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Streptococcus agalactiae (Group B Streptococcus [GBS]) is an opportunistic pathogen that 

normally colonizes healthy adults asymptomatically and is a frequent inhabitant of the vaginal 

tract in women. However, GBS can cause severe disease when transmitted to newborns. Despite 

widespread antibiotic prophylaxis administration to colonized mothers, GBS remains a leading 

cause of neonatal meningitis. Bacterial meningitis is a life-threatening infection of the central 

nervous system (CNS) and is marked by GBS gaining access to the blood and further by 

penetration of GBS across the blood-brain barrier (BBB) and activation of host inflammatory 

responses. Although several GBS surface proteins have been shown to impact bacterial adhesion 

to endothelium, a direct interaction between a GBS factor and a host endothelial ligand had not 

been described. Additionally, while it is known that the bacterium tightly regulates its expression 

of virulence factors in order to occupy various host niches, there are currently many 

uncharacterized GBS transcriptional regulators. Also, GBS likely competes or cooperates with 

other resident microbes in the vaginal tract during colonization, however little work has been done 

to model polymicrobial interactions within this host niche. For this PhD dissertation, I investigated 

how this bacterium is able to persist in the vagina, transition to an invasive pathogen, disrupt host 

barriers, and ultimately penetrate into the brain to cause meningitis. I examined a GBS adhesin 

which promoted bacterial attachment to the brain endothelium and discovered the endothelial 

receptor for this GBS factor. I also characterized a GBS transcriptional regulator that influenced 

meningitis as well as GBS vaginal carriage by impacting host immune signaling. Lastly, I 

developed an in vivo vaginal colonization model for another common opportunistic pathogen, 

Staphylococcus aureus, which likely interacts with GBS within this host niche. Using this model, 

I showed that bacterial interactions with fibrinogen as well as iron uptake are key determinants of 

vaginal persistence. Taken together, this dissertation furthers our understanding of how GBS 
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adapts to different host niches in order to transition from asymptomatic colonization to causing 

invasive inflammatory disease and provides novel insights into GBS disease pathogenesis and 

treatment strategies to prevent colonization and invasive CNS disease. 
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Chapter 1 

INTRODUCTION 

Group B Streptococcus 

Streptococcus agalactiae (Group B Streptococcus [GBS]) is an encapsulated, Gram-

positive, chain forming bacterium that commonly colonizes the lower gastrointestinal tract and 

female reproductive tract in humans (1). GBS was categorized by Rebecca Lancefield as 

possessing the “Group B” carbohydrate antigen and was originally described as causing mastitis 

in dairy cows (2, 3). More recently, GBS has emerged as a major cause of invasive infections in 

humans, especially newborns and immune-compromised individuals (4). Since the 1970s, GBS 

has been the leading cause bacterial disease in neonates, who can acquire this pathogen through 

vertical transmission (4-7). GBS infections in newborns are classified as either Early Onset 

Disease (EOD) or Late Onset Disease (LOD). EOD occurs within the first week of life and is 

characterized by pneumonia and sepsis, while symptoms of LOD appear a week to six months post 

birth and the disease more frequently progresses to meningitis (8).  

Despite many efforts to develop immunization strategies which target either the GBS 

capsular polysaccharides or conserved protein antigens, an approved vaccine against GBS does 

not exist (9-11). In the United States, to reduce the risk of GBS transmission to the newborn, 

pregnant women are routinely screened for GBS carriage between the 35th and 37th weeks of 

pregnancy and those who are positive receive intrapartum antibiotic treatment (12). Widespread 

implementation of antibiotic prophylaxis has drastically reduced the incidence of EOD, from 1.73 

per 1000 live births in 1990 to 0.37 per 1000 live births in 2006, however the rates of LOD and 

meningitis have remained stable (13). Additionally, as pneumococcal meningitis cases have 

declined rapidly since the introduction of the 13-valent vaccine against Streptococcus pneumoniae 
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in 2010 (14), GBS is currently the most common cause of pediatric bacterial meningitis in the 

United States, affecting 0.32 per 1000 live births (13, 15).    

 

GBS meningitis disease. 

 GBS meningitis occurs when bacteria present within the blood spreads into the meninges, 

which are the protective tissues that surround the central nervous system. There are three 

meningeal layers: the dura, arachnoid, and pia mater. The dura mater is the thickest and most 

superficial meningeal layer, and is composed of dense connective tissue. The dura is also heavily 

vascularized and is the only meningeal layer containing lymphatic vessels (16). The deeper 

arachnoid and pia layers are collectively known as the leptomeninges, which intimately cover the 

glia limitans, the outer-most layer of brain and spinal cord nervous tissue formed by astrocytic 

processes. Cerebrospinal fluid (CSF) is contained within the subarachnoid space of the 

leptomeninges (16, 17). The structures that separate the blood from central nervous system tissues 

are the blood-brain barrier (BBB) and the blood-CSF barrier (BCSFB). These barriers are 

maintained by highly specialized microvascular endothelial cells which possess tight junctions, 

have high trans-endothelial electrical resistance, lack fenestrations, and function to restrict passage 

of substances from the blood through to the brain and spinal cord (18-22).  

In order to disseminate from the blood into the meningeal and nervous tissues, GBS must 

first interact with BBB and BCSFB microvascular endothelial cells. An early electron microscopy 

study showed that GBS can attach to the surface of human brain microvascular endothelial cells 

(BMEC), invade into these cells, and survive inside the cells contained within vacuoles. In this 

study, the observation of intracellular GBS inside membrane-bound vacuoles suggested that the 

bacterium induced endocytic uptake by host cells (23). Subsequent research has identified 
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numerous GBS virulence factors, including adhesins and invasins, that are important for GBS 

interactions with BMEC and characterized their effect on host signaling pathways.  

Many GBS surface factors are known to interact specifically with extracellular matrix 

(ECM) components which are present on the surface of BMEC (24). The GBS pilus protein PilA 

can bind to collagen to promote GBS attachment to BMEC and subsequent uptake into host cells 

(25, 26). Both the plasminogen-binding surface protein (PbsP) and phosphoglycerate kinase (PGK) 

are expressed on the GBS cell surface and can engage plasminogen to promote dissemination of 

the bacterium into the brain (27, 28). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is a 

key enzyme of the glycolytic pathway but is also a GBS surface adhesin. It has been demonstrated 

to bind to a variety of ECM components including plasminogen, fibrinogen, and laminin (29, 30). 

Streptococcal fibronectin-binding protein A (SfbA) interacts with fibronectin to promote GBS 

invasion into BMEC in vitro and contributes to meningitis progression in vivo (31). Numerous 

other GBS surface factors, including the serine-rich repeat proteins (Srr1 and Srr2) and the 

fibrinogen-binding surface proteins (FbsA, FbsB, and FbsC) can adhere to fibrinogen to promote 

virulence (32-35). The Srr1/2 proteins are similar in structure to Staphylococcus aureus clumping 

factor B (ClfB) and likely engage fibrinogen via a similar “dock, lock, and latch” mechanism (32, 

36, 37). Interestingly, while numerous GBS adhesins and invasins have been shown to be 

important for penetration of the brain endothelial barriers in experimental meningitis models, their 

identified ligands are all ECM components which can function to bridge a connection between the 

bacterium and the endothelial cell (38). A direct interaction between a GBS factor and an 

endothelium specific surface protein has not yet been described.  

The host immune response to GBS attachment to and invasion of brain endothelial barriers 

is a major contributor to neuronal injury and the pathogenesis of meningitis (39). Brain endothelial 
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cells, microglia, astrocytes, and infiltrating immune cells can all release inflammatory factors and 

exacerbate neuronal injury beyond direct damage caused by the bacteria (40). Several studies have 

focused specifically on the immune response of BBB endothelial cells since GBS interacts with 

this barrier before gaining access to underlying nervous system cells. One microarray analysis of 

the expression profile of BMEC during GBS infection revealed high induction of genes which 

promote neutrophil activation such as the cytokines within the CXC family of chemokines like IL-

8, the pro-inflammatory cytokine IL-6, and NF-κB pathway components (41). Several GBS 

virulence factors, such as pili and the beta-hemolysin/cytolysin (β-H/C), have been shown to 

increase neutrophil recruitment to the meninges and this increase in neutrophil infiltration was 

associated with worse disease outcome in in vivo meningitis models (25, 41).  

 

Vaginal colonization by GBS. 

 Maternal vaginal carriage of GBS is a major risk factor for transmission to the newborn. 

In order to successfully colonize the vaginal tract, GBS has to adhere to the epithelial surface, 

evade clearance by the host immune system, and compete or cooperate with other resident 

microbes. Many GBS surface factors have been shown to be important for interactions with 

epithelial cells in vitro and/or persistence in in vivo animal models of vaginal colonization. These 

include FbsA and FbsB, Srr1 and Srr2, PilA, the alpha-like proteins, bacterial surface adhesion of 

GBS (BsaB), BibA, and PbsP (42-48). The expression of these are controlled by various 

transcriptional regulators, and there is evidence that some of these virulence factors are 

differentially expressed during persistence in the vagina compared to invasive disease. For 

example, the expression of BibA is dependent on pH; it is upregulated in neutral environments and 

repressed in acidic conditions (49). This observation would indicate that BibA is present on the 
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GBS cell surface during infection of blood or tissues, but may not be highly expressed during 

vaginal colonization as pH can be low in that host niche. 

 There have been many studies examining the host immune response to vaginal colonization 

by GBS. Various innate immune cells have been shown to be activated to promote GBS clearance 

such as neutrophils, macrophages, and mast cells (50-52). The neutrophil response in particular 

has been well-characterized and it is influenced by the expression of β-H/C (51, 53). In addition 

to stimulating the innate immune system, GBS vaginal colonization can also produce an adaptive 

immune response. Previous work from our group demonstrated that IL-17, a pro-inflammatory 

cytokine produced by T helper 17 (TH17) cells, is increased in a mouse model of GBS vaginal 

colonization and that treatment with recombinant IL-17 promoted GBS clearance. The results of 

these earlier studies indicate that the ultimate outcome of vaginal colonization by GBS is 

dependent on both bacterial and host factors. 

Polymicrobial interactions likely also influence GBS vaginal carriage, however there are 

fewer mechanistic studies on this topic. Another notable bacterial inhabitant of the vaginal tract is 

Staphylococcus aureus, which colonizes the vagina in up to 22% of pregnant women. 

Epidemiological studies indicate that there may be an association between S. aureus and GBS 

during vaginal colonization, with several reports demonstrating the S. aureus colonization was 

more frequent in GBS-positive women than women not colonized by GBS (54-56). Although GBS 

and S. aureus are both commonly found in the lower female reproductive tract during pregnancy 

and can be transmitted to the neonate with devastating consequences, it is unclear whether 

colonization with one organism promotes the acquisition and persistence of the other. Before this 

dissertation, there have not been any experimental examinations of GBS and S. aureus co-

colonization of the vagina. Investigating interactions between these two common inhabitants of 
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the vaginal tract would be a reasonable starting point for studying polymicrobial interactions 

involving GBS, however, S. aureus vaginal colonization has never been previously modeled with 

an in vivo system.  

 

Antigen I/II family adhesins promote Streptococcal adherence to host surfaces and 

inflammation 

 Antigen I/II (AgI/II) family polypeptides are multifunctional adhesins which are widely 

distributed among members of the Streptococcus genus. Although AgI/II proteins from different 

Streptococcus species vary in size, members of this family share a similar primary sequence 

comprised of six distinct regions: the N-terminal region which contains the secretion signal, an 

alanine-rich repeat (A) region, the variable (V) domain, a proline-rich repeat (P) region, the C-

terminal region, and the cell-wall anchor which contains the LPXTG motif necessary for sortase-

mediated attachment to the bacterial surface. The A and P regions of AgI/II proteins form a stalk 

which extends the V-domain away from the bacterial cell surface. AgI/II genes are well-conserved 

and most of the variation in sequences between species are clustered in the V-domain (57, 58). 

The AgI/II protein of S. mutans, SpaP or P1 adhesin, was one of the first cell-wall anchored 

adhesins to be described in Gram positive bacteria (57, 59). The name of this family of proteins is 

derived from the original observation that SpaP contains two antigenic regions, the “antigen I” and 

the “antigen II” (60). Since the initial discovery of SpaP in S. mutans, AgI/II proteins have been 

identified in nearly every member of the viridans family of Streptococci which inhabit the human 

mouth such as SspA and SspB in S. gordonii, SoaA in S. oralis, PAg and SpaA in S. sobrinus, PAa 

in S. cricetus, and Pas in S. intermedius (57, 61-65). The AgI/II proteins of oral streptococci have 

been extensively characterized as important adhesins for promoting bacterial interactions with the 
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host as well as other microbes within the mouth. Many of these proteins, including SpaP, SspA, 

and SspB, have been shown to bind specifically to the host innate immunity scavenger receptor 

glycoprotein-340 (gp-340), which is present in saliva as well as other mucosal secretions (66, 67). 

In addition to gp-340, AgI/II proteins have been demonstrated to interact with extracellular matrix 

components such as fibronectin and collagen, and to promote integrin-mediated internalization of 

oral Streptococci by host endothelial cells (68-70). AgI/II proteins are also important mediators of 

inter-bacterial adherence and aggregation within the mouth. SspA and SspB from S. gordonii can 

interact with the anaerobic pathogen Porphyromonas gingivalis, SspB can also interact with 

pathogen Actinomyces naeslundii, and SpaP from S. mutans promotes biofilm formation by the 

fungal pathogen Candida albicans (71-73). Lastly, the immunostimulatory characteristics of these 

adhesins have inspired numerous studies focused on utilizing AgI/II proteins to develop vaccine 

therapies to prevent periodontal disease (57, 58, 74-76).  

