑘 𝑖𝑛𝑓𝑒𝑐𝑡𝑒𝑑

𝑇𝑟𝑖𝑡𝑜𝑛 𝑋−100 𝑡𝑟𝑒𝑎𝑡𝑒𝑑− 𝑚𝑜𝑐𝑘 𝑖𝑛𝑓𝑒𝑐𝑡𝑒𝑑
∗ 100. 

3.4.7 Cell Detachment Assay 

For cell detachment experiments, hVEC monolayers grown in 6-well tissue culture 

treated plates were infected with WT GBS at an MOI = ~1.0. At 0, 16, or 24 hours, 100% crystal 

violet was added to each well to a final concentration of 10% and incubated at 37° C for 30 min. 

After 30 min, an empty 6-well plate was inverted over the top of the hVEC-containing 6-well 

plate and secured with tape. The plates were then inverted and placed in a swinging bucket 

centrifuge and spun at 1000 x g for 10 min to detach loosely adherent cells. Following 

centrifugation, the amount of crystal violet associated with remaining adherent cells was 

measured with a Spectramax i3x plate reader (Molecular Devices) at 585 nm. For FH535 

experiments, 1.5 μL of 50 mM FH535 in DMSO was added to 5 mL culture media. One hour 

before infection, culture media was aspirated from hVEC monolayers and replaced with FH535-

containing media. Following pre-incubation with FH535, GBS infection and cell detachment 

assay was performed as described above. Data are represented as percent cell detachment, which 

is calculated as: 
𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑎𝑑ℎ𝑒𝑟𝑒𝑛𝑐𝑒 𝑚𝑜𝑐𝑘 𝑖𝑛𝑓𝑒𝑐𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠−𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑎𝑑ℎ𝑒𝑟𝑒𝑛𝑐𝑒 𝐺𝐵𝑆 𝑖𝑛𝑓𝑒𝑐𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑎𝑑ℎ𝑒𝑟𝑒𝑛𝑐𝑒 𝑚𝑜𝑐𝑘 𝑖𝑛𝑓𝑒𝑐𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠
∗ 100.  
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3.4.8 Barrier Function Analysis 

Electric cell-substrate sensing (ECIS) was used to measure changes in hVEC barrier 

function in real time using methods previously described
96,180

. hVEC monolayers were grown to 

confluence on polyethylene 8W10E+ arrays (Applied BioPhysics). Cells were infected with ~10
5
 

CFU of WT GBS, Lactobacillus crispatus, or GBSΔiagA and monitored for changes in 

resistance at 1000 Hz over 24 hours using an ECIS ZTheta Instrument (Applied BioPhysics). 

Data were then normalized to resistance values at the point of infection and subtracted from the 

mock infected resistance values. For permeability assays, hVECs were grown to confluence on 

tissue culture treated polycarbonate 0.4 µm transwells (Corning). Cells were infected with 5x10
5
 

CFU of WT GBS, GBSΔiagA, or mock infected for 24 hours. One hour before analysis, an 

untreated well was treated with 0.1% (v/v) Triton X-100, which served as a positive control. 

After 24 hours, the media from both the apical and basal compartments was aspirated, and 

replaced with either Hank's Balanced Salt Solution (HBSS, Corning) alone (basal), or HBSS 

containing 50 µg/mL FITC (apical). After 1 hour, 300 µL of media from each basal compartment 

was removed, and fluorescent intensity was measured in triplicate with a Spectramax i3x plate 

reader (Molecular Devices) with excitation at 485 nm and emission at 535 nm.  

3.4.9 Nanoparticle Preparation and Characterization 

Red fluorescent COOH-modified polystyrene (PS)
231

 particles, 110 nm in hydrodynamic 

diameter (Molecular Probes) were covalently modified with methoxy (MeO)–PEG–amine (NH2) 

(molecular size, 5 kDa; Creative PEGWorks) by COOH-amine reaction, following a modified 

protocol described previously
232

. PEG, MW 5 kDa, is expected to increase the size of 

nanoparticles by 10-20 nm
232,233

. 50 µL of PS particle suspension was washed and re-suspended 

to 4-fold dilution in ultrapure water. An excess of MeO-PEG-NH2 was added to the particle 
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suspension and mixed to dissolve the PEG. N-Hydroxysulfosuccinimide was added to a final 

concentration of 7 mM, and 200 mM borate buffer (pH 8.2) was added to a 4-fold dilution of the 

starting volume. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, Invitrogen) was added 

to a concentration of 10 mM. Particle suspensions were placed on a rotary incubator for 4 hours 

at 25 °C, centrifuged, and re-suspended in ultrapure water to the initial particle volume (50 µL) 

and stored at 4 °C. PEG-coated fluorescent nanoparticles were measured by laser Doppler 

anemometry for net surface charge (ξ-potential), and PDI and hydrodynamic diameter using a 

Zetasizer NanoZS (Malvern Instruments). Size measurements and PDI were performed at 25°C 

at a scattering angle of 90°. Samples were diluted 1000-fold in 10 mM NaCl for measurements.  

3.4.10 Nanoparticle Administration in vivo 

Vaginal GBS colonization was performed as above. Following euthanasia, fluorescent 

nanoparticles (10 μL total volume in PBS) were administered intravaginally by micropipette, as 

described above. Vaginal tracts were then excised, embedded and frozen in OCT (Tissue-Tek), 

and stored at -80° C until sectioning. Following sectioning, slides were stored at -80° C until 

staining. Sectioned tissues were stained with 2 μg/mL 4',6-diamidino-2-phenylindole (DAPI, 

Life Technologies) for 10 min, then washed twice for 2 min in PBS and stored in SlowFade Gold 

anti-fade reagent (Life Technologies) until imaging. Images were captured using a Keyence BZ-

X710 fluorescent microscope and were quantified using ImageJ v. 1.6.0_24. 

3.4.11 Flow Cytometry Analysis 

3.4.11.1 Surface Expression of EMT Markers in vitro 

 

hVEC monolayers grown in 6-well tissue culture treated plates were infected with WT 

GBS or GBSΔiagA at an MOI = ~1.0. After 24 hours, tissue culture media was aspirated and 
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replaced with 1mL of buffer containing 1mM EDTA, 25mM HEPES, and 0.1% BSA (w/v) in 

PBS (FACS buffer). Cells were then collected using a cell scraper, pelleted at 300 x g for 5 min, 

washed once in 1mL FACS buffer, re-suspended in FACS buffer containing human Fc block 

(cat. no. 564219, BD Biosciences), and incubated at RT for 15 min. Approximately 10
6
 cells 

were then pelleted, washed once in FACS buffer, and stained with either PE-conjugated anti-E 

Cadherin (clone  36, BD Biosciences) or Alexa Fluor 488-conjugated anti-N Cadherin (affinity-

purified polyclonal, cat. no. FAB6426G, R&D Systems) for 30 min at RT. Cells were washed 

twice to remove the antibody, re-suspended in FACS buffer. All data was collected using an LSR 

II instrument (BD Biosciences). Gates for cell size and nonspecific fluorescence were based on 

unstained cells, which underwent the same processing in parallel. Surface marker expression was 

analyzed using FlowJo software version 10 (Tree Star).  

3.4.11.2 Surface Expression of Active β1 Integrin in vitro 

 

For β1 integrin staining, cells were prepared as above and stained with a 1:200 dilution of 

anti-β1 integrin primary antibody (clone 9EG7, BD Biosciences) for 1 hour at 4° C. Following 

primary antibody staining, cells were pelleted, washed once in FACS buffer, and stained with a 

1:200 dilution of Cy3 conjugated secondary antibody (affinity-purified polyclonal, cat. no. 

ab6953, Abcam). Data collection and analysis was performed as described above.  

 

3.4.11.3 Surface Expression of EMT Markers in vivo 

 

For flow cytometry analysis of isolated murine epithelial cells, cells were stained with 

either PE-conjugated anti-E Cadherin (clone DECMA-1, BioLegend) and APC-conjugated anti-

CD326 (clone G8.8, BioLegend) as described above. PE and APC stained beads (BD 
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Biosciences) were used for flow cytometry compensation. Data collection and analysis was 

performed as described above.  

3.4.11.4 Detection of GFP Expression in vivo 

 

For flow cytometry analysis of GFP expression GBS in murine tissues, whole vaginal and 

uterine tissues were homogenized in 1 mL of PBS, pelleted at 300 x g for 5 min, washed once in 

1mL FACS buffer, re-suspended in FACs buffer containing human Fc block (cat. no. 564219, 

BD Biosciences), and incubated at RT for 15 min. Cells were then incubated with a 1:1000 

dilution of anti-GBS antibody
234

 for 1 hour at 4° C. Following primary antibody staining, cells 

were pelleted, washed once in FACS buffer, and stained with a 1:200 dilution of Cy3 conjugated 

secondary antibody (affinity-purified polyclonal, cat. no. ab6939, Abcam). FITC and Cy3 stained 

beads (BD Biosciences) were used for flow cytometry compensation. Data collection and 

analysis was performed as described above. 

3.4.11.5 Cell Death Phenotyping of Lavaged Vaginal Epithelial Cells 

 

Collected cells from the vaginal lavage were washed once with PBS and then re-

suspended at a concentration of ~10
6
 cells/mL in FACS buffer anti-mouse CD16/CD32 (1:200, 

eBioscience) at RT for 15 minutes. Then, cells were stained with anti-mouse CD326-APC 

(1:100, BioLegend) for 35 minutes at RT, protected from light. Cells were washed twice with 

FACS buffer and then re-suspended in annexin V binding buffer (10mM HEPES, 140mM NaCl, 

and 2.5mM CaCl2, pH 7.4) containing Alexafluor 488 conjugated annexin V (1:20, Invitrogen) 

at RT for 15 minutes, protected from light. Annexin V staining among epithelial cells (CD326+) 

was analyzed using an LSR II flow cytometer (BD Biociences). Positive events were identified 

by comparing to unstained control cells.  
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3.4.12 Immunohistochemistry 

Vaginal GBS colonization was performed as above. At 24 or 96 hours, mice were 

euthanized, whole vaginal tracts were excised, mounted on cardboard, and immediately fixed in 

formalin overnight at 4 °C. Following overnight fixation, formalin was replaced with 70% 

ethanol and stored at 4 °C until sectioning. Tissues were sectioned, then baked and 

deparaffinized for 30 min at 60 °C. Antigens were revived in EDTA buffer (pH 9.0 Lieca Bond 

Epitope Retrieval Solution 2) at 100 °C for 20 min, blocked for in 10% normal goat serum at RT, 

and stained with a 1:400 dilution of E Cadherin primary antibody (clone 24E10, Cell Signal 

Technology), a 1:2500 dilution of c-Myc primary antibody (clone D84C12, Cell Signal 

Technology), a 1:250 dilution of anti-β1 integrin primary antibody (clone 9EG7, BD 

Biosciences), or a 1:1000 dilution of rabbit IgG for 30 min at RT. Following primary antibody 

incubation, slides were treated with Bond Polymer Refine DAB reagent (Leica) for 8 min at RT, 

blocked with peroxide block (Leica) for 5 min at RT, treated twice with Bond Mixed Refine 

DAB detection reagent for 10 min at RT, and finally, counterstained with Hematoxylin (Leica) 

for 4 min. Images were collected with a Leica DMI6000B inverted microscope equipped with a 

Leica DFC310FX camera. Leica application suite, version 4.0.0 was used as acquisition 

software. 

3.4.13 Inhibition of Bacterial Invasion by Cytochalasin D 

For Cytochalasin D experiments, 5 or 10 μg/mL Cytochalasin D in culture media was 

used. One hour before infection, culture media was aspirated from hVEC monolayers and 

replaced with Cytochalasin D-containing media. Following pre-incubation with Cytochalasin D, 

WT GBS infection and flow cytometry analysis or cellular invasion assays were performed as 

described above. 
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3.4.14 Primary Murine Vaginal Epithelial Cell Isolation 

Vaginal GBS colonization was performed as above. At 96 hours, mice were euthanized, 

entire vaginal tracts were excised, placed in RPMI media, and minced for 2 min into pieces < 2 

mm in diameter. After mincing, tissues were enzymatically digested (Multi Tissue Dissociation 

Kit 1, Miltenyi Biotec) at 37 °C in a gentleMACS Octo Dissociator (Miltenyi Biotec) using the 

Human Tumor Dissociation Kit 1 protocol, per manufacturer’s instructions. Following 

dissociation, dead cells and debris were removed by purifying the samples through the MS 

MACS Column (Miltenyi Biotec) and the flow through was collected. The flow through samples 

were then magnetically labeled with CD326 Microbeads (Miltenyi Biotec) and positively 

selected using a Large Cell MACS Column (Miltenyi Biotec), per manufacturer’s instructions. 