 Interestingly, while many strains of Streptococcus pyogenes (Group A Streptococcus, 

[GAS]), including the strains belonging to the virulent M1, M12, and M89 M-serotypes, lack an 

AgI/II homolog, a subset of M-serotypes contain an integrative and conjugative element (ICE) 

which encodes the AgI/II protein AspA (77). This ICE likely originated from GBS and was 

acquired by M2, M4, and M28 serotype GAS strains through horizontal gene transfer (78, 79). 

These particular M-serotypes are highly associated with puerperal sepsis and invasive neonatal 

infections, and it has been hypothesized that GBS genes contained within the ICE contribute to the 

enhanced pathogenicity of M2, M4, and M28 GAS serotypes in pregnant and postpartum women 

as well as newborns (78, 80). AspA can interact with gp-340 to promote GAS biofilm formation 

and also plays an important role in colonization of the nasopharynx as well as invasive infection 

of the lower respiratory tract (77, 81).  
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Four homologs of the Bsp AgI/II proteins (BspA-D), exist in GBS. One strain, NEM316, 

contains BspA and BspB while other strains have either BspC or BspD (82). BspD is a truncated 

AgI/II protein which lacks the secretion signal necessary for targeting to the cell membrane by the 

Sec pathway (82, 83). Previous work has examined the role of the Bsp AgI/II proteins in impacting 

GBS vaginal colonization. BspA has been shown to bind to gp-340, promote biofilm formation 

and attachment to vaginal epithelium, and interact with C. albicans (82, 84). A subsequent study 

demonstrated that both BspA and BspC bind to the hypha-specific adhesin Als3 of C. albicans and 

this interaction promotes co-association of both microbes with vaginal epithelial cells in vitro (85). 

However, no studies have investigated the role of GBS AgI/II proteins using in vivo infection 

models. Also, although AgI/II proteins are known to be immunogenic and meningitis disease 

progression is driven by excessive inflammation, there have not been any investigations on the 

potential importance of the Bsp proteins on promoting meningitis.  

 

Signaling through two-component systems impacts GBS virulence 

 Over the course of its disease cycle, GBS has to adapt to very different host 

microenvironments. In bacteria, the ability to monitor and respond to environmental signals is 

commonly mediated by signaling through two-component regulatory systems (TCSs) (86, 87).  

Bacterial TCSs consist of a membrane-bound histidine kinase sensor (HK) and a cognate 

cytoplasmic response regulator (RR). HKs can sense a variety of signals such as temperature, pH, 

and the presence of antimicrobial compounds or nutrients. Upon activation by its specific signal, 

the HK undergoes autophosphorylation at a conserved histidine site, and then transfers this 

phosphoryl group to the RR. Phosphorylation of the RR induces a conformational change that 
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alters the DNA-binding capacity of the regulator, affecting expression of downstream gene targets 

(88).  

GBS possesses up to 21 TCSs, a few of which have been well characterized and are known 

to impact GBS virulence (89, 90). The RgfA/C TCS regulates the expression of FbsA and FbsB to 

mediate GBS interactions with extracellular matrix components (91). The LiaR transcriptional 

regulator affects the expression of genes involved in cell wall synthesis in response to the presence 

of cell wall-active antimicrobial agents (92). The CiaR regulator has been shown to promote GBS 

survival within brain endothelial cells as well as phagocytic cells, such a neutrophils and 

macrophages (93). CovR/S (control of virulence regulator/sensor) is the best studied TCS in GBS 

and has been shown to impact the expression of a many of virulence factors that are important for 

GBS pathogenesis, such as pili, FbsA, and FbsB, which promote GBS attachment to host surfaces, 

cylE, which impacts the expression of β-H/C, and genes involved in iron uptake, which is 

important for survival within the host (94-96). The CovR/S system represses expression of these 

virulence factors, and hypervirulent clinical isolates of GBS containing CovR/S mutations have 

been identified (97). However, overexpression of virulence factors, especially the β-H/C, has also 

been associated with decreased persistence during vaginal colonization (53). These findings 

highlight the importance of TCS regulation in impacting GBS virulence in different host niches.  

 

SPECIFIC AIMS 

The purpose of this dissertation is to identify bacterial factors which influence bacterial 

vaginal colonization as well as the transition to disease states. I hypothesize that GBS expresses 

surface factors which promote bacterial interaction with host surfaces, and that the bacterium 

must tightly regulate these factors in order to successfully colonize the host and to cause disease. 
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Specifically, I will assess the ability of the GBS AgI/II protein, BspC, to facilitate GBS interactions 

with cerebral microvascular endothelial cells during the progression of meningitis. Additionally, I 

will examine the role of the previously uncharacterized LtdR TCS RR in affecting both GBS 

meningitis disease and vaginal colonization. Lastly, I will investigate the molecular mechanisms 

that govern S. aureus vaginal colonization. Developing and characterizing an in vivo model for S. 

aureus vaginal carriage will be a necessary first step to examining GBS-S. aureus interactions 

within this host niche. To better understand how bacteria can cause invasive disease as well as 

successfully colonize the female reproductive tract asymptomatically, I will use in vitro and 

murine models to address the following aims: 

Aim 1: Characterize the contribution of the cell surface adhesin BspC to inflammation and 

meningitis. 

a. Examine the role of BspC in promoting bacterial adherence to endothelial cells and 

infiltration into brain tissue.  

b. Assess the impact of BspC on the host immune response during meningitis. 

c. Identify an endothelial receptor for BspC and characterize the interaction between 

BspC and its host receptor.  

Aim 2: Investigate the role of the LtdR transcriptional regulator in the transition between 

colonization and disease states. 

a.  Characterize the impact of LtdR signaling in in vivo models of meningitis and vaginal 

colonization. 

b.  Determine the effect of LtdR bacterial adherence to and invasion into endothelial and 

epithelial cells. 

c. Identify LtdR-regulated genes that contribute to GBS pathogenicity. 
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Aim 3: Examine vaginal colonization by Staphylococcus aureus. 

a.  Develop a murine model of S. aureus vaginal colonization. 

b.  Determine the importance of S. aureus interactions with host fibrinogen in promoting 

vaginal persistence. 

c. Identify novel determinants of S. aureus vaginal colonization. 
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ABSTRACT 

Streptococcus agalactiae (Group B Streptococcus, GBS) normally colonizes healthy adults 

but can cause invasive disease, such as meningitis, in the newborn. To gain access to the central 

nervous system, GBS must interact with and penetrate brain or meningeal blood vessels; however, 

the exact mechanisms are still being elucidated. Here, we investigate the contribution of BspC, an 

antigen I/II family adhesin, to the pathogenesis of GBS meningitis. Disruption of the bspC gene 

reduced GBS adherence to human cerebral microvascular endothelial cells (hCMEC), while 

heterologous expression of BspC in non-adherent Lactococcus lactis conferred bacterial 

attachment. In a murine model of hematogenous meningitis, mice infected with DbspC mutants 

exhibited lower mortality as well as decreased brain bacterial counts and inflammatory infiltrate 

compared with mice infected with WT GBS strains. Further, BspC was both necessary and 

sufficient to induce neutrophil chemokine expression. We determined that BspC interacts with the 

host cytoskeleton component vimentin, and confirmed this interaction using a bacterial two-hybrid 

assay, microscale thermophoresis, immunofluorescent staining, and imaging flow cytometry. 

Vimentin null mice were protected from WT GBS infection and also exhibited less inflammatory 

cytokine production in brain tissue. These results suggest that BspC and the vimentin interaction 

is critical for the pathogenesis of GBS meningitis. 

 

AUTHOR SUMMARY 

Group B Streptococcus (GBS) typically colonizes healthy adults but can cause severe 

disease in immune compromised individuals, including newborns. Despite wide-spread 

intrapartum antibiotic prophylaxis given to pregnant women, GBS remains a leading cause of 

neonatal meningitis. To cause meningitis, GBS must interact with and penetrate the blood-brain 
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barrier (BBB), which separates bacteria and immune cells in the blood from the brain. In order to 

develop targeted therapies to treat GBS meningitis, it is important to understand the mechanisms 

of BBB crossing. Here, we describe the role of the GBS surface factor, BspC, in promoting 

meningitis and discover the host ligand for BspC, vimentin, which is an intermediate filament 

protein that is constitutively expressed by endothelial cells. We determined that BspC interacts 

with the C-terminal domain of cell-surface vimentin to promote bacterial attachment to brain 

endothelial cells and that purified BspC protein can induce immune signaling pathways. In a mouse 

model of hematogenous meningitis, we observed that a GBS mutant lacking BspC was less virulent 

compared to WT GBS and resulted in less inflammatory disease. We also observed that mice 

lacking vimentin were protected from GBS infection. These results reveal the importance of the 

BspC-vimentin interaction in the progression of GBS meningitis disease. 

 

INTRODUCTION 

Streptococcus agalactiae (Group B Streptococcus, GBS) is an opportunistic pathogen that 

asymptomatically colonizes the vaginal tract of up to 30% of healthy women. However, GBS 

possesses a variety of virulence factors and can cause severe disease when transmitted to 

susceptible hosts such as the newborn. Despite widespread intrapartum antibiotic administration 

to colonized mothers, GBS remains a leading cause of pneumonia, sepsis, and meningitis in 

neonates (1, 2). Bacterial meningitis is a life-threatening infection of the central nervous system 

(CNS) and is marked by transit of the bacterium across endothelial barriers, such as the blood-

brain barrier (BBB) or the meningeal blood-cerebral spinal fluid barrier (mBCSFB). Both consist 

of a single layer of specialized endothelial cells that serve to maintain brain homeostasis and 

generally prevent pathogen entry into the CNS (3-5). Symptoms of bacterial meningitis may be 
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due to the combined effect of bacterial adherence and brain penetration, direct cellular injury 

caused by bacterial cytotoxins, and/or activation of host inflammatory pathways that can disrupt 

brain barrier integrity and damage underlying nervous tissue. (6-8)   

Bacterial meningitis typically develops as a result of the pathogen spreading from the blood 

to the meninges. In order to disseminate from the blood into the brain, GBS must first interact with 

barrier endothelial cells (9). A number of surface-associated factors that contribute to GBS-brain 

endothelium interactions have been described such as lipoteichoic acid (LTA) (10), pili (11), 

serine-rich repeat proteins (Srr) (12), and streptococcal fibronectin-binding protein (SfbA) (13). 

Pili, the Srr proteins, and SfbA have been shown to interact with extracellular matrix (ECM) 

components, which may help to bridge to host receptors such as integrins or other ECM receptors. 

However, a direct interaction between a GBS adhesin and an endothelial cell receptor has not been 

described.  

Antigen I/II family (AgI/II) proteins are multifunctional adhesins that have been well 

characterized as colonization determinants of oral streptococci (14). These proteins mediate 

attachment of Streptococcus mutans and Streptococcus gordonii to tooth surfaces and can 

stimulate an immune response from the colonized host (14). Genes encoding AgI/II polypeptides 

are found in streptococcal species indigenous to the human mouth as well as other pathogenic 

streptococci such as GBS, S. pyogenes (Group A Streptococcus, GAS), and S. suis (14, 15). 

Intriguingly, the GAS AgI/II protein AspA (Group A Streptococcus surface protein) is absent in 

many GAS M serotypes and is found predominantly among M serotypes implicated in puerperal 

sepsis and neonatal infections, including M2, M4, and M28. The gene encoding AspA is located 

within an integrative and conjugative element designated region of difference 2 (RD2), which 

likely originated in GBS and was acquired by invasive GAS serotypes through horizontal gene 
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transfer (Fig. 1A). It has been proposed that genes carried within RD2 may contribute to 

pathogenicity of both GAS and GBS in pregnant women and newborns (16, 17). Supporting this, 

AspA has been shown to facilitate GAS biofilm formation and virulence in a murine model of 

GAS respiratory infection (18). Recently, in silico analysis has revealed four AgI/II gene homologs 

in GBS, designated Group B Streptococcus surface proteins (BspA-D), that are distributed among 

GBS of different capsular serotypes and sequence types (15, 19, 20).  

Previous work has shown that BspA and BspB, which share 90% sequence identity, are 

found in GBS strain NEM316. BspA has been demonstrated to be important in biofilm formation 

as well as adherence to epithelial cells and may play a role in facilitating colonization through its 

ability to bind to vaginal epithelium as well as interact with the hyphal filaments of Candida 

albicans (15, 20), a frequent fungal colonizer of the lower female reproductive tract. Other GBS 

strains contain the homolog BspC, or in some cases BspD, which is over 99% identical to BspC, 

with the major difference being that BspD is missing the leader peptide for targeting to the cell 

surface by the Sec translocation machinery. While most of the variability between Bsp proteins is 

in the alanine-rich and proline-rich repeats, the V domain shares 96 to 100% identity across all 

Bsp homologs (15, 20). To date, there have not been any studies examining the impact of the AgI/II 

proteins on GBS invasive disease. A previous study by Chuzeville et al. identified 75 GBS 

genomes which contain an antigen I/II homolog. Of those 75 CDS, only 40 were associated with 

transcription and translation signals and out of those, 36 were 2952 base pairs in size encoding the 

full length BspC protein (19). Therefore, we chose to investigate the importance of the BspC 

antigen I/II homolog in the pathogenesis of meningitis. Using targeted mutagenesis, we show that 

BspC promotes adherence of bacteria to human cerebral microvascular endothelial cells (hCMEC) 

and interacts with the host cytoskeleton component, vimentin. Additionally, we found that BspC 
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and vimentin contribute to the development of GBS meningitis in a mouse infection model. Lastly, 

we observe that BspC stimulates inflammatory signaling from brain endothelial cells in vitro and 

in vivo and that this immune signaling involves the NF-κB pathway. 

 

Figure 2.1. Analysis of BspC domain architecture. (A) Diagram of MGAS6180 region of 
difference 2 (RD2). M2, M4, and M28 strains of Group A Streptococcus contain RD2, which was 
likely acquired from Group B Streptococcus through horizontal gene transfer and is absent in other 
common disease causing GAS emm-types. Open reading frames encoding LPXTG cell wall anchor 
domain-containing proteins are indicated with green arrows. Proteins AspA and R28 in GAS and 
their respective homologs in GBS, Bsp and Rib, have been previously described. The other two 
cell wall anchor domain-containing proteins have not been characterized. (B) Schematic of 
sequence homologies across antigen I/II family proteins from select Streptococcus species. Six 
structural regions are shown: N, N-terminal region; A, alanine-rich repeats; V, variable region; P, 
proline-rich repeats; C, C-terminal region; and the cell-wall anchor-containing region. Numbers 
indicate percentage amino acid residue identities to BspC from S. agalactiae strain COH1 (NCBI 
Ref. Seq.: WP_000277676.1). The proteins depicted are the antigen I/II proteins AspA from S. 
pyogenes strain M28 (WP_011285012.1), Pas from S. intermedius (WP_049476098.1), SspB from 
S. gordonii (WP_011999747), and SpaP from S. mutans (WP_024781655.1). (C) Hypothetical 
model of BspC generated using PyMOL. 
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RESULTS 

Analysis of BspC domain architecture and construction of a bspC deletion strain.  

BspC contains all six domains characteristic of the AgI/II protein family, and shares high 

homology with other streptococcal AgI/II proteins, especially GAS AspA (Fig. 1B). The proposed 

domain organization of streptococcal AgI/II polypeptides comprises a stalk consisting of the α-

helical A (alanine-rich repeats) domain and the polyproline II (PPII) helical P domain, separating 

the V (variable) domain and the C-terminal domain, which contains the LPXTG motif required for 

cell wall anchorage (14). While the GBS BspC structure is not known, the structure of several 

regions of the GBS homolog, BspA, has been solved (15). We generated a hypothetical model of 

full length BspC using PyMOL (The PyMOL Molecular Graphics System, Version 2.1 

Schrödinger, LLC) for the purpose of showing the overall domain structure (Fig. 1C). Structures 

of individual BspC domains were generated using Phyre2 server (21). The V- and C-domains were 

modeled on the V- and C-domains of BspA (PDB entries 5DZ8 and 5DZA, respectively) (15), and 

approximately two-thirds of the A-domain sequence was modeled on human fibrinogen (PDB 

entry 3GHG) (22). It was not possible to generate models for the N- and P-domains, so the N-

domain is shown as a sphere and the P-domain shown is a mirror image of the A-domain. 

We performed precise in-frame allelic replacement to generate a DbspC mutant in GBS 

strain COH1, a hypervirulent GBS clinical isolate that is highly associated with meningitis 

(sequence type [ST]-17, serotype III) (23, 24), using a method as described previously (10). We 

further determined the presence of surface BspC expression in the WT and complemented strains 

compared to the DbspC mutant by flow cytometry and immunofluorescent staining with specific 

BspC antibodies (Fig. S1A-G). Growth curve analysis demonstrated that the DbspC mutant grew 
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similarly to the WT parental strain under the conditions used here (Fig. S1H). Similarly, we 

observed no differences in hemolytic activity or capsule abundance between the WT and mutant 

strains (Fig. S1I-L). High-magnification scanning electron microscopy (SEM) images of COH1 

strains showed that the DbspC deletion strain exhibits similar surface morphology to the isogenic 

wild type (Fig. 2A and 2B). However, lower-magnification SEM revealed that the DbspC mutant 

appeared to exhibit decreased interaction between neighboring cells (Fig. 2C,D).  

 

BspC promotes bacterial adherence to endothelial cells in vitro.  

Since AgI/II proteins are known to demonstrate adhesive properties in other streptococci 

(14), we hypothesized that BspC would contribute to GBS interaction with brain endothelium. 

Thus, we characterized the ability of the DbspC mutant to attach to and invade hCMEC using our 

established adherence and invasion assays (10, 25). The DbspC mutant exhibited a significant 

decrease in adherence to hCMEC compared to WT GBS, and this defect was complemented when 

BspC was expressed in the DbspC mutant strain (Fig. 2E). This resulted in less recovery of 

intracellular DbspC mutant (Fig. 2F), but together these results indicate that BspC contributes 

primarily to bacterial attachment to hCMEC. To determine if BspC was sufficient to confer 

adhesion, we heterologously expressed the GBS bspC gene in the non-adherent, non-pathogenic 

bacterium Lactococcus lactis. Flow cytometric analysis of L. lactis confirmed surface expression 

of BspC protein in the strain containing the pMSP.bspC plasmid (Fig. S2). BspC expression 

resulted in a significant increase in L. lactis adherence to hCMEC compared to L. lactis containing 

the control vector, while invasion was not affected (Fig. 2G,H). These results demonstrate that 

BspC is both necessary and sufficient to confer bacterial adherence to hCMEC.  
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Figure 2.2. BspC bacterial adherence to endothelial cells in vitro. (A-D) Scanning electron 
microscopy images of WT (A and C) and DbspC mutant (B and D) GBS. Scale bar in high 
magnification images (A and B) is 1 µM. Scale bar in low magnification images (C and D) is 50 
µM. (E) Adherence of WT GBS, the DbspC mutant, and the DbspCpDC.bspC complemented strain 
to hCMEC was assessed after a 30 min incubation. Total cell-associated bacteria are shown. (F) 
Invasion of WT GBS, the DbspC mutant, and the DbspCpDC.bspC strain was quantified after a 2 
h infection. (G) Adherence and (H) invasion of Lactococcus lactis containing the pMSP empty 
vector or pMSP.bspC to hCMEC were quantified. Data indicates the percentage of the initial 
inoculum that was recovered. Experiments were performed three times with each condition in 
triplicate. Data from one representative experiment are shown and error bars represent the standard 
deviation. Statistical analysis: (E and F) One-way ANOVA with Tukey’s multiple comparisons 
test. (G and H) Unpaired t test. *, P < 0.05. 
 

BspC contributes to pathogenesis of GBS meningitis in vivo.  

Our results thus far suggest a primary role for BspC in GBS adherence to brain 

endothelium. We hypothesized that these in vitro phenotypes would translate into a diminished 

ability to penetrate the BBB and produce meningitis in vivo. Using our standard model of GBS 

hematogenous meningitis (10, 26, 27), mice were challenged with either WT GBS or the DbspC 

mutant as described in the Methods. The WT GBS strain caused significantly higher mortality than 

the isogenic DbspC mutant strain (Fig. 3A). By 48 hours, 80% of mice infected with WT COH1 

had succumbed to death, while all of the mice infected with the DbspC mutant survived up to or 

past the experimental endpoint. In a subsequent experiment mice were infected with a lower dose 
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of either WT GBS or the DbspC mutant and were sacrificed at a defined endpoint (48 hrs) to 

determine bacterial loads in blood, lung, and brain tissue. We recovered similar numbers of the 

DbspC mutant strain from mouse blood and lung compared to WT, however we observed a 

significant decrease in the amounts of the DbspC mutant recovered from the brain tissue (Fig. 3B). 

To confirm these results using other GBS strains, we constructed bspC gene deletions as described 

in the Methods in two other GBS strains: GBS 515 (ST-23, serotype Ia) and meningeal isolate 

90356 (ST-17, serotype III). Mice infected with these mutant strains were also less susceptible to 

infection and exhibited decreased bacterial loads in the brain compared to the isogenic parental 

WT strain (Fig. S2). Interestingly, the DbspC mutant in the 515 GBS background, which is a 

different sequence type and serotype from the other two strains, appeared to also exhibit 

diminished infiltration into the mouse lungs.  

As excessive inflammation is associated with CNS injury during meningitis, we performed 

histological analysis of brains from infected animals. In WT infected mice, we observed leukocyte 

infiltration and meningeal thickening characteristic of meningitis that was absent in the mice 

infected with the DbspC mutant strain (Fig. 3C,D). Representative images from 8 mice, 4 infected 

with WT (Fig. 3C) and 4 infected with the DbspC mutant (Fig. 3D) are shown where the major 

areas of inflammation were observed.  In subsequent experiments to quantify the total 

inflammatory infiltrate, whole brains from uninfected mice and mice infected with either WT GBS 

or DbspC mutant GBS were processed and analyzed by flow cytometry as described in the 

Methods. There was no significant difference in the numbers of CD45 positive cells between the 

groups of mice, however within the CD11b positive population we observed higher numbers of 

Ly6C positive and Ly6G positive cells in the brains of animals infected with WT GBS compared 

to uninfected mice and mice infected with the DbspC mutant strain (Fig. 3E,F), indicating an 
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increased population of monocytes and neutrophils. Consistent with these results, we further 

observed that mice challenged with WT GBS had significantly more of the neutrophil chemokine, 

KC, as well as the proinflammatory cytokine, IL-1b, in brain homogenates than DbspC mutant 

infected animals. (Fig 3G, H) 
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Figure 2.3. BspC contributes to pathogenesis of GBS meningitis in vivo. (A) A Kaplan-Meier 
plot showing survival of CD-1 mice infected with 109 CFU of either WT GBS or the DbspC mutant. 
(B) 72 h after infection with 108 CFU of either WT GBS or the DbspC mutant, mice were 
euthanized and bacterial loads in brain, lung, and blood were quantified. Lines indicate statistical 
median. (C and D) H&E images showing the leptomeninges on the surface of brains from CD-1 
mice infected with either WT GBS (C) or the DbspC mutant (D). Arrows indicate areas of 
meningeal thickening and leukocyte infiltration. Scale bar is 100 µM. (E and F) Quantification of 
infiltrating immune cells in the brains of mice infected with WT GBS or the DbspC mutant. The 
presence CD45+, CD11b+, Ly6C+ (E), and CD45+, CD11b+, Ly6G+ (F) cells was determined 
using flow cytometry. (G and H) ELISA was performed on mouse brain tissue homogenates to 
assess cytokine protein levels. KC (G) and IL-1β (H) were quantified for brains from mice 
challenged with either WT GBS or the DbspC mutant. Statistical analysis: (A) Log-rank test. (B) 
Two-way ANOVA with Sidak’s multiple comparisons test. (E and F) One-way ANOVA with 
Sidak’s multiple comparisons test. (G and H) Mann-Whitney test. *, P < 0.0005; **, P < 0.005; 
***, P < 0.0005; ****, P < 0.00005.  
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BspC is necessary and sufficient to induce neutrophil chemokine signaling.  

To further characterize the role of BspC in stimulating immune signaling pathways we 

infected hCMEC with WT GBS, the DbspC mutant, or the complemented strain. After four hours 

of infection, we collected cells and isolated RNA for RT-qPCR analysis to quantify IL-8 and 

CXCL-1 transcripts. We focused on the neutrophil chemokines IL-8 and CXCL-1 as these 

cytokines are highly induced during bacterial meningitis (28) and we observed an increase in 

neutrophilic infiltrate in brain tissue during the development of GBS meningitis in our mouse 

model. Cells infected with WT GBS had significantly increases of both transcripts compared to 

cells infected with the DbspC mutant. Complementation of the bspC mutation restored the ability 

of the bacteria to stimulate the expression of IL-8 and CXCL-1 (Fig. 4A,B). Additionally, 

treatment of hCMEC with purified BspC protein resulted in increased transcript abundance (Fig. 

4,D) and protein secretion (Fig. 4E,F) for both IL-8 and CXCL-1 compared to untreated cells or 

treatment with control protein, CshA from Streptococcus gordonii, that was similarly purified from 

E. coli.  

Nuclear factor-κB (NF-κB) represents a family of inducible transcription factors, which 

regulates a large array of genes involved in different processes of the immune and inflammatory 

responses, including IL-8, CXCL-1 and IL-1 (29). To assess whether the NF- κB pathway is 

activated by BspC, we utilized the Hela-57A NF- κB luciferase reporter cell line as described 

previously (30). Cells infected with WT GBS had significantly higher luciferase activity than 

uninfected and DbspC mutant GBS infected cells, indicating that BspC contributes NF- κB 

activation (Fig. 4G). Additionally, immunofluorescent staining of hCMEC revealed an increase in 
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P65 expression, an indicator of NF- κB activation, during infection with WT GBS but not in 

response to infection with DbspC mutant GBS (Fig. 4H-J).  
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Figure 2.4. BspC is necessary and sufficient to induce neutrophil chemokine signaling. (A 
and B) RT-qPCR to assess IL-8 (A) and CXCL-1 (B) transcript levels in uninfected hCMEC or 
hCMEC infected with WT GBS, the DbspC mutant, or the complemented strain. (C and D) RT-
qPCR analysis quantifying IL-8 (C) and CXCL-1 (D) transcripts in hCMEC treated with purified 
BspC protein or the S. gordonii CshA protein. (E and F) ELISA to measure IL-8 (E) and CXCL-1 
(F) protein secretion by hCMEC treated with BspC or CshA. (G) Luciferase activity of uninfected 
Hela-57A cells and cells infected with WT GBS or the DbspC mutant was assessed. Experiments 
were performed at least three times with each condition in triplicate. Data from representative 
experiments are shown and error bars represent the standard deviation of the mean for one 
experiment. Data were analyzed with One-way ANOVA with Sidak’s multiple comparisons test. 
(H-J) Immunofluorescent staining showing p65 localization in uninfected hCMEC (H), hCMEC 
infected with WT GBS (I), and hCMEC infected with the DbspC mutant (J). Following infection, 
cells were fixed with formaldehyde and incubated with a rabbit antibody to p65. Nuclei were 
labelled with DAPI. Scale bar is 50 µM. *, P < 0.05; **, P < 0.005; ***, P < 0.0005; ****, P < 
0.00005. 
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BspC interacts with the host endothelial cytoskeletal component vimentin.  