Following isolation, cells were stained and analyzed by flow cytometry as described above. 

3.4.15 Direct E Cadherin Cleavage Analysis 

For recombinant E Cadherin experiments, 20 μg of recombinant human E Cadherin 

(Advanced BioMatrix) was added to 50 μL overnight GBS culture or and equal volume of PBS. 

At specified time points, bacterial cells were pelleted and supernatants were transferred to 1.5 

mL collection tubes. Directly after transfer, Laemmli buffer (6x) was added to the supernatants 

and the samples were boiled at 95 °C for 5 min. Following denaturation, samples stored at 4 °C 

until analysis by western blot. 

3.4.16 Western Blot Analysis 

All primary antibodies used for western blotting were obtained from Cell Signal 

Technology (anti-E Cadherin, clone 24E10; anti-Phosho-AKT, cat. no. 9271; anti-Phosho-FAK, 

clone D20B1; anti-Phospho-GSK3β, clone D3A4; anti-AKT, cat. no. 9272; anti-FAK, cat. no. 



 98 

3285; anti-GSK3β, clone D5C5Z), except anti-GAPDH (affinity-purified polyclonal, cat. no. 

sc20357, Santa Cruz Biotechnology). For western blot experiments, hVEC monolayers grown in 

6-well tissue culture treated plates were infected with WT GBS at an MOI = ~1.0 for 4 or 24 

hours or ~100 for 1 hour. Tissue culture media was aspirated and replaced with 500 µL of lysis 

buffer (recipe above) with protease inhibitor plus phosphatase inhibitor (1 tablet per 5 mL, 

PhosphoSTOP, Roche), and cell lysates were harvested as described above. Protein 

concentration was measured by Bradford assay with an 8-point standard curve. Equal amounts of 

total protein (20 or 40 µg) was added to Laemmli buffer (6x), boiled at 95 °C for 5 min, loaded 

into precast 10% or 4-20% acrylamide Mini-PROTEAN TGX protein gels (BioRad), and run at 

200 V for 40 min. Proteins were then transferred onto PVDF membranes at 100 V for 75 min or 

at 30 V overnight. Membranes were blocked for at least 1 hour in 1:1 Odyssey blocking buffer 

(Li-Cor Biosciences) in PBS or TBS and then incubated with primary antibody at 4°C overnight. 

Membranes were washed 3 times for 5 minutes in PBS or TBS with 1.0% Tween20 (Fisher 

Scientific) and incubated with Alexa Fluor 680-conjugated anti-rabbit IgG antibody (1:5000 

dilution, cat. no. A-21076, Invitrogen) or Alexa Fluor 680-conjugated anti-goat IgG antibody 

(1:5000 dilution, cat. no. A-21084, Invitrogen) for 30 minutes. Finally, membranes were washed 

3 times for 5 minutes in PBS or TBS with 1.0% Tween20, rinsed several times in PBS or TBS, 

and visualized with the Odyssey Li-Cor infrared imager (Li-Cor Biosciences). Western blot 

images were quantified using ImageJ v. 1.6.0_24.  

3.4.17 qRT-PCR Analysis 

For qRT-PCR experiments, hVEC monolayers grown in 6-well tissue culture treated 

plates were infected with WT GBS at an MOI = ~1.0. After 24 hours, tissue culture media was 

aspirated and total RNA was isolated using the RNeasy miniprep kit (Qiagen) according to 
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manufacturer protocol. cDNA was generated from whole RNA using the iScript cDNA synthesis 

kit (BioRad). Equal amounts of cDNA were used to determine gene expression as previously 

described
180

. A list of primers used in this study can be found in Supplementary Table 1.  

3.4.18 Immunofluorescence 

For immunofluorescence experiments, hVEC monolayers on glass coverslips were 

infected with WT GBS at an MOI = ~1.0. After 24 hours, tissue culture media was aspirated, 

replaced with 1 mL 10% formalin, and fixed at 4° overnight. Following fixation, formalin was 

removed, cells were washed once in PBS, and permeabilized for 20 minutes in 1.0% Triton X-

100. Coverslips were washed twice with PBS, then blocked for at least 1 hour in 1 mL 

SuperBlock PBS blocking buffer (Life Technologies). Next, coverslips were incubated overnight 

with anti-β catenin antibody (affinity-purified polyclonal, cat. no. ab16051, Abcam), washed 

twice for 5 minutes in PBS, then incubated with Alexa Fluor 594-conjugated anti-rabbit IgG 

antibody (1:1000 dilution, cat. no. A-11037, Invitrogen) for 2 hours. For actin staining, cells 

were solely incubated with ActinGreen 488 ReadyProbes reagent (Life Technologies) for 30 

minutes. Finally, coverslips were washed twice for 5 minutes in PBS and mounted in DAPI-

containing VectaSheild anti-fade mounting media (Vector Laboratories) and imaged using a 

Leica DMI6000B inverted microscope equipped with a Leica DFC310FX camera. Leica 

application suite, version 4.0.0 was used as acquisition software. For immunohistofluorescent 

imaging, paraffin sections were deparaffinized and epitope revival was performed overnight at 

60 C in citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0). Slides were then 

blocked in 5.0% bovine serum albumin (Sigma) for 2 hours, then incubated for 2 hours at room 

temperature a 1:1000 dilution of anti-GBS antibody
234

. GBS antibody was detected using anti-

rabbit IgG antibody conjugated to Cy3 (1:1000, Abcam) and nuclei were stained with 2 μg/mL 
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4',6-diamidino-2-phenylindole (DAPI, Life Technologies) and stored in SlowFade Gold anti-fade 

reagent (Life Technologies) until imaging. Images were captured using a Keyence BZ-X710 

fluorescent microscope. 

3.4.19 Inhibition of EMT by FH535 

For FH535 experiments, 1.5 μL of 50 mM FH535 (Tocris Biosciences) in DMSO was 

added to 5 mL culture media. One hour before GBS infection, culture media was aspirated from 

hVEC monolayers and replaced with FH535-containing media. Following pre-incubation with 

FH535, WT GBS infection and flow cytometry or cellular detachment assays were performed as 

described above. 

3.4.20 Cellular Invasion Assay 

3.4.20.1 In vitro Invasion Assays 

 

For invasion assays, hVEC monolayers grown in 6-well tissue culture treated plates were 

infected with WT GBS or GBSΔiagA at an MOI = ~1.0 for 30 min or one hour. Then the culture 

media was aspirated, cells were washed six times with sterile PBS, and antibiotic-containing 

media (50 μg/mL gentamicin and 5 μg/mL penicillin G) was added to cells for two hours to kill 

extracellular bacteria. Following killing of extracellular bacteria, culture media was aspirated, 

cells were washed two more times with sterile PBS, trypsinized, and lysed with 0.1% (v/v) 

Triton X-100. Intracellular bacteria were enumerated by serial dilution and plating of the cell 

lysates. Invasive index was calculated as the number of invaded bacterial CFU divided by 

number adherent bacterial CFU. 

3.4.20.2 In vivo Invasion Assays 
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Collected cells from the vaginal lavage were washed twice in sterile PBS, counted, and 

then divided into two groups with equal cell numbers. To measure total bacteria recovered from 

the cells (extracellular and intracellular) one group of cells was lysed with 0.1% (v/v) Triton X-

100 and bacterial counts were enumerated by serial dilution and plating onto trypsin soy agar 

(TSA). To measure intracellular bacteria, the other group of cells was treated with antibiotic-

containing media (50 μg/mL gentamicin and 5 μg/mL penicillin G) for 2 hours to kill 

extracellular bacteria. Following killing of extracellular bacteria, cells were washed twice with 

sterile PBS and lysed with 0.1% (v/v) Triton X-100. Intracellular bacteria were enumerated by 

serial dilution and plating of the cell lysates onto TSA. All CFU counts were normalized to the 

number of cells in each group, and extracellular CFU/100 cells was calculated by subtracting the 

number of intracellular CFU/100 cells from the total CFU/100 cells.  

3.4.21 Integrin Activity Assay 

For integrin activity assays, hVECs monolayers were infected with WT GBS or 

GBSΔiagA strains at an MOI = ~100, or treated with an equal volume of sterile PBS. After 1 

hour, cells were scraped, counted, washed once with PBS, centrifuged at 300 x g for 5 mins and 

fixed with 4% paraformaldehyde. 2.5 x 10
5
 cells from each group were plated onto a 96-well 

plate, washed once with PBS, and blocked in 2% BSA in PBS for 30 mins, prior to staining with 

primary antibody (clone 9EG7, BD Biosciences) diluted 1:1000 in 2% BSA in PBS. After 1 

hour, cells were washed once with PBS, and incubated for 20 mins with secondary antibody 

(recombinant Protein A/G, peroxidase conjugated; ThermoFisher), diluted 1:20,000 in PBS. 

Cells were washed twice with PBS and developed with TMB Microwell Peroxidase Substrate 

System (KPL, Gaithersburg, MD, USA). Samples were read at 620 nm before reaction was 

stopped with 2 M H2SO4 and read at 450 nm. 



 102 

3.4.22 Statistical Analysis 

All experimental replicates represent biological replicates. Two-sided Students t-test, 

two-sided Mann-Whitney test, two-sided Fisher’s Exact test, or Sidak’s multiple comparison test 

following ANOVA was used to estimate differences as appropriate and p value <0.05 was 

considered significant. These tests were performed using GraphPad Prism version 5.0 for 

Windows, GraphPad Software, USA, www.graphpad.com.  
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Figure 3-1 – GBS induce vaginal epithelial exfoliation in vivo, which correlates with 

ascending infection 

 

a-d Female WT C57BL6/J mice were vaginally inoculated with approximately 10
8
 CFU of either 

WT GBS or an equal volume of control PBS (n=3/group). Vaginal tissues were analyzed by 

scanning electron microscopy (SEM) and bacterial burden was assessed in vaginal and uterine 

tissues. The SEM images show vaginal epithelial exfoliation at 24 and 96 hours post-inoculation 

with WT GBS (a) and not in control PBS (b). Scale bar = 100 μm. c, High magnification images 

of the vaginal epithelium show WT GBS associated with exfoliated epithelial cells. Scale bar = 

10 μm. Representative images are from one of at least three independent experiments. d, 

Bacterial burden in the vagina (*p<0.05, Sidak’s multiple comparison test following ANOVA, 

median displayed). e, Bacterial burden in the uterus (*p<0.05, Sidak’s multiple comparison test 

following ANOVA, median displayed). f, Flow cytometry analysis of GFP positive (GFP+) GBS 

in the vagina at 24 and 96 hours post-infection (*p<0.05, two-sided, unpaired t test with Welch’s 

correction, mean displayed). g, Flow cytometry analysis of GFP positive (GFP+) GBS in uterine 

tissue at 24 and 96 hours post-infection (*p<0.05, two-sided, unpaired t test with Welch’s 

correction, mean displayed). 
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Figure 3-2 – GBS induce loss of barrier function and epithelial-to-mesenchymal transition in vaginal epithelial cells  

a, Barrier function of human vaginal epithelial cell (hVEC) monolayers was monitored in real time using electric cell-substrate 

impedance sensing (ECIS). Infection with WT GBS leads to a disruption in barrier function as determined by the decrease in 

resistance of the infected monolayers compared to mock (uninfected control, n=3, mean displayed). b, hVECs grown on transwells 

were infected with WT GBS for 24 hours or treated for 1 hour with Triton X-100 (0.1%, positive control). After treatment, fluorescein 

dye was added to the apical compartment of the transwell, and migration of the dye to the basal compartment was measured after 1 
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hour (n=3, ****p<0.00005, Sidak’s multiple comparison test following ANOVA, data shown represents the average of three 

independent experiments, error bars ± SEM). c, hVECs were infected with WT GBS for 0, 16, or 24 hours and stained with 10% 

crystal violet for 30 min. Loosely adherent cells were removed by centrifugation, and crystal violet stain intensity for remaining 

strongly adherent cells was measured. Data are normalized to mock infected controls (n=3, **p<0.005, Sidak’s multiple comparison 

test following ANOVA, mean displayed, error bars ± SEM). d, hVECs were infected with WT GBS for 24 hours and analyzed by 

SEM. Representative images show hVEC detachment 24 hours post-treatment with (i) control PBS or (ii) WT GBS. Scale bar = 10 

μm. e, Nanoparticle penetration in mouse vaginal epithelia in control saline or WT GBS animals at 24 (i, iii) or 96 (ii, iv) hours post 

vaginal inoculation, respectively. Nuclei are stained with DAPI and are shown in blue, PEGylated nanoparticles (120 nm diameter) are 

shown in white, and red arrows indicate intraepithelial nanoparticles. Scale bar = 100 μm. Representative images are from one of at 

least two independent experiments. Quantitative measurements were calculated using the formula ((mean area intra-epithelial 

nanoparticle coverage)/(mean epithelial area)) x 10,000 ± SD. f, GBS penetration in mouse vaginal epithelia. Nuclei are stained with 

DAPI and are shown in blue, GBS are shown in red, and white arrows indicate intraepithelial GBS. Scale bar = 10 μm. Representative 

images are from one of at least four independent experiments. g-h Flow cytometry analysis of surface E Cadherin (g) or N Cadherin 

(h) on GBS infected hVECs compared to mock (PBS) (n=3, **p<0.005, two-sided, unpaired t test, mean displayed, error bars ± 

SEM). i, qRT-PCR analysis of classical EMT markers in GBS infected hVECs compared to mock (n=3, **p<0.005, ****p<0.00005, 

Sidak’s multiple comparison test following one-way ANOVA, mean displayed, error bars ± SEM). j, E Cadherin immunostaining in 

murine vaginal tracts at 24 and 96 hours post vaginal inoculation of PBS (i, ii) or WT GBS (iii, iv), respectively. Scale bar = 100 μm. 
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Representative image from one of three independent experiments is shown. k, Flow cytometry of surface E Cadherin on CD326+ 

murine vaginal epithelial cells at 96 hours after vaginal inoculation of WT GBS or control PBS (6 mice/group, *p<0.05, two-sided, 

unpaired t test, mean displayed). 
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Figure 3-3 – GBS induce β-catenin and integrin signaling in vaginal epithelial cells. 

a, Expression of β-catenin target genes in GBS infected hVECs compared to mock controls at 24 

hrs post-infection, as measured by qRT-PCR (n=3, **p<0.005, ****p<0.00005, Sidak’s multiple 

comparison test following one-way ANOVA, mean displayed, error bars ± SEM). b, 

Localization of β-catenin in GBS infected hVECs compared to mock controls at 24 hours post-
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infection. β-catenin staining is shown in white for ease of visualization. Representative images 

are from one of three independent experiments. c, Expression of β-catenin target genes by qRT-

PCR in murine vaginal tissues at 96 hours after vaginal inoculation with WT GBS compared to 

control PBS (n=4/group, *p<0.05, ***p<0.0005, ****p<0.00005, Sidak’s multiple comparison 

test following one-way ANOVA, mean displayed, error bars ± SEM). d, c-Myc immunostaining 

in murine vaginal tracts at 96 hours post vaginal inoculation with PBS (i) or WT GBS (ii). Scale 

bar = 100 μm. Representative image from one of three independent experiments is shown. e, 

Flow cytometry of active β1 integrin (9EG7 antibody) on the surface of GBS infected hVECs 

compared to mock controls after 24 hours. Representative images are from one of three 

independent experiments. f, Western blots for phosphoproteins FAKpTyr397, AKTpSer473, and 

GSK3βpSer9 in GBS infected hVECs compared to mock controls at 0, 2, and 4 hours. GAPDH 

is shown as a loading control. Representative images are from one of three independent 

experiments. g, Active β1 integrin immunostaining using 9EG7 antibody in murine vaginal tracts 

at 96 hours post vaginal inoculation with PBS (i) or WT GBS (ii). Scale bar = 100 μm. 

Representative image from one of three independent experiments is shown. h, Vaginal epithelial 

exfoliation in mice at 96 hours post-vaginal inoculation with WT GBS and treated with control 

vehicle (i) or recombinant murine α1β1 integrin (ii). Scale bar = 100 μm. i-j, Bacterial burden in 

(i) vaginal or (j) uterine tissue of mice that were intravaginally treated with recombinant murine 

α1β1 integrin or control vehicle at 96 hours post vaginal inoculation with WT GBS (**p<0.05, 

Mann-Whitney test, median displayed). 
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Figure 3-4 – Reduction of epithelial exfoliation and EMT correlates with decreased ascending infection and preterm birth. 

a, Active β1 integrin on the surface of hVECs infected with either WT GBS, GBSΔiagA, or mock infected (n=3, **p<0.005, Sidak’s 

multiple comparison test following one-way ANOVA, mean displayed with error bars ± SEM). b, Western blot for the 

phosphoproteins FAKpTyr397 and GSK3βpSer9 in hVECs infected with WT GBS, GBSΔiagA, or mock . GAPDH is shown as a 

loading control. Representative images are from one of three independent experiments. c, Barrier function of hVECs infected with WT 

GBS, GBSΔiagA, or mock control was monitored in real time using ECIS (n=3, mean displayed). d, Expression of β-catenin targets 

(tcf1, axin2) in hVECs infected with either WT GBS or GBSΔiagA compared to mock controls, as measured by qRT-PCR assay (n=3, 

*p<0.05, paired t test, mean displayed, error bars ± SEM).  e-f, Flow cytometry of surface E Cadherin (e) and N Cadherin (f) on 

hVECs infected with WT GBS, GBSΔiagA, or mock controls for 24 hours (n=3, **p<0.005, Sidak’s multiple comparison test 

following one-way ANOVA, mean displayed with error bars ± SEM). g, Vaginal epithelial exfoliation in mice at 96 hours post-

vaginal inoculation with WT GBS (i) or GBSΔiagA (ii). Scale bar = 100 μm. Representative images are from one of three independent 

experiments. h, Blinded quantification of exfoliated murine vaginal epithelial cells after 96 hours post-inoculation with WT GBS or 

GBSΔiagA (n=3 images/3 tissues/group, *p<0.05, two-sided, unpaired t test, mean displayed with error bars ± SEM). i, Bacterial 

burden in the uterine tissue of mice at 72 hours post vaginal inoculation with WT GBS or GBSΔiagA (*p<0.05, Sidak’s multiple 

comparison test following ANOVA, median displayed). j, Presence of GFP+ GBS (WT or GBSΔiagA) in uterine tissue at 96 hours 

post-inoculation, as measured by flow cytometry. (*p<0.05, two-sided, unpaired t test with Welch’s correction, mean displayed). k, 

Pregnant female mice were vaginally inoculated with approximately 10
8
 CFU of either WT GBS or GBSΔiagA. At 72 hours post-
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inoculation or at the first sign of preterm birth (vaginal bleeding and/or pups in cage), mice were euthanized and bacterial burden in 

vaginal tissue, uterine tissue, placental tissue, or fetal tissue was enumerated (*p<0.05, Sidak’s multiple comparison test following 

one-way ANOVA, median displayed). l, Pups with adverse birth outcome (either in utero fetal demise or premature birth) between 

pregnant female mice vaginally inoculated with WT GBS (39 of 95 pups) or GBSΔiagA (11 of 78). Data are displayed as percent of 

pups exhibiting for adverse birth outcomes (***p<0.0005, two-sided Fisher’s exact test). 
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3.7 SUPPLEMENTARY FIGURES AND TABLES 
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Figure 3-S1 – GBS induces vaginal epithelial exfoliation  

a-b, Female WT C57BL6/J mice were vaginally inoculated with approximately 10
8
 CFU of 

either WT GBS or an equal volume of control PBS (n=3/group) and analyzed by scanning 

electron microscopy (SEM). The SEM images show vaginal epithelial exfoliation at 48 and 72 

hours post-inoculation with WT GBS (a) or control PBS (b). Images are representative of one of 

at least three independent experiments. Scale bar = 100 μm. c, Exfoliated vaginal epithelial cells 

at 24, 48, 72, and 96 hours post-inoculation was quantified in a blinded fashion (n=3 images/2 

tissues/group), **p<0.005, ****p<0.00005, Sidak’s multiple comparison test following 

ANOVA, mean displayed, error bars ± SEM).  

  



 116 

 

Figure 3-S2 – The GBS strain CJB111 induces vaginal epithelial exfoliation.   

a-b, Female WT C57BL6/J mice were vaginally inoculated with approximately 10
8
 CFU of the 

WT GBS strain COH1 or CJB111 and analyzed by scanning electron microscopy (SEM). The 

SEM image show vaginal epithelial exfoliation at 72 hours post-inoculation with (a) COH1 or 

(b) CJB111. Representative image is from one of three independent experiments.  
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Figure 3-S3 – Retention of GFP expressing plasmid in the absence of selection pressure in vitro and in vivo  

a, Representative line graph showing maintenance of the GFP-encoding plasmid from GBS with and without selection pressure in 

culture. Plasmid retention was measured by serial dilution and plating on antibiotic-free and antibiotic-containing media following 

subculture every 24 hours (n=3, ****p<0.00005, Sidak’s multiple comparison test following ANOVA, mean and SEM displayed)  b, 

Representative histogram showing flow cytometry analysis of GBS expressing a plasmid-encoded GFP without selection pressure in 

culture. GFP expression was measured 4 hours (black), 24 hours (blue), and 48 hours (green) after initial removal of selection 

pressure. Cultures were sub-cultured every 24 hours. Data shown represent images from one of two independent experiments. c, GFP 

expression was measured by flow cytometry under microaerobic and anaerobic growth conditions to represent genitourinary oxygen 

levels. Data are displayed as total fluorescent GBS (left axis) and fluorescent intensity (right axis, n=3, mean and SEM displayed). d-

e, Representative scatter plot and histogram of flow cytometry analysis of GBS GFP expression in murine genital tissues. GBS events 

were gated for size and positive staining with anti-GBS antibody (d), and then for GFP expression (e). Representative images are from 

one of sixteen murine tissues obtained from two independent experiments. 
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Figure 3-S4 – GBS-induced epithelial exfoliation and ascension is independent of TLR2 

a-d, Female WT C57BL6/J or B6.129-Tlr2
tm1Kir

/J (TLR2KO) mice were vaginally inoculated with approximately 10
8
 CFU of WT 

GBS. a, Vaginal epithelial exfoliation at 96 hours post-vaginal inoculation of WT GBS in WT C57BL6/J mice (i) or TLR2KO mice 

(ii). Scale bar = 100 μm. Representative images are from one of three independent experiments. b, Blinded quantification of exfoliated 

murine vaginal epithelial cells at 96 hours post-inoculation of WT GBS in WT C57BL6/J or TLR2 KO mice (n=3 images/3 

tissues/group, *p<0.05, two-sided, unpaired t test, mean displayed with error bars ± SEM). c-d, Bacterial burden in (c) vaginal and (d) 

uterine tissue was enumerated at 96 hours post-vaginal inoculation (Mann-Whitney test, median displayed). 
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Figure 3-S5 – GBS-induced epithelial exfoliation and ascension are independent of 

cytotoxicity, apoptosis, and caspase 1. 

a, Cytoxoxicty was measured by lactate dehydrogenase (LDH) release assay from hVECs 24 

hours after mock infection, infection with WT GBS at an MOI = ~1.0, or treated for 1 hour with 

0.1% Triton X-100 (n=4, ****p<0.00005, Sidak’s multiple comparison test following ANOVA, 

mean displayed, error bars ± SEM). b-f, Female WT C57BL6/J or B6N.129S2-Casp1
tm1Flv

/J 

(Caspase 1 KO) mice were vaginally inoculated with approximately 10
8
 CFU of the WT GBS. b, 

Flow cytometric analysis of propidium iodide uptake in vaginal lavage cells recovered from the 
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mouse vagina at 96 hours post-inoculation (unpaired t test, mean displayed). c, Flow cytometric 

analysis of Annexin 5 in vaginal lavage cells recovered from the mouse vagina at 96 hours post-

inoculation (unpaired t test, mean displayed). d, Vaginal epithelial exfoliation at 96 hours post-

vaginal inoculation of WT GBS in WT C57BL6/J mice (i) or Caspase 1 KO mice (ii). Scale bar 

= 100 μm. Representative images are from one of three independent experiments. e, Blinded 

quantification of exfoliated vaginal epithelial cells at 96 hours post-inoculation with WT GBS in 

WT C57BL6/J or Caspase 1 KO mice (n=3 images/3 tissues/group, *p<0.05, two-sided, unpaired 

t test, mean displayed with error bars ± SEM). f, Bacterial burden in uterine tissue was 

enumerated at 96 hours post-vaginal inoculation (Mann-Whitney test, median displayed). 
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Figure 3-S6 – Human vaginal epithelial cell gating strategy 