We next sought to identify the host protein receptor on brain endothelial cells that interacts 

with BspC. Membrane proteins of hCMEC were separated by 2-dimensional electrophoresis (2-

DE), then blotted to a PVDF membrane. Following incubation with biotinylated BspC protein, the 

PVDF membrane was incubated with a streptavidin antibody conjugated to HRP. While many 

proteins were detected on the Coomassie stained gel, biotinylated BspC protein specifically 

interacted predominately with one spot in the PVDF membrane with molecular mass around 50-

55 kDa and isoelectric point (pI) around 5 (Fig. 5A,B). The corresponding spot from the 

Coomassie-stained 2-DE gel was excised and digested with trypsin (Fig. 5C). Resulting peptides 

were analyzed by liquid chromatography-tandem mass spectrometry. The spectra from the spot 

yielded 158 peptide sequences which matched to human vimentin. The molecular weight, 53.6 

kDa, and calculated pI, 5.12, of vimentin match the values for the spot on the 2-DE gels. This 

procedure was repeated for membrane proteins from another human brain endothelial cell line 

(hBMEC) that has been used previously to study GBS interactions (31). Mass spectrometry 

analysis also determined that BspC interacted with human vimentin (Fig. S3A-C). The control far 

Western blot with the streptavidin antibody conjugated to HRP did not show any hybridization 

(Fig. S3D).  

To confirm these protein-protein interactions in vivo, we employed a bacterial two-hybrid 

system (BACTH, "Bacterial Adenylate Cyclase-Based Two-Hybrid") (32). This system is based 

on the interaction-mediated reconstitution of a cyclic adenosine monophosphate (cAMP) signaling 

cascade in Escherichia coli, and has been used successfully to detect and analyze the interactions 

between a number of different proteins from both prokaryotes and eukaryotes (33). Using a 

commercially available kit (Euromedex) according to manufacturer’s directions and as described 
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previously (34), vimentin was cloned and fused to the T25 fragment as a N-terminal fusion (T25-

Vimentin), using the pKT25 plasmid, and bspC was cloned as a c-terminal fusion (BspC-T18) 

using the pUT18 plasmid. To test for interaction these plasmids were transformed into an E. coli 

strain lacking adenylate cyclase (cyaA). We observed blue colonies when grown on LB agar plates 

containing X-gal, indicating β-galactosidase activity and a positive interaction between Vimentin 

and BspC compared to the empty vector control (Fig. 5D,E). A leucine zipper that is fused to the 

T25 and T18 fragments served as the positive control for the system (Fig. 5F). To quantify β-

galactosidase activity, cells grown to log phase were permeabilized with 0.1 % SDS and toluene 

and enzymatic activity measured by adding ONPG as described previously (34). The E. coli strain 

containing both vimentin and BspC expressing plasmids exhibited increased β-galactosidase 

activity (Miller units) compared to the empty vector control strain (Fig. 5G). We also quantified 

the interaction between BspC and vimentin by performing microscale thermophoresis (MST) (35) 

as described in Methods. The dissociation constant (Kd) was 3.39µM as calculated from the fitted 

curve that plots normalized fluorescence against concentration of vimentin (Fig. S4E). These 

results demonstrate a direct interaction between BspC and vimentin. 
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Figure 2.5. BspC interacts with the host endothelial cytoskeletal component vimentin. (A) 
Far Western blot analysis of hCMEC membrane proteins probed with biotinylated BspC. 
Membrane proteins were extracted from hCMEC and separated by 2-DE in duplicate. One gel was 
transferred to a PVDF membrane and probed with biotinylated BspC. The specific interaction of 
BspC was detected by a streptavidin antibody conjugated to HRP and visualized by x-ray film 
exposure. The other gel was stained with Coomassie blue. The spot identified from the x-ray film 
was aligned to the Coomassie stained gel and the corresponding spot was excised and digested 
with trypsin. (B) Electrospray ionization-tandem mass spectrometry analysis identifies the protein 
vimentin. (C) Amino acid sequence of human vimentin. Underscored and bolded are the peptide 
sequences identified from MS analysis. (D-F) Bacterial two-hybrid assay using E. coli containing 
empty vector controls (D), the BspC and vimentin vectors (E), and the positive control vectors (F). 
(G) β-galactosidase activity of E. coli was quantified using a Miller assay. The Miller assay was 
performed three times with each condition in five replicates. Data from one representative 
experiment is shown, error bars represent the standard deviation of the mean. Data were analyzed 
using one-way ANOVA with Dunnett’s multiple comparisons test. ****, P < 0.00005.  
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GBS co-localization with cell-surface vimentin is dependent on BspC.  

To visualize the localization of WT GBS and vimentin in brain endothelial cells we 

performed imaging flow cytometry of uninfected and WT GBS infected hCMEC. Cells were fixed, 

permeabilized, and incubated with antibodies to vimentin and GBS. We observed that vimentin 

protein was present throughout the cytoplasm of uninfected hCMEC (Fig. 6A,B), but during 

infection GBS co-localized with vimentin near the surface of infected cells (Fig. 6C,D). To further 

characterize the localization of GBS and vimentin, we performed immunofluorescent staining of 

hCMEC infected with either WT GBS or the DbspC mutant. Following infection, cells were fixed 

but not permeabilized to permit labeling of only extracellular bacteria and surface expressed 

vimentin. We observed that surface vimentin of hCMEC co-localized with WT GBS bacteria, 

while this was not seen for hCMEC infected with the DbspC mutant (Fig. 6E-H). To quantify co-

localization of GBS with vimentin, the number of bacteria that overlapped with the vimentin signal 

was divided by the total number of bacteria in each field of view (Fig. 6I). No staining of either 

GBS or vimentin was observed in IgG controls (Fig 6J-L).  Additionally, as a control, we did not 

observe staining of GBS with the anti-vimentin antibody (data not shown). 
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Figure 2.6. GBS co-localization with cell-surface vimentin is dependent on BspC. (A-D) 
Imaging flow cytometry showing vimentin localization in uninfected hCMEC (A and B) and 
hCMEC infected with WT GBS (C-D). Cells were fixed and permeabilized prior to staining with 
antibodies to vimentin and the group B carbohydrate antigen to label cell-associated GBS. (E-H) 
Immunofluorescent staining of hCMEC monolayers infected with WT GBS (E-F) or the DbspC 
mutant (G-H). Following a one-hour infection, hCMEC were washed to remove nonadherent 
bacteria then fixed and labelled with antibodies to vimentin and GBS. Nuclei were labelled with 
DAPI. Magnified images of the areas highlighted in (E) and (G) are shown in (F) and (H). Scale 
bar in (E) is 50 µm. Scale bare in (F) is 10 µm. Arrows indicate GBS co-localizing with vimentin. 
(I) Quantification of co-localization of GBS and vimentin was performed by dividing the number 
of GBS that co-localize with vimentin by the total number of GBS. Error bars represent the median. 
Statistical analysis was performed using and unpaired t test. *, P < 0.05. (J-L) Negative staining 
controls of hCMEC monolayers infected with WT GBS.  
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BspC and vimentin promote GBS attachment to cells in vitro. 
 

To first determine if BspC-mediated attachment to cells is dependent on vimentin, we 

infected HEK293T cells with lentiviruses containing either the vimentin expression plasmid 

pLenti-VIM or the vector control pLenti-mock. Immunofluorescent staining reveals that 

HEK293T pLenti-mock cells do not express vimentin while the HEK203T pLenti-VIM clone 

exhibits strong vimentin labelling (Fig. 7A,B). WT GBS was significantly more adherent to 

HEK293T cells that express vimentin while the DbspC mutant showed no difference in attachment 

to either cell line (Fig. 7C). Next, we assessed the effect of blocking the vimentin-GBS interaction 

by treating hCMEC with anti-vimentin antibodies prior to infection with GBS (Fig. 7D). Treatment 

with a vimentin antibody that recognizes the N-terminal epitope (AA31-80), as well as with IgG 

isotype controls did not alter adherence of the WT or DbspC mutant strains, however pre-

incubation with the mouse V9 antibody (36, 37), which reacts with the C-terminal of vimentin 

(AA405-466), reduced WT GBS adherence to levels comparable to the adherence of the DbspC 

mutant (Fig. 7E,F). These results indicate that the interaction between BspC and cell-surface 

vimentin is dependent on the C-terminus of vimentin.   
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Figure 2.7. GBS adherence to cells is dependent on vimentin. (A and B) Immunofluorescent 
staining to show vimentin expression of HEK293T pLenti-Mock (A) and HEK293T pLenti-VIM 
(B) cells. Scale bar is 200 µm. (C) Adherence of WT GBS, the DbspC mutant, and the 
complemented strain to transfected HEK293T cells. Data from two independent experiments with 
each condition in 8 replicates is combined. (D) Schematic showing regions of vimentin recognized 
by the monoclonal antibodies. (E and F) hCMEC were pre-incubated with antibodies to the N-
terminal (E) or the C-terminal (F) of vimentin or with an IgG control prior to a 30 min infection 
with either WT GBS or the DbspC mutant. Experiments were performed three times with each 
condition in triplicate and data from one representative experiment are shown. Error bars represent 
the standard deviation of the mean. Statistical analysis was performed using a two-way ANOVA 
with Sidak’s multiple comparisons test. **, P < 0.005; ***, P < 0.0005; ****, P < 0.00005.  
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Vimentin contributes to the pathogenesis of meningitis in vivo. 
 

We obtained WT 129 and 129 vimentin KO mice and confirmed the absence of vimentin 

in the brain endothelium of the KO animals by immunofluorescent staining (Fig. S5A,B). To 

determine the necessity of vimentin in GBS meningitis disease progression, we infected WT and 

vimentin KO mice with WT GBS and observed that they were less susceptible to GBS infection 

and exhibited increased survival compared to WT animals (Fig. 8A). Further, significantly less 

bacteria were recovered from the tissues of KO mice compared to the tissues of WT mice (Fig. 

8B). WT and vimentin KO mice infected with DbspC mutant GBS showed no difference in survival 

and tissue bacterial counts (Fig. S6). Additionally, for animals infected with WT GBS, we detected 

significantly less KC and IL-1β in brain tissues of vimentin KO compared to WT mice, suggesting 

that vimentin contributes to the initiation of immune signaling pathways during GBS infection 

(Fig. 8C,D). Taken together these results indicate the importance of vimentin in GBS 

dissemination into the brain and meningitis disease progression.  
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Figure 2.8. Vimentin contributes to the pathogenesis of GBS infection. (A) Kaplan-Meier plot 
showing survival of WT 129 and 129 Vim-/- mice infected with 108 CFU of WT GBS. (B) Tissue 
bacterial counts for WT 129 and 129 Vim-/- mice infected with WT GBS. (C and D) ELISA to 
quantify KC (C) and IL-1β (D) protein in brain tissue homogenates. Statistical analysis: (A) Log-
rank test. (B-D) Mann-Whitney test. **, P < 0.005; ***, P < 0.0005; ****, P < 0.00005. 
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Figure 2.9. Summary of the role of the BspC-vimentin interaction in promoting meningitis. 
BspC interacts with vimentin on the surface of CMEC to promote GBS attachment and the 
production of the neutrophil recruiting cytokines IL-8 and CXCL-1 through the NF-κB pathway.  
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DISCUSSION 

Our studies reveal a unique requirement for the Group B streptococcal Antigen I/II protein, 

BspC, to brain penetration by GBS, the leading agent of neonatal bacterial meningitis. A decreased 

ability by the GBS ∆bspC mutant to attach to brain endothelium and induce neutrophil 

chemoattractants in vitro was correlated with a reduced risk for development of meningitis and 

markedly diminished lethality in vivo. We identified that BspC interacts directly with host 

vimentin and that blocking this interaction abrogated BspC-mediated attachment to hCMEC. 

Further, vimentin deficient mice infected with GBS exhibited decreased mortality, bacterial brain 

loads, and cytokine production in brain tissue. These results corroborate the growing evidence that 

this intermediate filament protein plays important roles in the pathogenesis of bacterial infections 

(38), and provide new evidence for the pivotal role of the BspC adhesin in GBS CNS disease (Fig. 

8). 