Representative scatter plots and histograms of flow cytometry analysis of EMT marker 

expression in hVECs. hVEC’s that were untreated or infected with GBS were harvested 24 hrs 

post infection and were first gated for single cells, then analyzed for E cadherin or N cadherin as 

shown above. 
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Figure 3-S7 – GBS does not directly cleave E Cadherin 

a, E Cadherin western blot on hVECs that were untreated or treated with WT GBS. GAPDH was 

included as a loading control. Representative image from one of three independent experiments 

is shown. b,  E Cadherin western blot showing commercially purified recombinant E Cadherin 

directly incubated with WT GBS or control media (untreated). Representative images are from 

one of two independent experiments. 
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Figure 3-S8 – E Cadherin cleavage is not dependent on the GBS serine protease HtrA  

E Cadherin Western blot from hVECs infected with WT GBS, GBSΔhtrA, or mock after 24 

hours. Representative image is from one of two independent experiments. 
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Figure 3-S9 – A common vaginal commensal does not induce EMT or loss of barrier 

function 

a-b, Flow cytometry quantification of surface E Cadherin (a) or N Cadherin expression (b) from 

hVECs infected for 24 hours with either WT GBS, Lactobacillus crispatus (a vaginal 

commensal/symbiont), or mock control (n=2, **p<0.005, ***p<0.0005, Sidak’s multiple 

comparison test following one-way ANOVA, mean and SEM displayed). c, Barrier function of 

hVEC monolayers was monitored in real time using ECIS. Infection with WT GBS leads to a 

disruption in barrier function as determined by the decrease in resistance of the infected 

monolayers compared to mock while Lactobacillus crispatus infection does not affect barrier 

function (uninfected control, n=3, mean displayed). 
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Figure 3-S10 – Validation of CD326+ epithelial cells isolation from murine vaginal tracts 

a, Analysis of total and viable cells recovered following enzymatic digestion of murine vaginal 

tissues prior to CD326 selection. Viability was assessed by trypan blue staining (n=12, mean 

displayed, error bars ± SEM). b, Representative histogram showing flow cytometry analysis of 

CD326 purity prior to CD326 MACS selection (orange) and following CD326 MACS selection 

(purple). Representative histogram is from one of twelve tissues obtained. c, Compiled flow 

cytometry analysis of CD326 purity before (pre) and after (pro) MACS selection. Data shown 

indicate mice inoculated with WT GBS (red) or control PBS (black, ****p<0.00005, two-sided, 

unpaired t test with Welch’s correction, mean displayed). d, Flow cytometry analysis of total 

number of CD326+ cells per sample (n=6, mean displayed, error bars ± SEM). e, Surface E 

Cadherin on CD326+ murine vaginal epithelial cells at 96 hours post-inoculation with WT GBS 
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(red) or control PBS (black). Representative histogram are from one of twelve tissues from two 

independent experiments. 
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Figure 3-S11 – GBS invasion does not drive EMT 

a, GBS invasion of hVECs after one hour of infection in the presence and absence of 10 µg/mL 

cytochalasin D (n=3, *p<0.05, two-sided, paired t test, mean displayed, error bars ± SEM). b-c, 

Flow cytometry quantification of surface E Cadherin (b) or N Cadherin (c) in GBS infected 

hVECs in the presence or absence of 5 µg/mL cytochalasin D (n=3, ****p<0.00005, Sidak’s 

multiple comparison test following one-way ANOVA, mean and SEM displayed).  
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Figure 3-S12 – β-Catenin signaling inhibitor FH535 prevents cell detachment and EMT 

a, hVECs were untreated or treated with the β-Catenin signaling inhibitor FH535 (15 µM) for 

one hour prior to WT GBS infection for 16 or 24 hours; loosely adherent cells were then 

quantified using 10% crystal violet (see Materials and Methods). Data are normalized to 

uninfected controls (n=3, *p<0.05, ***p<0.0005, Sidak’s multiple comparison test following 

ANOVA; mean displayed, error bars ± SEM). b, Flow cytometry analysis of surface E Cadherin 

on  hVECs that were either untreated (Mock), treated with WT GBS or were pretreated with 15 

µM FH535 for one hour prior to infection with WT GBS for 24 hours (n=3, ***p<0.0005, 

****p<0.00005, mean displayed, error bars ± SEM). 
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Figure 3-S13 – Quantification of western blots for phosphoproteins FAKpTyr397, 

AKTpSer473, and GSK3βpSer9 

a-c, Quantification of band intensity of western blots for phosphoproteins (Figure 4) 

FAKpTyr397 (a), AKTpSer473 (b), and GSK3βpSer9 (c). Band intensity was first normalized to 

GAPDH as a load control, then to T0 of the corresponding treatment (n=3/group, *p<0.05, 

Sidak’s multiple comparison test following one-way ANOVA, mean displayed with error bars ± 

SEM). 
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Figure 3-S14 – IagA does not affect invasion of vaginal epithelial cells 

a-c, Decreased epithelial exfoliation by GBSΔiagA in vivo (Figure 4) does not correlate with 

decreased invasion. a, The invasive index (number of invaded bacterial CFU divided by number 

adherent bacterial CFU) of WT GBS or GBSΔiagA was measured in hVECs 30 min after 

infection. b-c, Female WT C57BL6/J mice were vaginally inoculated with approximately 10
8
 

CFU of the WT GBS or GBSΔiagA, and exfoliated cells were collected by lavage. Extracellular 

(b) and intracellular (c) bacterial burden was enumerated by serial dilution and plating (unpaired 

t test, mean displayed). 
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Figure 3-S15 – Diagram of murine female genital tract during pregnancy 

The murine female genital tract is comprised of a bifurcated uterus that contains multiple 

embryonic sacs that contain a single pup and placenta. GBS are inoculated into the vagina, 

whereupon it ascends into the pregnant uterus where it can infect uterine tissue, placentas, and 

pups. If fetuses die in utero, they can be resorbed or removed through preterm birth. In these 

studies, “proximal” and “distal” pups and placentas are labeled in reference to the vagina, where 

“proximal” refers to those closest to the vagina and “distal” refers to those furthest from the 

vagina.  
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Figure 3-S16 –  Model of GBS-induced epithelial exfoliation and ascending infection 

Upon GBS colonization, β1 integrin is either directly or indirectly activated by GBS. Upon β1 integrin activation, focal adhesion 

kinase (FAK) is phosphorylated, which in turn phosphorylates AKT, which phosphorylates GSK3β. As adherens junctions 

breakdown, β-catenin is released into the cytoplasm. In its de-phosphorylated form, GSK3β marks β-catenin for degradation, thus 

preventing β-catenin stabilization, nuclear translocation, and signaling; however, when it is phosphorylated, it cannot mark β-catenin 

for degradation, leading to β-catenin stabilization and nuclear translocation. Once in the nucleus, β-catenin stimulates expression of a 

variety of genes, including those that drive epithelial-to-mesenchymal transition and epithelial exfoliation. Rather than removing 

colonization GBS, epithelial exfoliation permits bacterial dissemination through loss of barrier function. This leads to increased 

ascending infection, which increases these rates of adverse pregnancy outcomes and preterm birth. 



Chapter 4. Role of the GBS hyaluronidase in ascending infection 

The following text is from the article:  

 

Jay Vornhagen, Phoenicia Quach, Erica Boldenow, Sean Merillat, Christopher Whidbey, Lisa 

Y. Ngo, Kristina Adams Waldorf, Lakshmi Rajagopal. (2016) Bacterial hyaluronidase promotes 

ascending GBS infection and preterm birth. mBio, vol. 7, no. 3, e00781-16.  

 

Figure numbers have been updated to conform to the dissertation. The text remains as published 

with minor editorial changes. 

  



 

4.1 ABSTRACT 

Preterm birth increases the risk of adverse birth outcomes and is the leading cause of 

neonatal mortality. A significant cause of preterm birth is in utero infection with vaginal 

microorganisms. These vaginal microorganisms are often recovered from the amniotic fluid of 

preterm birth cases. A vaginal microorganism frequently associated with preterm birth is Group 

B Streptococcus (GBS) or Streptococcus agalactiae. However, the molecular mechanisms 

underlying GBS ascension are poorly understood. Here, we describe the role of the GBS 

hyaluronidase in ascending infection and preterm birth. We show that clinical GBS strains 

associated with preterm labor or neonatal infections have increased hyaluronidase activity 

compared to commensal strains obtained from rectovaginal swabs of healthy women. Using a 

murine model of ascending infection we show that hyaluronidase activity was associated with 

increased ascending GBS infection, preterm birth and fetal demise. Interestingly, hyaluronidase 

activity reduced uterine inflammation, but did not impact placental or fetal inflammation. Our 

study shows that hyaluronidase activity enables GBS to subvert uterine immune responses 

leading to increased rates of ascending infection and preterm birth. These findings have 

important implications for the development of therapies to prevent in utero infection and preterm 

birth. 

 

4.2 INTRODUCTION 

Preterm birth is a major indicator for neonatal morbidity and mortality
2,3

. Approximately 

6-15% of all deliveries are preterm, resulting in an estimated 4 million neonatal deaths per year, 

making preterm birth the leading cause of mortality in neonates and in children under 5 years of 

age
4,235-238

. The largest burden of neonatal and under-5 mortality due to preterm birth is 



 

concentrated in Sub-Saharan Africa and Southern Asia, where healthcare systems are often too 

weak to effectively manage high preterm birth rates
9
. Preterm birth rates are also alarmingly high 

in the developed world, including North America, where it has an annual healthcare cost in the 

tens-of-billions of dollars
3,239

. In order to reduce the burden and subsequent cost of preterm birth, 

we need a better understanding of the causes and physiology of its biological processes. 

Although the clinical events associated with preterm birth have been well-studied, its 

underlying causes remain ill-defined. An estimated 25-40% of preterm births are a result of in 

utero bacterial infection
240

. Bacteria can be recovered from the amniotic fluid of preterm birth 

cases
42,241,242

. Bacteria reach the amniotic fluid by means of ascending infection, which occurs 

when bacteria penetrate the cervical barrier and enter the uterus
3
. Once in the uterine space, 

bacteria cause multiple physiological events associated with preterm birth, including increased 

levels of pro-inflammatory cytokines, chorioamniotic membrane rupture, cervical ripening, and 

uterine contraction
3,96,241,243,244

. One group of bacteria associated with these physiological events 

that has been recovered from amniotic fluid is Group B Streptococcus (GBS) or Streptococcus 

agalactiae
42,96,243,245,246

. GBS are a leading cause of neonatal morbidity and mortality, and 

approximately 30% of healthy women are recto-vaginally colonized with GBS
4,235,236,238

. Heavy 

vaginal GBS colonization is the primary risk factor for GBS-associated preterm birth
43,247

. 

Despite the large number of women at risk for GBS-associated preterm birth, little is known 

about the bacterial and host factors involved in GBS colonization and ascending infection.  

Multiple host and bacterial factors play a role in ascending infection and preterm birth. 

One such factor is the high-molecular weight polymer hyaluronic acid, which is cleaved by 

hyaluronidases. Hyaluronic acid polymers have multiple roles, including a structural role in 

epithelial cell extracellular matrix (ECM) formation, aiding in cell migration, cell-cell signaling, 



 

and induction of ECM remodeling enzymes and inflammation
109

. Recently, it has been shown 

that cervical hyaluronic acid protects against ascending infection and preterm birth due to its role 

in epithelial barrier function, and that lipopolysaccharide-induced murine cervical hyaluronidase 

expression increases the risk of preterm birth
110,111,248

. These studies highlight the importance of 

hyaluronic acid and hyaluronidases during pathogen colonization and preterm birth, but a 

mechanistic connection between pathogen hyaluronidase activity during vaginal colonization and 

preterm birth is not known.  

Interestingly, GBS produces a hyaluronidase (hereafter referred to as “HylB”), encoded 

by the hylB gene. HylB was first identified in the 1950s and is well-characterized as a specific 

exolytic enzyme
108,249,250

. It was recently determined that HylB plays an important role in GBS 

evasion of the host immune system
65

. These studies show that GBS degrades hyaluronic acid 

into disaccharide fragments, which blocks toll-like receptors (TLRs) 2 and 4, preventing GBS 

ligands from activating pro-inflammatory signaling cascades
65

. Despite these exciting advances, 

it is unknown if HylB is important for ascending GBS infection and/or preterm birth. 