The oral streptococcal AgI/II adhesins range in composition from 1310 - 1653 amino acid 

(AA) residues, while GBS AgI/II proteins are smaller (826-932 AA residues) (39). The primary 

sequences of AgI/II proteins are comprised of six distinct regions (Fig. 1B), several of which have 

been shown to mediate the interaction to various host substrates. The S. mutans protein SpaP as 

well as the S. gordonii proteins SspA and SspB have been demonstrated to interact specifically 

with the innate immunity scavenger protein gp-340. (40) Recently, the GAS AgI/II protein AspA, 

as well as BspA, the AgI/II homolog expressed mainly by the GBS strain NEM316, have also been 

shown to bind to immobilized gp-340 (15, 18). Gp-340 proteins are involved in various host innate 

defenses and are present in mucosal secretions, including saliva in the oral cavity and bronchial 

alveolar fluid in the lung. They can form complexes with other mucosal components such as 

mucins and function to trap microbes for clearance. However, when gp-340 is immobilized, it can 



 

 
48 

be used by bacteria as a receptor for adherence to the host surface. (15, 41-44). There is evidence 

that the Variable (V) regions of SspB, SpaP, AspA and BspA facilitate gp340-binding activity (15, 

45-47). AgI/II family adhesins have also been shown to interact with other host factors including 

fibronectin, collagen, and β1 integrins to promote host colonization (14, 48-50), demonstrating the 

multifactorial nature of these adhesins. It is unknown if GBS BspC interactions with other host 

factors are similar to those of the AgI/II proteins from other streptococci, particularly since the 

respective V-domains of these homologs are distant enough to suggest different binding partners. 

Previous work by Chuzeville et al. suggests that the integrative and conjugative element which 

contains the bspC gene can contribute to bacterial adherence to fibrinogen (19). Our MST 

experiments reveal the Kd for the interaction between BspC and vimentin to be 3.39 µM. This 

binding affinity is very similar to that observed for other multifunctional bacterial adhesins and 

their various host ligands. For example, the Kd for the interaction between fibronectin-binding 

protein B of Staphylococcus aureus and fibrinogen, elastin, and fibronectin has been demonstrated 

to be 2 µM, 3.2 µM, and 2.5 µM, respectively (51). Whether BspC can promote adherence to other 

host factors requires further investigation as these interactions may be critical to GBS colonization 

of mucosal surfaces such as the gut and the vaginal tract.  

Here we show that GBS BspC interacts with host vimentin, an important cytoskeletal 

protein belonging to class III intermediate filaments. Vimentin is located in the cytoplasm and 

functions as an intracellular scaffolding protein that maintains structural and mechanical cell 

integrity (52). However, vimentin is also found on the surface of numerous cells such as T cells, 

platelets, neutrophils, activated macrophages, vascular endothelial cells, skeletal muscle cells and 

brain microvascular endothelial cells (53-60). Vimentin also mediates a variety of cell processes 

including cell adhesion, immune signaling, and autophagy (55, 61, 62). Further, the role of cell 
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surface vimentin as an attachment receptor facilitating bacterial or viral entry, has been previously 

documented for other pathogens (38, 63-65). The BspC domain that mediates the vimentin 

interaction is currently under investigation. As the V domain is likely projected from the cell 

surface and has been implicated in host interactions for other streptococci, we hypothesize that this 

may be a critical domain for this interaction. Additionally, as the V-domain of other Bsp homologs 

share 96-100% identity with the V-domain of BspC, we predict that the other Bsp proteins might 

also interact with vimentin, but this would be a topic for future investigation. 

There is a growing body of evidence that various bacteria can interact with vimentin to 

promote their pathogenesis, including Escherichia coli K1, Salmonella enterica, Streptococcus 

pyogenes, and Listeria monocytogenes. Thus, vimentin has been shown to be important in 

experimental models of infection at body sites other than the brain (38, 57, 60, 66, 67). 

Interestingly, previous studies on the meningeal pathogen E. coli K1 have demonstrated that the 

bacterial surface factor, IbeA, interacts with vimentin to promote bacterial uptake into brain 

endothelial cells (60, 68). Similarly, while our study was underway, it was reported that another 

bacterium capable of causing meningitis, L. monocytogenes, uses InlF to interact with vimentin to 

promote brain invasion (67). Along with our results presented here, this may suggest a common 

mechanism for meningeal bacterial pathogens to penetrate the BBB and cause CNS disease. 

However, our analysis of these three bacteria proteins showed no homology or predicted regions 

that might commonly interact with vimentin. Furthermore, the interaction between the E. coli 

receptor IbeA and the L. monocytogenes receptor InlF with cell-surface vimentin can be blocked 

by an antibody to the N-terminal region of vimentin (60, 67), while we demonstrate that the 

interaction between BspC and cell-surface vimentin can be blocked with an antibody to the C-

terminal of vimentin. The implications of this unique interaction between a bacterial receptor and 
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the C-terminal of vimentin remain to be explored. 

Neuronal injury during bacterial meningitis involves both microbial and host factors, and 

subsequent to attachment to the brain endothelium and penetration of the BBB, GBS stimulation 

of host immune pathways is the next important step in the progression of meningitis. The release 

of inflammatory factors by brain endothelial cells, microglia, astrocytes, and infiltrating immune 

cells can exacerbate neuronal injury (9). Our data suggest that, like other streptococcal AgI/II 

family polypeptides, BspC plays a role in immune stimulation. AgI/II family proteins contain two 

antigenic regions (the antigens I/II and II) (69) and this ability to elicit an inflammatory response 

makes SpaP, the S. mutans AgI/II protein, an attractive candidate for vaccine development to 

prevent dental caries (14, 70). In this study we found that BspC can stimulate NF-kB activation 

and the release of the proinflammatory cytokines IL-8 and CXCL-1 from hCMEC. Both of these 

chemokines are major neutrophil recruiting chemoattractants and are the most highly induced 

during GBS infection (27, 71). We observed that mice infected with GBS mutants that lack BspC 

exhibited lower brain bacterial loads and less meningeal inflammation compared to animals 

challenged with WT GBS. Interestingly, WT and DbspC mutant bacterial loads were similar in the 

blood, indicating that BspC may not influence GBS survival and proliferation in the blood; 

however further investigation is warranted.  

This study demonstrates for the first time the importance of a streptococcal AgI/II protein, 

BspC, in the progression of bacterial meningitis. Our data demonstrate that BspC, likely in concert 

with other GBS surface determinants mentioned above (pili, Srr1/2, SfbA), contributes to the 

critical first step of GBS attachment to brain endothelium. As the other described GBS surface 

factors have been shown to interact with ECM components, BspC may mediate a more direct 

interaction with the host cell as it facilitates interaction with vimentin. We have observed a unique 
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requirement for vimentin to the pathogenesis of CNS disease; vimentin KO mice were markedly 

less susceptible to GBS infection and exhibited reduced bacterial tissue load and inflammatory 

signaling. Vimentin is also known to act as a scaffold for important signaling molecules and 

mediates the activation of a variety of signaling pathways including NOD2 (nucleotide-binding 

oligomerization domain-containing protein 2) and NLRP3 (nucleotide-binding domain, leucine-

rich-containing family pyrin domain-containing-3) that recognize bacterial peptidoglycan and 

activate inflammatory response via NF-kB signaling (68, 72, 73). Thus, continued investigation 

into the mechanisms of how BspC-vimentin interactions dually promote bacterial attachment and 

immune responses, as well as how BspC expression may be regulated and whether known GBS 

two-component systems are involved, is warranted. These studies will provide important 

information that may inform future therapeutic strategies to limit GBS disease progression. 
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MATERIALS AND METHODS 

Ethics statement.  

Animal experiments were approved by the committee on the use and care of animals at San 

Diego State University (SDSU) protocol #16-10-021D and at University of Colorado School of 

Medicine protocol #00316 and performed using accepted veterinary standards. San Diego State 

University and the University of Colorado School of Medicine are AAALAC accredited; and the 

facilities meet and adhere to the standards in the “Guide for the Care and Use of Laboratory 

Animals”. 

 

Bacterial strains, growth conditions, proteins, and antibodies.  

GBS clinical isolate COH1 (serotype III) (74), 515 (serotype Ia) (20), the recent meningitis 

isolate 90356 (serotype III) (75) and their isogenic DbspC mutants were used for the experiments. 

GBS strains were grown in THB (Hardy Diagnostics) at 37°C, and growth was monitored by 

measuring the optical density at 600 nm (OD600). Lactococcus lactis strains were grown in M17 

medium (BD Biosciences) supplemented with 0.5% glucose at 30°C. For antibiotic selection, 2 

µg/mL chloramphenicol (Sigma) and 5 µg/mL erythromycin (Sigma) were incorporated into the 

growth medium. BspC and CshA recombinant proteins, and the BspC antibody were purified as 

described previously (15, 76). The anti-BspC polyclonal antibody was further adsorbed (as 

described in (77)) against COH1∆bspC bacteria to remove natural rabbit antibodies that react with 

bacterial surface antigens. Briefly, anti-BspC antibody was diluted to 2.28 mg/mL in PBS and 

incubated with COH1∆bspC bacteria overnight at 4ºC, with rotation. Bacteria were pelleted by 

centrifugation and the supernatant was collected and filtered using 0.22 µM cellulose acetate 
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SpinX centrifuge tube filters (Costar). A normal rabbit IgG antibody (Invitrogen) was adsorbed as 

described above, and utilized as a negative isotype control. 

 

Targeted mutagenesis and complementation vector construction.  

The DbspC mutant was generated in COH1and 90356 by in-frame allelic replacement with 

a chloramphenicol resistance cassette by homologous recombination using a method previously 

described (10). A knockout construct was generated by amplifying up- and down-flanking regions 

of the bspC gene from COH1 genomic DNA using primer pairs of 5’flank-F 

(GCAGACACCGATTGCACAAGC)/R (GAAGGCGATCTTGCCCTCAA) and 3’flank-F 

(GTCAGCTATCGGTTTAGCAGG)/R(CTATACACGCCTACAGGTGTC). The 

chloramphenicol resistance (cat) cassette was amplified with primers Cat-F 

(GAGGGCAAGATCGCCTTCATGGAGAAAAAAATCACTGGAT) and Cat-R 

(CTGCTAAACCGATAGCTGACTTACGCCCCGCCCTGCCACT). Then the construct of two 

flanks along with the cat cassette was amplified with a pair of nest primers, Nest-xhoI 

(CCFCTCGAGGATGCTCAAGATGCACTCAC) and Nest-xbaI 

(GCTCTAGACGAGCCAAATTACCCCTCCT), which was then cloned into the pHY304 vector 

(78) and propagated in E. coli strain DH5a (79) prior to isolation and transformation to COH1 and 

90356 GBS. A DbspC mutant had been generated previously in 515 (20). The complemented strain 

of DbspC mutant in COH1 was generated by cloning bspC into pDCerm, an E. coli-GBS shuttle 

expression vector. Gene bspC was amplified from GBS 515 genomic DNA using primers 

pDC.bspC.F (TGGGTACCAGGAGAAAATATGTATAAAAATCAAAC) and pDC.bspC.R 

(CCGGGAGCTCGCAGGTCCAGCTTCAAATC), designed to encode a KpnI and SacI 

restriction site at its termini respectively. This bspC amplicon was then cloned into pDCerm and 
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propagated in E. coli strain StellarTM (ClonTech), prior to isolation and transformation into COH1 

GBS. A L. lactis strain expressing BspC had been generated previously (20). 

 

Hemolysis assay.  

GBS strains were grown to an OD600 of 0.4, harvested by centrifugation, and resuspended 

in PBS. A total of 1 x 108 CFU was added to fresh sheep blood (VWR) in V-bottom 96-well plates 

(Corning). The plates were sealed and incubated at 37°C with agitation for 1 h. The plates were 

centrifuged at 200 x g for 10 min, and 100 µl of the supernatant was transferred to a flat-bottom 

96-well plate. The absorbance at 541 (A541) was read, and percent hemolysis was calculated by 

comparing the A541 values for GBS-treated wells to the A541 values for the wells with blood 

incubated with water. 

 

GBS BspC and capsule flow cytometry.  

Flow cytometry to determine BspC and capsule expression was performed as described in 

(80). Briefly, bacterial stocks were washed in sterile PBS containing 0.5% bovine serum albumin 

(BSA) (VWR) then incubated with a purified monoclonal anti-serotype III antibody or a purified 

monoclonal anti-serotype Ia isotype control at a 1:10,000 dilution, washed via centrifugation, and 

labeled with a donkey anti-mouse IgM conjugated to AlexaFluor647 (Invitrogen) at a 1:2,000 

dilution. All incubations were performed at 4°C with shaking. Samples were washed again then 

resuspended and read on a FACScalibur flow cytometer (BD Biosciences), and analyzed using 

FlowJo (v10) software. The monoclonal antibodies were provided by John Kearney at the 

University of Alabama at Birmingham.  



 

 
55 

To stain for surface BspC expression, GBS were grown to OD600 of 0.25 in EndoGRO-MV 

culture medium (Millipore) in order to mimic host infection conditions, pelleted by centrifugation, 

resuspended in PBS and frozen L. lactis strain stocks were thawed and washed in buffer. 

Approximately, 1 x 106 CFU of each strain was incubated with either adsorbed anti-BspC antibody 

or adsorbed anti- rabbit IgG at a 1:50 dilution at 4º C, overnight, with rotation. The next day, 

bacteria were washed via centrifugation, and labeled with a donkey anti-rabbit IgG conjugated to 

AlexaFluor488 (Invitrogen) at a 1:2,000 dilution for 45 minutes at room temperature with rotation. 