In this chapter, we show that clinical GBS strains isolated from women in preterm labor 

had increased levels of HylB activity when compared to commensal strains isolated from 

rectogvaginal swabs of non-laboring pregnant women. Using a mouse model of ascending GBS 

infection, we observed that genetic ablation of hylB in GBS leads to decreased rates of bacterial 

ascension and fetal demise. Finally, we show that maternal uterine cells infected with wild type 

(WT) GBS exhibition lower level of inflammation compared to GBS lacking HylB. These data 

are the first to describe a role for the GBS hyaluronidase in ascending infection and preterm 

birth.  

 



 

4.3 RESULTS 

4.3.1 Clinical GBS Isolated Associated with Invasive Disease Exhibit Increased 

Hyaluronidase Activity 

We hypothesized that GBS encoded hyaluronidase activity may be critical for ascending 

infection and preterm birth. To measure HylB activity in various GBS isolates, we adapted a 

hyaluronidase activity assay that was previously described
251

.  Amongst our laboratory collection 

of GBS strains representing each capsular serotype, we observed that strains showed varying 

levels of hyaluronidase activity. GBS strain A909 (serotype Ia) and NEM316 (serotype III) 

showing little to no activity whereas the strains NCTC 01/82 (serotype IV), CBJ111 (serotype 

V), and JM9 (serotype XIII) showed highest levels of activity (Figure 4-1a). Interestingly, strains 

belonging to the same capsular serotype exhibited varying levels of hyaluronidase activity 

(compare COH1to NEM316 and NCTC 10/84 to CBJ111). These data suggest that while 

hyaluronidase activity varied amongst GBS strains, it is not correlated to capsular serotype.  

We next sought to compare hyaluronidase activity in clinical GBS strains isolated from 

amniotic fluid or neonatal blood (invasive infection, n = 23) to those obtained from women who 

were rectovaginally colonized with GBS without symptoms of invasive infection (n = 48). 

Overall hyaluronidase activity was higher in GBS strains obtained from invasive settings when 

compared to that of commensal settings (Figure 4-1b). Finally, we stratified invasive GBS strains 

into those isolated from neonatal disease without preterm birth (n = 15) and GBS-associated 

preterm birth (n = 8). Interestingly, isolates from cases of GBS-associated preterm birth 

displayed modestly higher levels of hyaluronidase activity compared to isolates from neonatal 

disease and much higher levels of activity compared to isolates from vaginal swabs (Figure 4-



 

1c). Taken together, these data suggest a role for HylB in invasive GBS disease and preterm 

birth. 

 

 

4.3.2 HylB Promotes Ascending GBS Infection and Adverse Birth Outcomes 

Given the higher levels of hyaluronidase activity in GBS strains isolated from women in 

preterm labor, we examined if HylB activity is important for ascending infection and preterm 

birth. We adapted a pregnant murine model of ascending GBS infection, recently developed by 

Randis and colleagues
39

, with the modification that we omitted the use of gelatin during vaginal 

inoculation of pregnant mice. We constructed a hylB mutant (hereafter referred to as GBSΔhylB)  

in WT GBS COH1 (serotype III, ST17 clone associated with increased virulence
193

) and 

confirmed the loss of hyaluronidase activity in the GBSΔhylB mutant by gel electrophoresis. The 

results shown in Figure 4-2 indicate that WT GBS COH1 displays high hyaluronidase activity 

(indicated by the lower hyaluronic acid band, (Figure 4-2a, lane 2), the GBSΔhylB strain displays 

no hyaluronidase activity (Figure 4-2a, lane 3).  

Next, we vaginally inoculated pregnant C57BL/6J mice on day E15 of pregnancy with 

approximately 10
8
 colony-forming units (CFUs) of WT GBS or isogenic GBSΔhylB (Figure 4-

2a). The mice were then monitored for signs of preterm birth (defined as vaginal bleeding or 

pups in cage) for up to 72 hours post inoculation. Upon signs of preterm birth or at 72 hours 

post-inoculation (whichever occurred first), the mice were euthanized, a midline laparotomy was 

performed, and in utero fetal death (IUFD) was recorded prior to subsequent analysis. 

Intriguingly, mice inoculated with WT GBS showed significantly higher rates of ascending 

infection and adverse pregnancy outcomes (preterm birth and/or IUFD) when compared to mice 



 

inoculated with GBSΔhylB (Figure 4-2c-e). Consistent with these findings, pregnant mice 

inoculated  with WT GBS also exhibited significantly higher bacterial load in the uterine horns 

compared to mice inoculated with GBSΔhylB (Figure 4-3). Placentas and pups most proximal to 

the vaginal tract showed significantly more bacterial CFUs in mice inoculated with WT GBS 

when compared to mice inoculated with GBSΔhylB. Similar trends were also seen in the distal 

pups and placenta but these data did not reach statistical significance. Notably, vaginal 

colonization did not appear to be significantly different between mice inoculated with WT GBS 

and GBSΔhylB, suggesting that the differences in infection outcomes cannot be attributed to 

differences in vaginal colonization. Additionally, there is a weak, but statistically significant, 

correlation between the amount of ascended GBS load (average of uterine horn, pup, and 

placental CFUs) and the percentage of pups with an adverse birth outcome (Figure 4-S1). 

Together, these data show that HylB plays an important role in ascending GBS infection leading 

to adverse birth outcomes.  

 

4.3.3 Hyaluronidase (HylB) Activity Dampens Uterine Immune Responses during Ascending 

GBS Infection 

Previous studies by Kolar et al. have shown that GBS utilizes the hylB-encoded 

hyaluronidase to degrade hyaluronic acid into disaccharide fragments, which blocks TLR2/4 

signaling to prevent inflammation
65

. Uterine epithelial cells express high levels of TLRs 1, 2, and 

6, which are more responsive to Gram-positive bacteria than to other types of pathogens
252

. 

Additionally, uterine TLR2 expression in mice increases as gestation progresses, whereas 

placental and fetal TLR2 expression decreases during gestational progression
253

. To determine if 

the GBS hyaluronidase mediates uterine immune responses during ascending infection, we 

performed luminex assays to measure levels of inflammatory cytokines in uterine tissues from 



 

pregnant mice vaginally inoculated with WT GBS or GBSΔhylB. (Figure 4-4a-d, panel i). We 

found that inflammatory cytokines from mice inoculated with GBSΔhylB clustered into discrete 

low and high groups that correlated with the presence or absence of bacteria. Therefore, we 

stratified the uterine samples to those with bacteria and noted significantly higher levels of TNFα 

and MIP2 (Figure 4-4a-b, panel ii) and modestly higher levels of IL-6 and MIP1β (Figure 4-4c-d, 

panel ii) in the uterine tissues of mice inoculated with GBSΔhylB compared to that of mice 

inoculated with WT GBS. Levels of inflammatory markers in the bacteria-free uterine tissues (all 

from mice inoculated with GBSΔhylB) were similar to that of mice inoculated with PBS (Figure 

4-4a-d, panel ii). No differences were observed in levels of IL-10, IL-1β, or GROα in uterine 

tissues (Figure 4-S2), nor were there differences in the levels of TNFα, MIP2, IL-6, MIP1β, IL-

10, IL-1β, or GROα in placental or fetal tissues (Figure 4-S3). These data suggest that immune 

responses in uterine tissues, rather than placental or fetal tissues, are responsible for decreasing 

the incidence of ascending GBS infection and that GBS circumvents this response by blocking 

TLRs through HylB activity.  

 

4.3.4 Hyaluronidase Activity Dampens Uterine Immune Responses, but not Placental 

Immune Responses, in Human Tissues 

Given our in vivo findings, we set out to determine if HylB modulates inflammatory 

responses in human tissues. We first used an ex vivo model of GBS infection of 

chorioamniotic/placental membranes. Intact choriomaniotic membranes were collected from 

healthy non-laboring women undergoing cesarean sections at term and were mounted on 

transwells as previously described
96

. Membranes were then inoculated with approximately 10
7
 

CFUs on the choriodecidual/maternal side, which was supplemented with 1.25 mg/mL 

hyaluronic acid. At 4 and 24 hours post-infection, media was collected from both the chorionic 



 

and amniotic side of the membranes TNFα, IL-6, and IL-8 concentrations were measured by 

enzyme-linked immune absorbance assay (ELISA). As was observed in vivo, GBS induced 

significant cytokine expression from the gestational membranes, but this inflammation was not 

decreased by HylB (Figure 4-S4). These data indicate that HylB does not play a role in 

dampening the inflammatory response from the placenta, and suggest that another tissue is 

responsible for preventing ascending infection. 

We then tested the impact of HylB in uterine tissue using an immortalized human 

endometrial cell (HEC-1-B) model of infection. HEC-1-B cells were infected with GBS at an 

MOI of 0.01 in media supplemented with 1.25 mg/mL hyaluronic acid. Cell culture supernatant 

was collected at 48 hours post-infection and levels of TNFα, IL-6, and IL-8 were measured by 

ELISA. Interestingly, HEC-1-B cells infected with GBS lacking hylB display significantly higher 

levels of inflammatory cytokines TNFα, IL-6, and IL-8 than WT GBS, which corroborates our in 

vivo findings (Figure 4-5). These data suggest a role for uterine immune responses in preventing 

ascending infection by clearing GBS that have entered the uterine space. GBS that are able to 

block uterine immune responses through HylB appear to be able to disseminate into deeper 

tissues, such as placental and fetal tissues, leading to adverse pregnancy outcomes such as in 

utero fetal demise and/or preterm birth. Collectively, our studies indicate the importance of GBS 

encoded hyaluronidase in suppression of uterine immune responses during ascending infection 

and preterm birth. 

 

4.4 DISCUSSION 

This work establishes a novel role for the GBS hyaluronidase, HylB, as a critical 

virulence factor in ascending GBS infection and resulting preterm birth. We have shown that 



 

GBS strains isolated from women undergoing preterm labor show higher levels of hyaluronidase 

activity and that this activity permits ascending infection by reducing anti-bacterial inflammation 

in uterine tissue. Recent work has described the role of HylB in tissue dissemination and immune 

evasion during septic GBS infection, but the role of HylB in ascending infection has heretofore 

been unstudied
65,254

. Our data indicates that HylB is important for pathogensis during ascending 

infection. GBSΔhylB showed decreased bacterial ascension, fetal demise and induced more 

inflammation in both human and murine uterine tissues. Moreover, as hyaluronidases encoded by 

other bacterial pathogens, such as S. pyogenes and Staphylococcus aureus, are critical for 

virulence
255,256

, our work will be relevant to understanding the role of microbial hyaluronidases 

during disease pathogenesis.  

Hyaluronic acid plays a pivotal role in the progression of pregnancy and 

labor
110,111,248,257,258

. During parturition, hyaluronic acid production drastically increases in 

cervical tissue until it comprises approximately 1.0% of the dry weight of the cervix
248

. For a 

successful vaginal birth, the cervix must undergo a softening process (referred to as cervical 

ripening) in order to allow cervical distention
259

. Cleavage of hyaluronic acid is vital for proper 

cervical ripening. Humans and mice produce multiple hyaluronidases to cleave the abundance of 

hyaluronic acid present in the cervix, and application of exogenous hyaluronidase is one method 

used to induce cervical ripening and labor
260

. Interestingly, vaginal inoculation with 

hyaluronidase-encoding E. coli leads to increased preterm birth rates in mice
111

. These data 

suggest that microbial hyaluronidases can induce cervical ripening and labor, and our data 

supports this hypothesis. While we do not know that the GBS hyaluronidase specifically induces 

cervical ripening, we show that it is crucial in increasing GBS infection associated preterm birth 

(Figure 4-2d-e). The ability of the GBS hyaluronidase, and other microbial hyaluronidases, to 



 

induce cervical ripening needs to be explored further. Inhibition of microbial hyaluronidases may 

be a possible avenue for developing therapeutics to reduce preterm birth rates. 