Samples were washed again then resuspended and read on a FACScalibur flow cytometer (BD 

Biosciences), and analyzed using FlowJo (v10) software. 

 

Immunofluorescent staining of GBS. 

Bacteria were grown to an OD600 of 0.25 in EndoGRO-MV culture medium (Millipore), 

the bacteria suspension was smeared on charged glass slides (Fisher), and the slides were fixed 

with 4% paraformaldehyde for 30 min at room temperature. The slides were blocked with 3% BSA 

for 1 hour, then incubated with rabbit antibodies to BspC or IgG at a 1:50 dilution followed by 

donkey anti-rabbit conjugated to AlexaFluor488 (Invitrogen). Bacteria were imaged using a BZ-

X710 fluorescent microscope (Keyence).  

 

Scanning electron microscopy.  

Bacteria were grown to log phase and were then fixed for 10 min using a one-step method 

with 2.5% glutaraldehyde, 1% osmium tetraoxide, 0.1M sodium cacodylate. Bacteria were 

collected on 0.4 µM polycarbonate filters by passing the solution through a swinnex device 

outfitted on a 10 mL syringe. The filters were dehydrated through a series of increasing ethanol 
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concentrations and then dried in a Tousimis SAMRI-790 critical point drying machine. The dried 

filters were mounted on SEM sample stubs with double-sided carbon tape, coated with 6nm 

platinum using a Quorom Q150ts high-resolution coater and imaged with a FEI FEG450 scanning 

electron microscope.  

 

Cell lines and infection assays.  

Cells of the well-characterized human cerebral microvascular endothelial cell line 

(hCMEC/D3), referred to here as hCMEC were obtained from Millipore and were maintained in 

an EndoGRO-MV complete medium kit supplemented with 1 ng/ml fibroblast growth factor-2 

(FGF-2; Millipore) (81-84). Hela57A were provided by Marijke Keestra-Gounder at the 

University of Colorado, Anschutz Medical Campus and cultured in DMEM (Corning Cellgro) 

containing 10% fetal bovine serum (Atlanta Biologicals). HEK293T cells were obtained from 

Origene and cultured in DMEM containing 10% fetal bovine serum and 2mM L-glutamine 

(Thermo Fisher). The lentiviral expression plasmid pLenti-C-Myc-DDK harboring the human 

vimentin gene (NM_003380, pLenti-VIM) was obtained from Origene. To generate lentiviruses, 

HEK293T cells were transfected with the pLenti-VIM plasmid in combinations with the packaging 

plasmid psPAX2 and the envelope plasmid pMD2.G (Addgene) using TransIT_293 transfection 

reagent (Mirus). After an 18 h incubation, the culture supernatant containing lentiviruses was 

harvested and filtered through a 0.45 µm syringe filter to remove cellular debris. The viral titer 

was 106 to 107 transduction units (TU) per mL. 105 fresh HEK293T cells were infected with 

lentiviruses at a MOI of 5 for 24 h in the presence of 10	µg/mL polybrene (Sigma). The empty 

lentiviral expression plasmid pLenti-mock was used as a vector control. Assays to determine the 

total number of cell surface-adherent or intracellular bacteria were performed as describe 
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previously (10). Briefly, bacteria were grown to mid-log phase to infect cell monolayers (1 × 105 

CFU, at a multiplicity of infection [MOI] of 1). Total cell-associated GBS and L. lactis were 

recovered following a 30 min incubation, while intracellular GBS were recovered after 2 h 

infection and 2 h incubation with 100 µg gentamicin (Sigma) and 5 µg penicillin (Sigma) to kill 

all extracellular bacteria. Cells were detached with 0.1 ml of 0.25% trypsin-EDTA solution and 

lysed with addition of 0.4 ml of 0.025% Triton X-100 by vigorous pipetting. The lysates were then 

serially diluted and plated on THB agar to enumerate bacterial CFU. For antibody pre-treatment 

assays, hCMEC were incubated with 0.3µg/ml antibodies for 30 min prior to infection with GBS. 

The mouse monoclonal antibody to vimentin, clone V9 (Abcam), the rabbit polyclonal antibody 

to N-terminal vimentin (Sigma), and the isotype controls (VWR) were used. Total cell-associated 

GBS were recovered following a 1h incubation. For luciferase assays, Hela57A cells were infected 

with 1 x 106 CFU (MOI, 10) GBS for 90 min. Cells were then lysed and luciferase activity 

quantified using a luciferase assay system (Promega) according to manufacturer’s instructions. 

 

Mouse model of hematogenous GBS meningitis.  

We utilized a mouse GBS infection model as described previously (10, 26, 27). Briefly, 8-

week old male CD-1 mice (Charles River), 129S WT, or 129S-Vimtm1Cba/MesDmarkJ (Vimentin 

KO) (Jackson Laboratory) were injected intravenously with 1 × 109 CFU of wild-type GBS or the 

isogenic DbspC mutant for a high dose challenge, or 1 × 108 CFU for a low dose challenge. At the 

experimental endpoint mice were euthanized and blood, lung, and brain tissue were collected. The 

tissue was homogenized, and the brain homogenates and lung homogenates as well as blood were 

plated on THB agar for enumeration of bacterial CFU.  
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Histology.  

Mouse brain tissue was frozen in OCT compound (Sakura) and sectioned using a CM1950 

cryostat (Leica). Sections were stained using hematoxylin and eosin (Sigma) and images were 

taken using a BZ-X710 microscope (Keyence).  

 

Brain flow cytometry.  

At 48 h post-infection with 1 × 108 CFU of GBS, mice were euthanized then perfused to 

replace blood with PBS. The entire mouse brain was harvested from each animal and the tissue 

was processed with the Multi-Tissue Dissociation kit #1 following the Adult brain dissociation 

protocol (Miltenyi Biotec). Cells were resuspended in MACS buffer (Miltenyi Biotec) and 

incubated with antibodies to Ly6C conjugated to BV421, CD45 conjugated to PE, CD11b 

conjugated to FITC, and Ly6G conjugated to APC (Invitrogen) at 1:200 dilution, UltraLeaf anti-

mouse CD16/CD32 Fc block (Biolegend) at 1:400 dilution, and fixable viability dye conjugated 

to eFLuor506 (eBioscience) at 1:1000 dilution for 1 h, then fixed (eBioscience). Cells were 

counted using a Countess automated cell counter (Invitrogen), read on a Fortessa X-20 flow 

cytometer (BD Biosciences), and analyzed using FlowJo (v10) software. Gates were drawn 

according to fluorescence minus one (FMO) controls.  

 

RT-qPCR and ELISA.  

GBS were grown to mid-log phase and 1 × 106 CFU (MOI, 10) were added to hCMEC 

monolayers and incubated at 37°C with 5% CO2 for 4 h. Cell supernatants were collected, the cells 

were then lysed, total RNA was extracted (Machery-Nagel), and cDNA was synthesized (Quanta 

Biosciences) according to the manufacturers’ instructions. Primers and primer efficiencies for IL-
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8, CXCL-1, and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) were utilized as 

previously described (85). IL-8 and CXCL-1 from hCMEC supernatants, and KC and IL-1β from 

mouse brain homogenates were detected by enzyme-linked immunosorbent assay according to the 

manufacturer’s instructions (R&D systems).  

 

Immunofluorescent staining of hCMEC and HEK293T cells. 

hCMEC were grown to confluency on collagenized coverslips (Fisher). Following a 1 h 

infection, cells were washed with PBS to remove non-adherent bacteria and fixed with 4% 

paraformaldehyde (Sigma) for 30 min. For Figure 4, cells were incubated with 1% BSA in PBS 

with 0.01% Tween-20 (Research Products International) to block non-specific binding for 15 min, 

then incubated with a rabbit antibody to p65 (Sigma) at a 1:200 dilution overnight at 4°C. 

Coverslips were then washed with PBS and incubated with donkey anti-rabbit conjugated to Cy3 

(Jackson Immunoresearch) at a 1:500 dilution for 1 h at room temperature. For Figure 6, cells were 

incubated with 1% BSA in PBS for 15 min, then with antibodies to vimentin (Abcam) and GBS 

(Genetex) at a 1:200 dilution overnight at 4°C. Following washes with PBS and an incubation with 

donkey anti-mouse conjugated to Cy3 and donkey anti-rabbit conjugated to 488 secondary 

antibodies (ThermoFisher) at a 1:500 dilution for 1 h at room temperature, coverslips were washed 

with PBS and mounted onto glass microscopy slides (Fisher) with VECTASHIELD mounting 

medium containing DAPI (Vector Labs). Cells were imaged using a BZ-X710 fluorescent 

microscope (Keyence). Quantification of GBS and vimentin co-localization was performed by 

counting the number of GBS that co-localized with vimentin and dividing by the total number of 

GBS in each field. For figure 7, HEK293T cells were incubated with the antibody to vimentin 
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followed by a FITC-conjugated secondary antibody. Cells were imaged using a Cytation 5 

fluorescent microplate reader (BioTek). 

 

2-dimensional electrophoresis (2-DE), Far Western blot, and mass spectrometry analysis.  

Membrane proteins of hCMEC cells were enriched using a FOCUS membrane protein kit 

(G Biosciences, St. Louis, MO), dissolved in rehydration buffer (7M urea, 2M thiolurea, 1% TBP, 

and 0.2% ampholytes 3-10 NL), and quantified using 2D Quant kit (GE Healthcare, Piscataway, 

NJ). Proteins (100µg) were loaded on 7-cm long immobilized pH gradient (IPG) strips with non-

linear (NL) 3-10 pH gradient (GE Healthcare). Isoelectric focusing was carried out in Multiphor 

II electrophoresis system (GE Healthcare) in three running phase (phase 1: 250V/0.01h, phase 2: 

3500V/1.5h, and phase 3: 3500V/ 4.5h). The second dimension SDS-PAGE was carried out using 

12.5% acrylamide gels in duplicate. One gel was stained with Coomassie Blue G250 (Bio-Rad, 

Hercules, CA) for mass spectrometry analysis. The other gel was transferred to a PVDF membrane 

for far Western blot analysis. 

The PVDF membrane was denaturated and renaturated as described in (86), followed by 

incubation in a blocking solution (5% skim milk in PBS) for 1 h. Recombinant BspC was 

biotinylated using a EZ-Link Sulfo-NHS-Biotin kit (ThermoFisher Scientific, Waltham, MA). The 

PVDF membrane was probed with the biotinylated BspC (100µg) in a blocking solution overnight 

at 4°C. After washing three times with a washing buffer (PBS, 0.05% Tween-20), the PVDF 

membrane was incubated with an antibody conjugated to streptavidin-horse radish peroxidase 

(HRP). Interacting proteins were detected by adding enhanced chemiluminescence (ECL) reagents 

(ThermoFisher Scientific) and visualized by x-ray film exposure. The protein spots from far 

Western blot were aligned to the corresponding protein spots in the Coomassie stained gel. The 
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identified spots were excised and digested in gel with trypsin (Worthington, Lakewood, NJ). 

Peptide mass spectra were collected on MALDI-TOF/TOF, (ABI 4700, AB Systems, Foster City, 

CA) and protein identification was performed using the automated result dependent analysis 

(RDA) of ABI GPS Explorer softwareV3.5. Spectra were analyzed by the Mascot search engine 

using the Swiss protein database. 

 

Bacterial two-hybrid assay.  

A bacterial adenylate cyclase two-hybrid assay was performed as in (32) and following 

manufacturer’s instructions (Euromedex). Briefly, plasmids containing T25-Vimentin and BspC-

T18 were transformed into E. coli lacking cyaA and E. coli were plated on LB plates containing 

X-gal (Sigma). To measure β -galactosidase activity, Miller assays were performed according to 

standard protocols (87). Briefly, E. coli were grown in 0.5mM IPTG (Sigma), then permeabilized 

with 0.1% SDS (Sigma) and toluene (Sigma). ONPG (Research Products International) was added 

and absorbance was measured at 600, 550, and 420nm.  

 

Microscale thermophoresis. 

Three independent MST experiments were performed with His-tagged BspC labelled using 

the Monolith His-Tag Labeling Kit RED-tris-NTA 2nd Generation (NanoTemper Technologies) 

according to manufacturer’s instructions. The concentration of labelled BspC was kept constant at 

10nM. Vimentin was purchased from Novus Biologicals and titrated in 1:1 dilutions to obtain a 

series of 16 titrations ranging in concentration from 20 µM to 0 µM. Measurements were 

performed in standard capillaries with a Monolith NT.115 Pico system at 20% excitation power 

and 40% MST power (NanoTemper Technologies).  
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Imaging flow cytometry.  

Following a 1 h infection with GBS, hCMEC were washed with PBS to remove non-

adherent GBS. Cells were collected using a cell scraper (VWR) and resuspended in PBS containing 

10% FBS and 1% sodium azide (Sigma). Cells were incubated with primary antibodies to vimentin 

(Abcam) and GBS (Genetex) at 1:500 dilution for 1 h at 4°C followed by donkey anti-mouse 

conjugated to Cy3 and donkey anti-rabbit conjugated to 488 (ThermoFisher) secondary antibodies. 

Cells were then fixed (eBioscience) and analyzed using an ImageStream X imaging flow cytometer 

(Amnis).  

 

Data analysis.  

GraphPad Prism version 7.0 was used for statistical analysis and statistical significance 

was accepted at P values of <0.05. (*, P < 0.05; **, P < 0.005; ***, P < 0.0005; ****, P < 0.00005). 