Traditionally, inflammation is thought to be a driver of preterm labor, so it is 

counterintuitive that genetic ablation of hylB leads to more uterine inflammation but less preterm 

birth. We speculate that this is due to the temporal nature of uterine inflammation. The uterine 

epithelium expresses high levels of the bacteria-responsive TLRs 1, 2, and 6
252

. Moreover, TLR2 

expression increases in the uterine tissue during gestational progression, while TLR2 expression 

declines in other gestational tissues, such as placental tissue and chorionic membranes
253

. We 

reason that the uterus is the primary immunological barrier that prevents Gram-positive bacterial 

invasion of gestational tissues. If this immunological barrier fails due to inhibited TLR signaling, 

ascended bacteria may avoid detection by the host. This may allow dissemination into placental 

and fetal tissues and preterm birth, as was observed in pregnant mice inoculated with WT GBS 

(Figure 4-2c. Figure 4-3). Conversely, if TLR signaling is not inhibited, an increase in uterine 

inflammation may lead to bacterial clearance, such as what we observed in pregnant mice 

inoculated with GBSΔhylB (Figure 4-2c, Figure 4-3a, Figure 4-4a-d). The timing and magnitude 

of inflammation may also play important roles in preterm labor as an outcome of ascending 

bacterial infection. If the increase in uterine inflammation is a transient event, rather than a 

sustained event, the host may be able to clear the infection without the induction of labor. It is 

interesting that mice inoculated with GBSΔhylB that did not show ascending infection also had 

lower levels of inflammation than those that did show ascending infection (Figure 4-4). We 

hypothesize that ascended bacteria caused a large spike in inflammation early in infection, 

leading to their clearance from the uterine space. Once the bacteria are cleared, the inflammation 

may rapidly dissipate, promoting healthy pregnancy (Figure 4-6). These results imply a need for 



 

earlier GBS screening during pregnancy, but additional research is needed to fully address this 

hypothesis. 

Preterm birth is the leading cause of adverse pregnancy outcomes for both the mother and 

fetus, and a significant number of preterm births are due to in utero infection with vaginal flora, 

such as GBS
2-4,9,237,238,243

. Understanding the virulence factors that allow vaginal flora to switch 

from commensal colonizers to ascending pathogens is crucial for developing successful 

interventions to prevent in utero infection and resulting preterm birth. While studies have 

characterized the role of the GBS hemolytic pigment in vaginal colonization, ascending 

infection, induction of inflammation, and fetal damage
39,66,119

, we know little about the role of 

other GBS virulence factors involved in these processes. By defining the mechainism underlying 

these different virulence factors, it may be possible to develop strategies for intervention. 

Interestingly, multiple compounds are able to inhibit microbial hyaluronidase activity
256,261

. To 

our knowledge, little attention has been given to finding a hyaluronidase inhibitor specific to 

GBS, but such an inhibitor may be an effective means of combatting multiple types of GBS 

infections. 

We have described a novel role for the GBS hyaluronidase in ascending infection and 

preterm birth. First, we draw a strong association between GBS hyaluronidase activity and 

serious disease outcomes in clinical isolates derived from human samples. Next, we show that 

presence of the GBS hyaluronidase permits increased bacterial ascension from the vaginal tract 

to the uterine space, which is associated with a reduction in uterine inflammation and leukocyte 

invasion compared to GBS lacking the hyaluronidase. Finally, we are suggesting a more refined 

role for uterine inflammation during pregnancy, wherein inflammation can potentially lead to the 

elimination of ascended bacteria without inducing preterm labor. Future research should focus on 



 

further defining the role of the GBS hyaluronidase in these processes and developing a 

hyaluronidase inhibitor to prevent ascending GBS infections.  

 

4.5 MATERIALS AND METHODS 

4.5.1 Ethics Statement 

All animal experiments were approved by the Seattle Children’s Research Institutional 

Animal Care and Use Committee (protocol #13907) and performed in strict accordance with the 

recommendations in the Guide for the Care and Use of Laboratory Animals of the National 

Institutes of Health (8th Edition).  

 

 

4.5.2 Bacterial Strains 

Chemicals in this study were purchased from Sigma Aldrich unless stated otherwise. The 

WT GBS strain COH1 used in these studies is a serotype III (ST17 clone) clinical isolate from an 

infected human newborn
262

. GBS cultures were grown in Tryptic Soy Broth (TSB) or on Tryptic 

Soy Agar (TSA, Difco Laboratories) at 30° or 37°C in 5% CO2, and monitored at 600nm. The 

hylB allelic replacement mutant was generated using methods previously described 
229

. Briefly, 

1.0 kb regions flanking either side of the hylB gene (hylB 3’ Forward CCA AGG AGC CTA 

AAG AGG CCT GAC CCA AGA GAT TAA C, hylB 3’ Reverse TTT AGC CAT TTT TAC 

TCC TTA GGT TTT AAA ATT GTA AAC, hylB 5’ Forward ATT GTT TTA GCT AAC CGT 

ACA TAA AAA ACC TAT C, hylB 5’ Reverse GTA GGC GCT AGG GAC AAC TGT CCT 

TGA TAA ATT GAC) and a kanamycin resistance cassette (kan
R
 Forward GGA GTA AAA 

AAT GGC TAA AAT GAG AAT ATC AC,  kan
R
 Reverse ACG GTT AGC TAA AAC AAT 



 

TCA TCC AGT AAA ATA TAA TAT TTT ATT TTC) were PCR amplified from genomic 

DNA (for flanking regions) or from the plasmid pCIV2 (for kan
R
 cassette). Each primer 

contained a short (15-25 bp) region of homology that corresponded to either the temperature 

sensitive cloning vector pHY304 or the next corresponding region. The pHY304 cloning vector 

was PCR linearized (pHY304 Forward GTC CCT AGC GCC TAC GGG, pHY304 Reverse CTC 

TTT AGC TCC TTG GAA GCT GTC), and all four fragments (2 flanking regions, kanR 

cassette, and linear pHY304) were ligated using the Gibson Assembly Cloning Kit (New 

England BioLabs). This plasmid was then electroporated into the WT GBS strain COH1, and 

selection for allelic replacement was performed as previously described
229

.  

 

4.5.3 Clinical Isolates 

GBS clinical isolates were collected as previously described
96,119

. Briefly, rectovaginal 

swabs were obtained from women in their third trimester of pregnancy at the University of 

Washington Medical Center and Harborview Medical Center in 2007 under University of 

Washington IRB# 30308; samples were collected without any identifiers or clinical information 

and a waiver for written informed consent was obtained for testing anonymous samples. GBS 

clinical isolates from amniotic fluid, chorioamnion and/or cord blood were obtained from women 

enrolled with preterm labor and intact membranes at less than or equal to 34 weeks gestation at 

the University of Washington Medical Center, Swedish Medical Center and Virginia Mason 

Medical Center, Seattle, Washington between June 25, 1991 to June 30, 1997. This cohort was 

previously described and the University of Washington Institutional Review Board approved the 

study protocol and all participants provided written informed consent
263

. Fifteen GBS isolates 

from infected newborns were kindly provided by Dr. Sharon Hillier, University of Pittsburgh. 



 

 

4.5.4 Human Cell Culture 

Human HEC-1-B endometrial cells (ATCC strain HTB-113) were grown at 37°C in 5% 

CO2. Cells were maintained in Eagle’s Minimal Essential Media (MEM, Corning), supplemented 

with 10% heat-inactivated fetal bovine serum (Corning)  and 50 to 100 I.U./mL penicillin and 50 

to 100 μg/mL streptomycin (Corning). Cells were split every 3-4 days and passaged at a 1:4 

dilution. 24 hours prior to infection, antibiotic containing media was aspirated, cells were washed 

with sterile PBS, and media was replaced with antibiotic-free, serum free MEM. At the time of 

infection the media was aspirated  and  replaced with fresh antibiotic-free, serum free media 

supplemented with or without 1.25 mg/mL hyaluronic acid. All GBS infections were performed 

at an approximate MOI = 0.01 for 48 hours between passages 7-14. 

 

4.5.5 Hyaluronidase Activity Assay 

GBS strains were grown overnight in TSB at 30° C with 5.0% CO2. Overnight cultures 

were pelleted at 4000 rpm for 8 min, and resulting supernatants were collected for analysis. 50 

µL of spent supernatants were pre-warmed  for 5-10 min at 37° C with 5.0% CO2, and were then 

added to 200 µL hyaluronic acid solution (1.25 mg Hyaluronic Acid Sodium Salt from Rooster 

Comb (Sigma) dissolved in 36.0 mg/mL monobasic  sodium phosphate, pH = 5.35 at 37° C) and 

incubated at 37° C with 5.0% CO2 for 45 min. After incubation 50 µL of 0.8 M sodium 

tetraborate (pH = 9.1) pre-heated to 95° C was added, and the sample was boiled at 95° C for 3 

min. Following boiling, 1.5 mL of 1.0% (w/v) 4-methylaminobenzaldehyde dissolved in 15.3 M 

acetic acid and 1.25 M HCl was added to the sample, and 200 µL were removed and read on a 

plate reader at 585 nm. To calculate the amount of hyaluronidase activity, standard curves of 



 

commercial hyaluronidase (Hyaluronidase from Bovine Testes, Sigma) dissolved in TSB were 

created and included in conjunction with every assay. Hyaluronidase activity values from 

unknown samples were interpolated from the standard curve, which was fit to a 4-parameter 

logistic curve using GraphPad Prism 6 (La Jolla, CA). If sample reads exceeded the standard 

curve, the initial spent supernatant was diluted in TSB as necessary to fit within the standard 

curve range. 

 

4.5.6 Hyaluronic Acid  Gel Electrophoresis 

For hyaluronic gel electrophoresis, overnight cultures of GBS wild type and GBSΔhylB 

were pelleted at 4000 rpm for 8 min and then 50 µL of supernatant was incubated with 200ul of 

hyaluronic acid solution (see above) for 45 min at 37°C with 5.0% CO2. After incubation, 

samples were boiled at 95° C for 3 min, frozen, and lyophilized until completely dry. Samples 

were then mixed with 17 µL of loading buffer (0.02% (w/v) bromophenol blue, 2 M sucrose in 

1x TBE) and resolved on a 0.8% agarose gel. Electrophoresis was carried out at a voltage of 100 

V for approximately 2.5 hr. Once the run was completed, the gel was placed in 500 mL of 

0.005% Stains-All (Sigma) solution dissolved in 50% ethanol overnight under light-protected 

cover at room temperature and de-stained in water for ~1 hr until background was 

photobleached. 

 

4.5.7 Murine Model of Ascending Infection 

Six-to-eight week old female C57BL/6J mice were obtained from The Jackson 

Laboratory and used for ascending infection studies. Female mice were individually paired with 

male C57BL/6J mice for 2 days, then separated and monitored for 14 days post-separation. 



 

Pregnancy was confirmed by observable weight gain and palpation for the presence of pups. 

Mice were inoculated on day E15 of pregnancy. Overnight GBS cultures were sub-cultured 1:20, 

grown to OD600  = 0.3, pelleted at 4000 rpm for 8 min, washed once with sterile PBS, and re-

suspended in sterile PBS to final concentration of 10
10

 CFU/mL. Mice were anesthetized using 

4% isoflurane and 10 µL (~10
8
 CFU) of inoculum was administered into the vaginal tract using a 

micropipette. Mice were left inverted for 5 additional minutes under anesthesia, then returned to 

their cages and monitored until ambulatory. Mice were monitored twice daily up to 72 hr post-

inoculation for signs of preterm birth (vaginal bleeding and/or pups in cage). At 72 hrs post 

infection or earlier if preterm birth was observed, mothers were euthanized and a mid-line 

laparotomy was performed to identify fetal injury, loss of pregnancy, and to collect maternal and 

fetal tissues. Tissues were excised, homogenized and serially plated on TSB to determine the 

number of CFUs associated with maternal and fetal tissues. All data were normalized to total 

tissue weight in grams. Homogenized tissue was then incubated overnight at 4° C in lysis buffer 

(0.15 M NH4Cl, 1 mM NaHCO3, pH 7.2), pelleted, and supernatants were collected for further 

analysis as described below.  

 

4.5.8 Luminex Analysis of Murine Tissues 

Tissue lysates from the mouse ascending infection model (see Materials and Methods, 

“Ascending Infection Model”) were thawed and centrifuged at 10,000 x g for 5 minutes at 4⁰C to 

remove residual cell debris. Fifty microliters of the supernatants were then used for cytokine 

analysis (IL-10, IL-1β, IL-6, GROα, TNF-α, MIP-2, MIP-1β) by Luminex assay (Procartaplex™ 

Multiplex Immunoassay, eBioscience) as per the manufacturer’s instructions. Expected cytokine 

concentrations for the standard curve were translated into logarithmic scale, fit to a 5-parameter 



 

logistic curve, and median fluorescence intensity readings from unknown samples were then 

interpolated from this standard curve using GraphPad Prism 6 (La Jolla, CA). These data were 

translated out of logarithmic scale back into concentration values (pg/mL) and were then 

normalized to total tissue weight in milligrams. 

 

4.5.9 Cytokine Analysis in GBS-Infected Human Chorioamnion 

Human chorioamniotic/placental membranes were collected from de-identified healthy 

term pregnancies undergoing scheduled Cesearan sections at the University of Washington 

Hospital. Since identifiable information was not collected, this research is exempt from IRB 

review (see letter from UW IRB: Determination Form #44282, “Use of Discarded Placentas”). 

Chorioamniotic membranes were cultured on transwells as previously described
96

. Briefly, 

membranes were dissected from placenta immediately following delivery and transported on ice. 

Membranes were rinsed in PBS and mounted on transwell inserts (12 mm) lacking the synthetic 

filter membrane. Gestational membranes were held in place with sterile latex bands. Transwells 

were placed in 12-well plates with 0.5 mL medium (DMEM with L-glutamine supplemented 

with 1% FBS and pen/strep) in the upper chamber and 1.5 mL medium in the lower chamber at 

37 C. Following overnight acclimation, membranes on transwell inserts were washed and 

inoculated with approximately 10
7
 CFU in the upper (choriodecidual/maternal) chamber in 

DMEM supplemented with or without 1.25 mg/mL hyaluronic acid. Media was sampled at 4 and 

24 hours from both the apical and basal compartments and stored at -20° C until analysis. ELISA 

assays for cytokine levels were purchased from R and D Systems and performed as per 

manufacturer’s instruction. Media from infected tissue was diluted 1:50 (TNFα) or 1:100 (IL-6, 

IL-8, CCL4), and media from control tissue was diluted 1:4. 



 

 

 

4.5.10 Statistical Analysis 

Mann-Whitney test, Fisher’s Exact test, or Tukey’s  multiple comparison test following 

ANOVA was used to estimate differences as appropriate and p value <0.05 was considered 

significant. Statistics were performed using GraphPad Prism version 5.0 for Windows, GraphPad 

Software, USA, www.graphpad.com.  
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4.7 FIGURES 

 

 
  



 

Figure 4-1 - Disease-associated clinical GBS isolates display increased hyaluronidase 

activity 

a-c, GBS strains representative of each capsular serotype (a) and clinical GBS strains from 

invasive disease (n = 23) or from rectovaginal swabs (n = 48, b) were grown overnight and 

assessed for their hyaluronidase activity. Invasive clinical GBS strains were also stratified into 

those isolated from women undergoing preterm labor (n = 8) or those isolates from neonatal 

disease (n = 15, c). All experiments were performed three independent times in triplicate. 

Unpaired Student’s t-test was used to assess statistical significance between single groups (b, ** 

p > 0.01). Data bars are displaying mean displayed with error bars ± SEM (a) or box plots with 

mean, 25% percentile, 75% percentile, and errors bars indicating minimum and maximum values 

(b-c). Tukey’s multiple comparison test following one-way ANOVA was used to assess 

statistical significance between multiple groups (c, * p < 0.05, ** p < 0.01). 



 

 
Figure 4-2 - HylB activity leads to increased rates of ascending infection and adverse 

pregnancy outcomes including preterm birth  

a, Hyaluronic acid incubated with or without GBS was analyzed by agarose gel electrophoresis. 

The WT GBS strain COH1 shows increased hyaluronidase activity (Lane 2: WT GBS) compared 



 

to the isogenic hylB mutant (Lane 3: GBSΔhylB), which shows no hyaluronidase activity 

(Compare to Lane 1: Input). b-e, Pregnant female C57BL/6J mice (a schematic can be found in 

panel b) were inoculated with approximately 10
8
 CFU of WT GBS (n = 12) or GBSΔhylB (n = 

11). Contingency analyses were performed on observed outcomes of these mice. Observed 

outcomes were ascending bacterial infection (c), pups with adverse outcome (either born 

prematurely or in utero fetal death, d), and pups born prematurely (e). Fisher’s exact test was 

used to assess statistical significance between groups (A-C, * p < 0.05, **** p < 0.00005). 

  



 

 

Figure 4-3 – HylB activity leads to increased bacterial ascension  

Pregnant female C57BL/6J mice were inoculated with approximately 10
8
 CFU of WT GBS (n = 

12) or GBSΔhylB (n = 11). The vaginal tract, uterine horns, distal and proximal placentas, and 

distal and proximal pups of these mice were removed and assessed for bacterial load by serial 

dilution plating. Data are displayed as individual data points with median bar. Mann-Whitney U 

test was used to assess statistical significance between groups (* p < 0.05, ** p < 0.01). 

  



 

 



 

Figure 4-4 – GBS HylB activity blocks uterine inflammation in vivo 

a-d, Luminex assays were used to assess the levels of the inflammatory markers TNFα (a), MIP2 

(b), IL-6 (c), and MIP1β (d)  in the uterine tissues of pregnant female C57BL/6J mice inoculated 

with approximately 10
8
 CFU of WT GBS strain COH1 (n = 12), GBSΔhylB (n = 11), or PBS 

(n=3). Data are represented as immune responses in uterine samples irrespective of bacteria (see 

a-d, panel i) or as uterine samples with GBS to those without GBS  (either inoculated with GBS 

or PBS, a-d, panel ii). Unpaired Student’s t-test was used to assess statistical significance 

between groups (a-d, data bars are displaying mean, * p < 0.05). 

  



 

 

Figure 4-5 – HylB activity dampens immune responses in immortalized endometrial cells  

a-c, ELISA assays used to assess the levels of TNFα (a), IL-8 (b), IL-6 (c) in immportalized 

endometrial HEC-1-B cells that were infected for 48 hours with WT GBS or GBSΔhylB at an 



 

MOI = 0.01 in media supplemented with 1.25 mg/mL hyaluronic acid (HA). Experiments were 

performed in triplicate and repeated six times. One-way ANOVA with Tukey’s multiple 

correction test was used to assess statistical significance between groups (a-c, ** p < 0.005, **** 

p < 0.00005, stars over single bars indicate significant compared to all other groups). 

  



 

 

 

Figure 4-6 – Proposed model of HylB-mediated preterm birth 

GBS colonizes the rectovaginal tract of 20-40% of women, where it behaves as a commensal 

organism. GBS strains with high hyaluronidase (HylB) activity are able to ascend into the uterine 

space by blocking uterine TLR signaling and avoiding immune detection. Once in the uterine 

space, ascended GBS are able to invade placental and fetal tissues, leading to in utero fetal 

demise and/or preterm birth. GBS strains with low HylB activity levels are not able to subvert 

immune detection and are either unable to ascend into the uterine space or conversely are cleared 

by immune cells soon after ascension. These strains are relegated to the vaginal tract, and thus 

are not able to infect fetal and placental tissues or induce preterm birth.  

  



 

4.8 SUPPLEMENTARY FIGURES 

 
 

Figure 4-S1 – Correlation between ascended GBS and preterm birth  

Spearman correlation between the number of ascended GBS (average CFU in uterine space, 

placentas, and pups) and the percentage of preterm pups (either in cage or IUFD).  

  



 

 

Figure 4-S2 – Inflammatory markers not affected by HylB in the uterine space 

a-c, Luminex assays were used to assess the levels of the inflammatory markers IL-10 (a), IL-1β 

(b), and GROα (c)  in the uterine tissues of pregnant female C57BL/6J mice inoculated with 

approximately 10
8
 CFU of COH1 (n = 12), COH1ΔhylB (n = 11), or PBS (n=3). Data are shown 

as all 3 groups of uterine samples (a-c, panel i), as uterine samples with GBS present or as 



 

uterine samples without GBS (either inoculated with GBS or PBS, a-c, panel ii). Unpaired 

Student’s t-test was used to assess statistical significance between groups (a-c, * p < 0.05). 

  



 

 

Figure 4-S3 – Inflammation not affected by HylB in distal placental or distal pup tissues  

a-g, Luminex assays were used to assess the levels of the inflammatory markers TNFα (a), MIP2 

(b), IL-6 (c), MIP1β (d), IL-10 (e), IL-1β (f), and GROα (g) in the distal placental tissues (see 



 

Figure 4-2b for schematic) of pregnant female C57BL/6J mice inoculated with approximately 

10
8
 CFU of COH1 (n = 5), COH1ΔhylB (n = 5), or PBS (n=3). 

  



 

 

Figure 4-S4 – Inflammation not affected by HylB in ex vivo gestational membranes  

a-d, ELISAs were used to assess the levels of the inflammatory markers TNFα (a), IL-6 (b), IL-8 

(c), CCL4 (d) in the gestational tissues inoculated with approximately 10
7
 CFU of COH1 or 

COH1ΔhylB. Culture media was supplemented with 1.25 mg/mL hyaluronic acid (HA). 

Experiments were performed in duplicate on at least 3 gestational tissues. One-way ANOVA 

with Tukey’s multiple correction test was used to assess statistical significance between groups 

(a-d, * p < 0.05, ** p < 0.005, *** p < 0.0005, **** p < 0.00005, L.O.D. = limit of detection). 

 



 

Chapter 5. Conclusions and final thoughts 

The figures and figure legends in this chapter have been adapted from the following articles:  

 

Jay Vornhagen, Kristina Adams Waldorf, and Lakshmi Rajagopal. (2017) Perinatal Group B 

Streptococcal infections: virulence factors, immunity and prevention strategies. Trends in 

Microbiology, accepted. 

 

Figure numbers have been updated to conform to the dissertation. Adapted text remains as 

published with minor editorial changes.  

  



 

5.1 SUMMARY OF FINDINGS 

The work presented in this dissertation attempts to address several outstanding questions 

about the mechanisms of GBS colonization and ascending infection and provide insight into the 

complexity of the host-pathogen interactions that occur during these processes.  

The role of the hemolytic pigment in GBS pathogenesis has been well-

studied
66,96,103,147,182

, yet its role in vaginal colonization was not clear. The data presented in 

Chapter 2 indicate that a delicate balance of pigment expression is needed for successful vaginal 

colonization. Abrogation of pigment expression leads to diminished colonization, whereas 

overexpression of pigment leads to bacterial clearance from the vagina. Bacterial clearance is 

mediated through the activation and degranulation of a specific subset of tissue-resident immune 

cells in the vagina known as mast cells. Mast cells degranulate in response to the GBS pigment, 

leading to release of pre-formed inflammatory mediators. Removal of mast cells from the vagina 

prolongs vaginal colonization of hyper-pigmented GBS strains, which are normally not present 

in the vagina, but are highly associated with preterm birth and neonatal infection. If hyper-

pigmented GBS strains are able to bypass vaginal immunity and infect the placenta, then they are 

able to resistance clearance by the host immune system.  

Despite significant advances in our understanding of vaginal colonization, the process by 

which GBS ascends from the vagina to the uterus remained unknown. The work in Chapter 3 are 

the first to demonstrate a mechanism of how GBS ascends from the vagina into the uterus and 

causes preterm birth. We show that GBS induces epithelial exfoliation of vaginal epithelial cells, 

which was previously considered to be a means by which the host clears infectious bacteria from 

the vagina. Instead, we show that rather than being removed from the vagina, GBS mediated 

epithelial exfoliation leads to ascending infection through the disruption of epithelial barrier 



 

function and increased bacterial dissemination. Loss of epithelial barrier function occurs when 

GBS activates β1 integrin and β-catenin signaling which lead to epithelial-to-mesenchymal 

transition. Consistent with this mechanism, reduction of epithelial exfoliation diminished 

ascending infection and improved pregnancy outcomes in a murine model of ascending 

infection.  

Once GBS enters the uterus, mechanisms of how GBS evades the host immune response 

were not completely understood. In Chapter 4, we show that the HylB hyaluronidase secreted by 

GBS plays a critical role in preventing immune recognition. Previous reports have shown that 

HylB degrades the host ECM molecule hyaluronic acid into disaccharide units, which block TLR 

signaling and diminish the host immune response to GBS. Our data shows that GBS strains 

isolated from women undergoing preterm birth display higher levels of hyaluronidase activity 

than rectovaginal GBS isolates. Deletion of hylB in GBS leads to reduction of bacterial load in 

uterine, placental, and fetal tissues, and reduced rates of adverse pregnancy outcomes. Despite 

fewer bacteria, uterine tissues displayed higher levels of inflammation, indicating a role for HylB 

in controlling the uterine immune response, and therefore GBS access to placental and fetal 

tissues. 