Specific tests are indicated in figure legends. 
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SUPPLEMENTAL MATERIALS 

 

Supplemental Figure 2.1. (A-C) Flow cytometry using a polyclonal rabbit antibody to BspC to 
show expression of BspC in WT COH1 (A), DbspC mutant (B), and the complemented (C) GBS 
strains. (D-G) Immunofluorescent staining of WT COH1 (D), DbspC mutant (E), and the 
complemented (F) GBS strains using the BspC antibody to show surface localization of BspC 
protein. (G) Negative staining control. Scale bar is 5 µm. (H) Growth curves for WT GBS and the 
DbspC mutant in THB. (I) Hemolysis assay comparing hemolysis of sheep blood by WT GBS and 
the DbspC mutant. Representative data of one of at least three independent experiments are shown. 
Error bars represent the standard deviation of mean in one experiment. Data were analyzed using 
an unpaired t test. (J and K) Flow cytometry using a monoclonal antibody to the serotype III 
capsule to determine the presence of capsule in WT GBS (J) and the DbspC mutant (K) and a 
monoclonal antibody to the serotype Ia capsule as an isotype control. (L) Quantification of capsule 
flow cytometry data shown in (J) and (K).  
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Supplemental Figure 2.2. Flow cytometry to show BspC surface expression in L. lactis 
containing the pMSP empty plasmid (A) and L. lactis containing the pMSP.bspC vector (B)  
 
 
 

 
 
Supplemental Figure 2.3. (A) Kaplan-Meier plot showing survival of mice challenged with either 
WT 515 GBS or the isogenic DbspC mutant. (B-D) Tissue bacterial counts for mice infected with 
WT 515 and 90356 GBS and the isogenic DbspC mutants. 48h post-infection, mice were sacrificed 
and bacterial loads in brain (B), lung (C), and blood (D) were quantified. Statistical analysis: (A) 
Log-rank test. (B-D) Two-way ANOVA with Sidak’s multiple comparisons test. *, P < 0.0005; 
**, P < 0.005.  
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Supplemental Figure 2.4. (A) Far Western blot analysis of hBMEC membrane proteins using 
biotinylated BspC protein. Two spots (I and II) were identified on the x-ray film and aligned to the 
Coomassie stained gel. (B) Electrospray ionization-tandem mass spectrometry identifies spots I 
and II as vimentin. (C) The amino acid sequence of human vimentin, with the peptide sequences 
identified in the MS analysis underscored and bolded. (D) Control Far Western blot with the 
streptavidin antibody conjugated to HRP only. (E) Representative MST dose response curve 
quantifying the dissociation constant for the interaction between BspC and vimentin. 
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Supplemental Figure 2.5. Immunofluorescent staining of WT 129 (A) and 129 Vim-/- (B) brain 
tissue sections with an antibody to vimentin and with tomato lectin to label blood vessels. Nuclei 
were labelled with DAPI. Scale bar is 50 µm. 
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Supplemental Figure 2.6.  (A) Kaplan-Meier plot showing survival of WT 129 mice or 129 Vim-

/- mice challenged with GBS DbspC mutant. (B) 48h post-infection, mice were sacrificed and 
bacterial loads in brain, lung, and blood were quantified.  
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ABSTRACT 

Streptococcus agalactiae (Group B Streptococcus, GBS) is often a commensal bacterium 

that colonizes healthy adults asymptomatically and is a frequent inhabitant of the vaginal tract in 

women. However, in immune-compromised individuals, particularly the newborn, GBS may 

transition to an invasive pathogen and cause serious disease. Despite currently recommended 

intrapartum antibiotic prophylaxis for GBS-positive mothers, GBS remains a leading cause of 

neonatal septicemia and meningitis. To adapt to the various host environments encountered during 

its disease cycle, GBS possesses multiple two-component regulatory systems (TCS). Here we 

investigate the contribution of a transcriptional regulator containing a LytTR domain, LtdR, to 

GBS pathogenesis. Disruption of the ltdR gene in the GBS chromosome resulted in a significant 

increase in bacterial invasion into human cerebral microvascular endothelial cells (hCMEC) in 

vitro as well as greater penetration of the Blood-Brain Barrier (BBB) and the development of 

meningitis in vivo. Correspondingly, infection of hCMEC with the DltdR mutant resulted in 

increased secretion of pro-inflammatory cytokines IL-8, CXCL-1, and IL-6. Further, using a 

mouse model of GBS vaginal colonization, we observed that the DltdR mutant was cleared more 

readily from the vaginal tract and also resulted in increased cytokine production from human 

vaginal epithelial cells. RNA-sequencing revealed global transcriptional differences between the 

DltdR mutant and the parental WT GBS strain. These results suggest that LtdR regulates many 

bacterial processes that can influence GBS-host interactions to promote both bacterial persistence 

and disease progression.  
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INTRODUCTION 

Streptococcus agalactiae (Group B Streptococcus, GBS) is a Gram-positive, b-hemolytic 

bacterium normally found in the human gastrointestinal and urogenital tracts of asymptomatic 

individuals. However, GBS possesses an array of virulence factors that renders it capable of 

causing invasive disease in susceptible hosts, including the newborn. Despite widespread 

intrapartum antibiotic administration to colonized mothers to prevent vertical transmission, GBS 

remains a leading cause of pneumonia, sepsis, and meningitis in neonates. (1, 2) Over the course 

of its disease cycle, GBS encounters very different host microenvironments and must adapt to 

successfully colonize and survive in different host niches. In bacteria, the ability to efficiently 

adjust to different environments is commonly mediated by signaling through two-component 

regulatory systems (TCS). (3, 4) 

TCSs consist of a membrane bound histidine kinase sensor that, upon activation by an 

external signal, phosphorylates a cytoplasmic transcriptional regulator that affects expression of 

downstream gene targets. Of the 21 TCSs that have been described in GBS, only a few have been 

well characterized. (5-7) The TCS response regulator CiaR is known to play a role in promoting 

GBS survival within brain endothelial cells as well as host phagocytic cells such as neutrophils 

and macrophages. (8) The LiaR response regulator promotes GBS virulence by regulating cell wall 

synthesis in response to environmental stresses such as elevated temperature and the presence of 

antimicrobial peptides. (9) The best studied TCS in GBS is CovS/R (Control of virulence 

sensor/regulator), which regulates the expression of a variety of virulence factors that are important 

for GBS pathogenesis such as pili, which promote GBS attachment to host surfaces, and cylE, 

which is involved in the expression of beta-hemolysin/cytolysin (b-H/C). (10-12) We have shown 

previously that GBS strains lacking the covR gene are hyper-inflammatory and result in increased 
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sepsis and meningitis in murine infection models due to increased expression of b-H/C. (11) 

Interestingly, infection with GBS WT, DcovR or DcylE strains revealed the b-H/C toxin as a key 

mediator in provoking an acute inflammatory response in vaginal epithelium, and that functional 

CovR regulation dampens cytokine production and promotes bacterial persistence in the mouse 

vaginal tract (13).  These observations demonstrate the importance of TCS transcriptional 

regulators in regulating virulence factors in order to promote niche establishment.  

While the majority of TCS transcriptional regulators possess a helix-turn-helix (HTH) 

DNA-binding domain, a small percentage of transcriptional regulators contain a LytTR non-HTH 

domain. (14-16) LytTR-containing proteins account for just ~2.7% of prokaryotic response 

regulators and predominantly regulate the production of virulence factors in pathogenic bacteria. 

(17) GBS possesses three TCS transcriptional regulators that include the LytTR DNA-binding 

domain (see Fig. 1A). Of these, the RgfA regulator (GBSCOH1_RS09095) has been previously 

characterized and may contribute to virulence by mediating GBS binding to host fibrinogen. (18) 

Another of these LytTR-containing response regulators, encoded by GBSCOH1_RS01195, has 

also been studied and is referred to as Rr2. (5) Rr2 is upregulated in GBS during stationary growth 

phase and is likely activated in response to stress conditions such as lack of nutrients, low pH, and 

the accumulation of toxic metabolites. (5) The GBS rr2 gene is contained within a locus that is 

homologous to loci found in pathogens Staphylococcus aureus and Streptococcus mutans where it 

has been shown to regulate the expression of murein hydrolases encoded by the adjacent lrgAB 

operon. (19-22) In those pathogens, the rr2 regulator is known as “LytR” and has been shown to 

be important for cell wall turnover, cell autolysis, and biofilm formation. (23-25)  

Here we investigate the third LytTR-domain containing TCS regulator 

(GBSCOH1_RS05040), that we designate LtdR, and its role in GBS colonization and virulence. 
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Using targeted mutagenesis, we show that LtdR mediated regulation affects both the development 

of meningitis and vaginal persistence using mouse models of GBS colonization and invasive 

disease. Additionally, we observed that the loss of LtdR results in increased GBS invasion into 

host cells and increased inflammatory signaling by infected cells in vitro. Finally, we performed 

RNA-sequencing to identify LtdR regulated genes and observed global transcriptional changes in 

the DltdR mutant strain.  

 

MATERIALS AND METHODS 

Bacterial strains and growth conditions.  

GBS clinical isolate COH1 (serotype III) (26) and its isogenic DltdR mutant were used for 

the experiments. GBS strains were grown in THB (Hardy Diagnostics) at 37°C, and growth was 

monitored by measuring the optical density at 600 nm (OD600). E. coli strains Top 10 

electrocompetent cells and MC1061 electrocompetent cells (Invitrogen), used for plasmid 

propagation, were grown in LB media. For antibiotic selection, 2 µg/mL chloramphenicol (Sigma) 

and 5 µg/mL erythromycin (Sigma) were incorporated into the growth medium for GBS, 300 

µg/mL erythromycin for E. coli. Chemically defined medium (CDM) (27) and THB were used for 

growth comparison of GBS WT and the DltdR mutant. To evaluate growth in CDM or THB, GBS 

was initially grown to log phase (optical density at 600nm [OD600], 0.3) in THB. The cells were 

harvested by centrifugation, washed three times in an equivalent volume of phosphate-buffered 

saline (PBS) (GIBCO) and diluted 1 to 50 into media. Growth was monitored 

spectrophotometrically at a wavelength of 600nm.  

 

Construction of the DltdR deletion and complementary strains.  
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Deletion of the ltdR gene (GBSCOH1_RS05040) was performed in the genome of COH1. 

The following upstream and downstream primers were used to generate the forward fusion 

fragment: (5’ gggactgacaacagaatcttg) and (5’cacaatgtaagagcg/tctgctataacgagg). The reverse fusion 

fragment was generated with the following: upstream (5’ cctcgttatagcaga/cgctcttacattgtg) and 

downstream (5’ cccaagtgctttatcaatagg) primers. The forward and reverse amplicons included 

GBSCOH1_RS05035 (forward fragment) and GBSCOH1_RS05045 (reverse fragment) sequences 

to be used as recombination homologous arms for allelic exchange. A 1999 bp fusion deletion 

product was generated with previously generated forward and reverse PCR products mixed in 

equal amounts in a PCR with the following primers: (5’ gggactgacaacagaatcttg) and (5’ 

cccaagtgctttatcaatagg). High fidelity enzyme (Roche) was used for all PCRs. The PCR product 

was digested and gel purified prior to cloning into the TOPO Blunt vector (Invitrogen). The 

resulting plasmid, TOPO/GBSCOH1_RS05040AD, was used to transform TOP 10 E. coli 

(Invitrogen). Selection of clones was performed according to the manufacturer’s directions. 

Positive clones were screened by SphI restriction endonuclease digestion and plasmid sequencing 

(ASU). The TOPO/GBSCOH1_RS05040AD plasmid was digested with BamHI and EcoRI and 

ligated into a similarly digested pHY304, yielding pHY304/ GBSCOH1_RS05040AD, which was 

transformed directly into E. coli MC1061. Plasmid was propagated and isolated from E. coli for 

transformation of electrocompetent GBS strain COH1. The WT GBSCOH1_RS05040 

chromosomal allele was replaced with the allele encoding the deletion fragment. The resulting 

strain was cultured at 30°C in the presence of erythromycin. Cells were shifted to 37°C in the 

presence of erythromycin to select for the chromosomal integration of pHY304/ 

GBSCOH1_RS05040AD. Integration was confirmed by the isolation of chromosomal DNA and 

subsequent PCR with the following primers: (5’- gggcatttaacgacgaaactg) and (5’ 
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cgtcgttttacaacgtcgtga). Isolates with the integrated plasmid were chosen and passaged five times 

in the absence of erythromycin at 30°C. The resulting strain was then cured of the plasmid by 

passage at 37°C and screened for sensitivity to erythromycin. The chromosome of the GBS ΔltdR 

was verified by PCR with primers that flanked the cloned region and were specific for the deleted 

sequence. For complementation studies, the full-length ltdR gene was amplified using the 

following primers: (5’ ggtctagaaaaggtattgtatgaag), incorporating a XdaI restriction site, and (5’ 

ggcatatggaataacttttcattagtta), incorporating a NdeI restriction site, and cloned into pDCerm 

plasmid. The DltdR deletion strain was transformed with the recombinant plasmid to generate the 

complemented strain. The DltdRpltdR complemented strain was grown in the presence of 

erythromycin. 

 

Hemolysis assay.  