Taken as a whole, these chapters represent the first attempt to comprehensively 

understand the natural course of GBS colonization and ascending infection in settings that 

closely replicate human disease. Additional discussions of the future research are presented 

below.  

5.2 NEXT STEPS FOR VAGINAL COLONIZATION RESEARCH 

Despite recent advances, there are many limitations in our understanding of GBS vaginal 

colonization. Importantly, the complete repertoire of GBS virulence factors, host factors, and 



 

environmental factors that determine the extent and duration of vaginal colonization remain 

unknown. This point is key given that the dynamics of colonization during pregnancy are highly 

variable
79,264

. Frequently, women are transiently colonized during pregnancy
264

, and colonization 

densities can vary
79

. Interestingly, even in cases of transient colonization, the GBS clonal 

population remains homogenous
79

, which is consistent with findings that relatively few clonal 

types cause a significant portion of human disease
193,265

; however, the means by which vaginal 

populations of GBS can be both transient and stable remains unexplained. More studies are 

needed to explore the dynamics of colonization during pregnancy, as current studies have been 

limited to the use of non-pregnant models of colonization
85,105

. Understanding the temporal 

dynamics of GBS colonization will lead to more effective interventions to prevent transmission 

to the fetus or newborn.  

A major limitation of colonization studies performed in laboratory settings is the use of 

animal models that do not perfectly model the human vaginal environment. The most genetically 

tractable animal model is the mouse which, unfortunately, has many differences in their 

genitourinary tract compared to humans. While other animal models are limited by their biology, 

expense, and available resources
40

, advances in the mouse model have been made to better 

recapitulate human biology. For example, the use of gnotobiotic mice with reconstituted human 

vaginal microbiomes has recently been used to study the prenatal environment
266,267

. 

Additionally, the use of humanized mice that more closely resemble humans in the study of 

vaginal infections is becoming more common
199,268

. Adaptation of models such as these to 

murine models of GBS colonization could reveal novels aspects of its biology and host genetic 

factors that lead to successful vaginal colonization.  



 

Finally, significant questions about both vertical and horizontal GBS transmission 

remain. It is often assumed that neonates contract GBS from contaminated vaginal fluids during 

the birthing process; however, given the kinetics of neonatal disease (frequently displaying 

clinical symptoms within 0-24 hours of birth
51

), many cases are thought to be a result of in utero 

infections caused by ascended GBS. This idea is also supported by the frequent recovery of GBS 

from the amniotic fluid and chorioamniotic membranes in cases of infection-associated preterm 

birth
12,42,269

. While Chapters 3 and 4 of this dissertation help establish a model of ascending 

infection, no model of vertical GBS transmission during delivery exists. Moreover, how GBS is 

transmitted from person to person is unknown. Some studies have observed cases of sexual 

transmission of GBS
80-84

; however, no consensus on the exact route exists, nor does a model of 

horizontal GBS transmission. The bacterial factors involved in transmission from the mother to 

the perinate during delivery or in horizontal transmission may be different than those that are 

important for colonization, yet these fields remains completely unexplored. Given its important 

implication for understanding GBS disease, colonization is an area of active research.  

5.3 NEXT STEPS FOR ASCENDING INFECTION RESEARCH 

While studies have provided some insight into virulence factors that enable GBS to gain 

access to the uterine space from the lower genital tract and host factors involved in this process, 

significant research is required to fully understand ascending GBS infection. Currently, little is 

known about host factors that prevent ascending infection, such as the role of the cervical barrier, 

endocrine signaling, and cellular immunity. Further, host specific factors and genetics that may 

influence ascending GBS infection are unknown. The murine model of ascending GBS infection 

has only recently been established
39,60

, and there is significant opportunity to use this model in 

future studies. Much of our insight into host-GBS interactions occurs in models that are not 



 

directly relevant to GBS infections, such as intraperitoneal, retro-orbital, and intravenous routes 

of infection. Moreover, in vitro models of infection are not appropriate in the study of ascending 

infection. Our understanding of the role of GBS and host factors in ascending infection could be 

greatly expanded through the use of the murine ascending GBS infection model. Additionally, 

the use of other animal models, such as guinea pigs or non-human primates, could result in an 

expansion in our knowledge of ascending infection. The choice of animal model is key in 

answering some of these questions due to important differences in pregnancy physiology, 

mechanism of labor and placental structure between humans and mice
270

. Nonhuman primates 

are the closest animal model to fully recapitulate important aspects of human pregnancy
270

 but 

are limited in their use by ethical constraints, availability and cost. Ideally, a combination of 

lower animal and nonhuman primate models should be used in order to delineate relevant aspects 

of disease.  

Clinical studies should be planned to delineate the epidemiology of ascending GBS 

infection. It is known that ascending GBS infection and infection-associated preterm birth occur 

in humans
12,42,269

, yet nothing is known about the rates of ascending infection in these settings. 

Moreover, little is known about the specific etiology of preterm birth and stillbirth, or the 

environmental factors that contribute to these etiologies.  As our knowledge of the host and 

bacterial factors involved in ascending infection increase, more information about the presence 

of these factors in nature is needed. If clinical samples are collected more frequently from 

preterm births and stillbirths they could be used to define the role of GBS and GBS factors in 

clinical settings.  

Finally, clinical studies should be designed to identify biomarkers for ascending 

infection. Viral infection of the cervix
38

 and diminished cervical hyaluronic acid levels
111

 have 



 

been associated with increased ascending infection, however, little is known about the clinical 

relevance of these or other factors in the context of ascending GBS infection. Initiatives such as 

the Global Alliance to Prevent Prematurity and Stillbirth (GAPPS, http://gapps.org/) and Child 

Health and Mortality Prevention Surveillance program (CHAMPS, 

http://www.ianphi.org/whatwedo/champs/index.html) can provide novel tools and insight into 

the study of ascending infection. Understanding the epidemiology of ascending GBS infection is 

vital for directing future research in this area, and filling these knowledge gaps could lead to the 

development of therapeutics for preventing ascending infection. 

5.4 EXPANSION OF GBS SCREENING PROGRAMS 

Unlike the United States, some countries have not adopted the GBS screening program 

but instead administer antibiotics upon the development of a risk factor for GBS neonatal disease 

(e.g. prolonged rupture of membranes)
55

. However, neither the GBS screening program nor the 

risk factor assessment approaches have fully eliminated neonatal GBS infections. This is because 

these prevention strategies do not address the risk of ascending infection, which can potentially 

occur anytime during pregnancy leading to preterm birth or stillbirth, and they also do not 

prevent late onset GBS infections (observed in neonates who are older than one week of age) 

where vertical transmission is not the only mode of acquisition
271

. Also, these preventive 

measures do not consider the complexity of GBS infections wherein a pregnancy maybe at 

increased risk due to increased pathogenicity of GBS (high expression of certain virulence 

factors), host factors that can affect the outcome of infection, influence of the vaginal/rectal 

microbiome, false negative screening results, or changes in GBS antibiotic resistance. As current 

interventions targeting GBS infections is limited to antibiotic therapy, and given that antibiotic 

resistance is on the rise
272

, a deeper understanding of how GBS are able to colonize the vagina 

http://gapps.org/
http://www.ianphi.org/whatwedo/champs/index.html


 

and cause neonatal disease is critical for the development of new therapeutics. Ultimately, 

universal screening programs are needed in more countries to measure the burden of GBS 

colonization and successfully prevent disease.   

5.5 THERAPEUTICS STRATEGIES FOR THE PREVENTION OF GROUP B 

STREPTOCOCCUS COLONIZATION AND ASCENDING INFECTION 

Currently, strategies focus on the prevention of GBS transmission during labor and 

delivery through the use of antibiotics. This strategy does not fully capture the biology of GBS 

infection, nor does it completely address the full burden of GBS disease. Moreover, antibiotic 

resistance is increasing
272

, and use of antibiotics during pregnancy has consequential effects for 

neonatal health that are only now being appreciated
273,274

. To successfully eradicate the burden of 

disease, interventions need to be specifically targeted, have minimal detrimental effects on the 

microbiome and target processes upstream of vertical transmission, such as colonization and 

ascending infection.  

Multiple studies have focused on a probiotic approach to reducing vaginal GBS 

colonization. Recent studies using probiotic Lactobacillus species have shown that pretreatment 

of the vagina prior to GBS colonization can block GBS adherence to vaginal epithelial cells
275

, 

and reduce colonization
276,277

. Probiotic administration of the oral colonizer Streptococcus 

salivarius has also been shown to have the ability to reduce vaginal GBS burden through a yet 

unidentified anti-microbial activity
278

. It is important to note that frequent doses (3-7) of 

probiotic bacteria were required for a protective effect in vivo
276,277

, raising the question as to the 

feasibility of probiotic intervention in humans, and highlighting the need to continue to explore 

this field to identify an efficient and feasible probiotic therapy to prevent GBS colonization. 

Moreover, little is known about the interactions between GBS and the vaginal microbiome, and 



 

whether those interactions have any positive benefits to human health. Further studies that aim to 

understand these interactions would shed much needed light on this topic.  

A vaccine to prevent GBS colonization would be the most effective intervention; 

however, development of a vaccine has proven to be challenging. Recent work has shown that 

vaccination of mice with killed bacteria reduces preterm birth rates
279

 and that mucosal vaccine 

delivery is more effective than intramuscular delivery
280

. Multiple studies have identified 

maternal antibody levels to the GBS capsule as being protective against GBS infection
281-284

, and 

it has long been known that anti-capsular antibodies can confer protection to infection
47

. 

Unfortunately, vaccines targeting the GBS capsule alone are ineffective due to their poor 

immunogenicity and thus, conjugate-capsule vaccines and a vaccine that targets the alpha C/Rib 

protein family are now being tested in clinical trials (Reviewed in
285-287

). Despite the promise of 

these vaccine candidates, challenges to the eradication of GBS disease will exist even after the 

implementation of a vaccine. While ten GBS capsular serotypes have been identified, serotypes 

Ia, Ib, II, III, and V are predominantly responsible for GBS disease
287

.  Consequently, current 

vaccine candidates target serotypes Ia, Ib, and III
285

, and a pentavalent vaccine targeting 

serotypes Ia, Ib, II, III, and V is in pre-clinical development
286

. The development of vaccines 

targeting various antigens such as Alpha C/Rib may prove to be vital, as non-typeable GBS 

strains can cause disease
288

. Additionally, GBS strains can switch capsular serotypes
289

, thereby 

evading host immunity conferred by vaccination.  

It is possible that if these vaccines are developed, serotypes or strains that are not 

typically a significant cause of GBS disease may emerge in vaccinated populations. Indeed, this 

phenomenon has been observed with implementation of conjugate vaccines against 

Streptococcus pneumoniae
231,290

. Thus, GBS surveillance programs would need to remain 



 

vigilant even after a vaccine becomes widely used. There are also significant challenges in 

resource-limited settings to consider prior to implementation (Reviewed in
291

). Regardless, it is 

clear that a vaccine would be the most effective means of reducing the global GBS burden of 

disease
292

. 

5.6 FINAL THOUGHTS 

GBS has long been recognized as a significant human pathogen
48

, yet we are only now, 

beginning to fully understand its pathogenesis almost a century later. It is clear that 

understanding the interplay between the host and bacteria is vital for understanding how to 

effectively prevent GBS disease while having minimal adverse effects on the human host. 

Research in this field has revealed novel insights into the bacterial virulence factors necessary for 

successfully establishing disease and an appropriate host response to prevent ascending infection 

and preterm birth. Any disturbance in this balance can lead to serious and lasting outcomes for 

the host, or disadvantageous pressures for the bacteria. Several examples of how this balance can 

be perturbed to benefit human health have described above, but more research is needed to fully 

understand what triggers ascending GBS infection, the host immune response to colonization and 

ascending infection, and the physiological drivers of fetal damage and preterm. Additionally, 

more epidemiological data are required to describe the global burden of GBS colonization and 

disease. As GBS colonization during pregnancy is intermittent and variable
79

, the current 

screening methodology likely misses a significant portion of colonization during pregnancy. This 

issue results in a measurable risk for ascending GBS infection during pregnancy that could lead 

to stillbirth, preterm birth, and early term birth. An evaluation of earlier and more frequent GBS 

screening during pregnancy may shed light on these issues. With these data, effective and 

feasible interventions to prevent GBS disease can be developed. Ultimately, vaccination will 



 

prove to be the most effect intervention. A combination of rational vaccine design, intelligent 

implementation and monitoring strategies, and strong advocacy
55

 may lead to the eradication of 

GBS as a human pathogen.  
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