GBS strains were grown to OD600 of 0.4, then harvested by centrifugation and resuspended 

in PBS.  1 × 109 CFU were added to fresh sheep blood (VWR) in V-bottom 96-well plates 

(Corning). Plates were sealed and incubated at 37°C with agitation for 1 h. Plates were centrifuged 

at 200g for 10 min and 100µL of the supernatant were transferred to a flat-bottom 96-well plate. 

Absorbance at 541 nm (A541) was read and % hemolysis was calculated by comparing the A541 

values for GBS treated wells to A541 values of blood incubated with water. 

 

Flow cytometry.  

Flow cytometry to determine capsule expression was performed as described in (28). 

Briefly, bacterial stocks were washed in sterile PBS + 0.5% bovine serum albumin (BSA), then 

incubated with ten-fold serial dilutions (ranging from 1:2000 to 1:200,000,000 final) of a 
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monoclonal anti-serotype III antibody or the monoclonal anti-serotype Ia isotype control, washed 

via centrifugation, and labeled with a donkey anti-mouse IgM conjugated to AlexaFluor 647 

(Invitrogen) at 1:2000 dilution. All incubations were performed at 4°C with shaking. Samples were 

washed again then resuspended and read on a FACSCalibur flow cytometer (BD Biosciences) and 

analyzed using FlowJo v10. The monoclonal antibodies were purified and provided by Dr. John 

Kearney at the University of Alabama-Birmingham. For the histograms shown in Fig. 2C-D, the 

anti-serotype III and anti-serotype Ia isotype control antibodies were both used at a final dilution 

of 1:20,000. 

 

Aggregation and clumping assays.  

GBS strains were grown to OD600 of 0.4, then harvested by centrifugation and resuspended 

in PBS (for aggregation assay) or PBS with 0.1% fibrinogen (for clumping assay) in 1.75 mL 

Eppendorf tubes (E & K Scientific). 0.1 mL was pipetted from the top of the cells suspension after 

150 min. and turbidity was measured at 600 nm.  

 

Mouse models of hematogenous GBS meningitis and vaginal colonization.  

Animal experiments were approved by the committee on the use and care of animals at San 

Diego State University (SDSU) protocol #16-10-021D and performed using accepted veterinary 

standards. We utilized a mouse GBS infection model as described previously. (29-31) Briefly, 8-

week old male CD-1 mice (Charles River) were injected intravenously with 1 × 108 CFU of wild-

type GBS or the isogenic DltdR mutant. After 72 h, mice were euthanized and blood and brain 

tissue were collected. One half of each brain was fixed in 4% paraformaldehyde (Ricca Chemical 

Company) for histopathological analyses. Formalin fixed, paraffin embedded brains were 
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sectioned onto glass slides. The slides were stained using hematoxylin and eosin (Sigma) and 

images were taken using a Zeiss upright microscope with an attached Axiocam Icc3 camera. 

Adobe Photoshop and Illustrator was used to process images. The remaining tissue was 

homogenized, and the brain homogenates as well as blood and lung were plated on THB agar for 

enumeration of bacterial CFU.  

The mouse model of GBS vaginal colonization was performed as described previously. 

(32) 10-week old female CD-1 mice (Charles River) were injected intraperitoneally with 0.5mg 

17b-estradiol (Sigma) suspended in 100 µL sesame oil one day prior to inoculation with GBS. 

Mice were vaginally inoculated with 1 × 107 CFU of wild-type GBS or the isogenic DltdR mutant, 

and on subsequent days, the vaginal lumen was swabbed with a sterile ultrafine swab. Recovered 

GBS were enumerated on CHROMagar StrepB agar (DRG International). 

 

Cell lines and infection assays.  

The well-characterized human cerebral microvascular endothelial cell line 

(hCMEC/D3)(33-36),	referred to as hCMEC, was obtained from Millipore and was maintained in 

EndoGRO-MV Complete Media Kit supplemented with 1ng/mL FGF-2 (Millipore) at 37°C with 

5% CO2. The human brain microvascular endothelial cell line (hBMEC), was cultured as described 

previously (37) in RPMI 1640 (Corning Cellgro) containing 10% fetal bovine serum (Atlanta 

Biologicals), 10% Nu-serum (BD Biosciences), and 1% nonessential amino acids (Gibco) at 37°C 

with 5% CO2. The immortalized human vaginal epithelial cell line (hVEC) was obtained from 

American Type Culture Collection (VK2/E6E7, ATCC CRL-2616) and was maintained in 

keratinocyte serum-free medium (KSFM) (Gibco) with 0.1 ng/ml human recombinant epidermal 
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growth factor (EGF) (Gibco) and 0.05 mg/ml bovine pituitary extract (Gibco) at 37°C with 5% 

CO2 as described previously. (38) 

Assays to determine the total number of cell surface-adherent or intracellular bacteria were 

performed as described previously. (30) Briefly, bacteria were grown to mid-log phase to infect 

cell monolayers (1 × 105 CFU at a multiplicity of infection [MOI] of 1). Total cell-associated GBS 

were recovered following a 30 min incubation, while intracellular GBS were recovered after 2 h 

infection and 2 h incubation with 100 µg gentamicin (Sigma) and 5 µg penicillin (Sigma) to kill 

all extracellular bacteria. To assess intracellular survival, cells were treated with antibiotics for up 

to 8 h after a 2 h infection with GBS. Cells were detached with 0.1 ml of 0.25% trypsin-EDTA 

solution and lysed with addition of 0.4 ml of 0.025% Triton X-100 by vigorous pipetting. The 

lysates were then serially diluted and plated on THB agar to enumerate bacterial CFU.  

 

Electron Microscopy.  

For scanning electron microscopy, bacteria were grown to log phase and in THB containing 

human fibrinogen (100 µg/mL). They were then fixed for 10 min using a one-step method with 

2.5% glutaraldehyde, 1% osmium tetraoxide, 0.1M sodium cacodylate. Bacteria were collected on 

0.4 µM polycarbonate filters by passing the solution through a swinnex device outfitted on a 10 

mL syringe. The filters were dehydrated through a series of increasing ethanol concentrations and 

then dried in a Tousimis SAMRI-790 critical point drying machine. The dried filters were mounted 

on SEM sample stubs with double-sided carbon tape, coated with 6nm platinum using a Quorom 

Q150ts high-resolution coater and imaged on with an FEI FEG450 scanning electron microscope. 

For transmission electron microscopy, hBMEC were grown in 24-well plates to confluence and 

GBS was subsequently added to monolayers as described above. Following a 2 h incubation, 
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monolayers were washed with PBS and collected by centrifugation. Pellets were fixed in 2% 

glutaraldehyde, 4% formaldehyde in 0.1M cacodylate buffer at pH 7.4 for 2 h at room temperature. 

Pellets were then fixed again in 1% osmium tetroxide in 0.1M cacodylate buffer for 1 h. After 

rinsing with water, samples were dehydrated with increasing series of concentrations of ethanol 

and left on a rotator overnight in a 50% solution of Spurr resin and acetone. Samples were placed 

in 100% Spurr the next day and placed on a rotator for several hours before transferring to fresh 

100% Spurr and polymerized in an oven for 24 h at 60°C. The sample blocks were sectioned at 50 

nm on a Leica ultramicrotome and picked up on formvar-coated copper grids. Grids with sections 

were stained with uranyl acetate and lead citrate, viewed using a Tecnai-12 (FEI) transmission 

electron microscope and photographed using a Zeiss 215 side mount digital camera. Images were 

generated using AMT image capture software. Adobe Photoshop and Illustrator was used to 

process images.  

 

RT-qPCR and ELISA.  

GBS were grown to mid-log phase and 1 × 106 CFU (MOI, 10) were added to hCMEC/D3 

or hVEC monolayers and incubated at 37°C with 5% CO2 for 6 h. Cells were then lysed, total 

RNA was extracted (Macherey-Nagel), and cDNA was synthesized (Quanta Biosciences) 

according to the manufacturer’s instructions. Primers and primer efficiencies for IL-8, CXCL-1, 

IL-6, and GAPDH were utilized as previously described. (39) IL-8, CXCL-1, and IL-6 protein 

from hCMEC/D3 and hVEC supernatants were detected by enzyme-linked immunosorbent assay 

according to the manufacturer’s instructions (R&D systems). For Bacterial RT-qPCR, triplicate 

cultures of WT GBS, the ∆ltdR mutant, and the complemented strain were grown at 37°C in THB. 

Growth of GBS strains was monitored by measuring optical density and samples were collected at 
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OD600 of 0.2, 0.5, and 1. Bacteria were collected and RNA isolated as above and cDNA was 

synthesized (Quanta Biosciences). qPCR primers are listed in supplemental table 3. 

 

Generation of RNA-Seq data.  

Triplicate cultures of WT GBS and the ∆ltdR mutant were grown at 37°C in THB. Growth 

of GBS strains was monitored by measuring optical density and samples were collected at OD600 

of 0.2, 0.5, and 1.0 to correspond with late lag, exponential, and stationary growth phases. Bacteria 

were isolated from media by centrifugation and resuspended in Trizol reagent (Thermo Fisher). 

0.1mm diameter zirconia/silica beads (BioSpec Products) were added to the bacterial suspensions 

and the bacteria were lysed by beating for 2 minutes at max speed on a bead beater (BioSpec 

Products). RNA was isolated following the manufacturer’s protocol using the Direct-Zol RNA 

MiniPrep Plus kit (Zymo Research). Illumina cDNA libraries were generated using a modified 

version of the RNAtag-seq protocol (40). Briefly, 500ng-1µg of total RNA was fragmented, 

depleted of genomic DNA, dephosphorylated, and ligated to DNA adapters carrying 5’-AN8-3’ 

barcodes of known sequence with a 5’ phosphate and a 3’ blocking group. Barcoded RNAs were 

pooled and depleted of rRNA using the RiboZero rRNA depletion kit (Epicentre). Pools of 

barcoded RNAs were converted to Illumina cDNA libraries in 2 main steps: (i) reverse 

transcription of the RNA using a primer designed to the constant region of the barcoded adaptor 

with addition of an adapter to the 3’ end of the cDNA by template switching using SMARTScribe 

(Clontech) as described (41); (ii) PCR amplification using primers whose 5’ ends target the 

constant regions of the 3’ or 5’ adaptors and whose 3’ ends contain the full Illumina P5 or P7 

sequences. cDNA libraries were sequenced on the Illumina Nextseq 500 platform to generate 

paired end reads. 
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Analysis of RNA-Seq data.  

Sequencing reads from each sample in a pool were demultiplexed based on their associated 

barcode sequence using custom scripts.  Up to 1 mismatch in the barcode was allowed provided it 

did not make assignment of the read to a different barcode possible. Barcode sequences were 

removed from the first read as were terminal G’s from the second read that may have been added 

by SMARTScribe during template switching. Reads were aligned to NCBI reference sequence 

NZ_HG939456.1 using BWA (42) and reads counts were assigned to genes and other genomic 

features using custom scripts. Differential expression analysis was conducted with DESeq2 (43).  

Visualization of raw sequencing data and coverage plots in the context of genome sequences and 

gene annotations was conducted using GenomeView (44). 

 

Data analysis.  

GraphPad Prism version 7.0 was used for statistical analysis and statistical significance 

was accepted at P values of <0.05. Statistical analysis for the hematogenous meningitis 

experiments, bacterial adherence and invasion assays, cytokine RT-qPCR, and ELISA was 

performed using the t test. Statistical analysis for the vaginal colonization experiments comparing 

CFU values for WT GBS and ∆ltdR recovered from the mouse vaginal lumen each day was 

performed using the Mann-Whitney test. For RNA-sequencing, genes were considered 

significantly differentially expressed if there was a 1.5-fold difference and if the P value was below 

0.05. Venn diagrams were calculated using the Area-Proportional Venn Diagram tool (BioInfoRx).   



 

 
91 

RESULTS 

Construction and characterization of the ltdR deletion strain.  

The LtdR transcriptional regulator possesses the REC signal receiver domain and the 

LytTR DNA-binding domain. (Fig. 1A) The ltdR gene locus is distinct from the loci of the other 

two LytTR-containing two-component system transcriptional regulators. The ltdR gene is directly 

downstream of the ltdS histidine kinase sensor gene, and this operon is upstream of a gene 

encoding a putative carbon starvation gene. The rr2 gene is also downstream of the gene encoding 

its histidine kinase and upstream of the lrg murein hydrolase genes. The gene encoding the RgfA 

regulator appears upstream of the gene for its cognate kinase RgfC. (Fig. 1B) We performed 

precise insertional mutagenesis to generate the DltdR mutant GBS strain in the highly 

encapsulated, hyper-virulent COH1 background (sequence type [ST]-17, serotype III). (45, 46) 

Additionally, the ltdR gene was cloned into the pDCerm vector to complement the DltdR mutant 

strain. Using NCBI BLAST, we determined that the ltdR gene in COH1 is 99% homologous to 

ltdR genes in the GBS strains 2603V/R (ST-110, serotype V), CJB111 (ST-1, serotype V), 

NEM316 (ST-23, serotype III), A909 (ST-7, serotype Ia), and H36B (ST-6, serotypte Ib). Analysis 

of growth demonstrated that the DltdR mutant COH1 strain grew similarly to the parental WT 

strain in rich (THB) and chemically defined media (CDM). (Fig. 2A-B) Bacterial numbers were 

also assessed by plating and CFU at various growth phases and CFU counts were similar between 

the WT and DltdR mutant strain. (data not shown) Additionally, there was no difference in capsule 

abundance and hemolytic ability between the WT and the DltdR mutant strain (Fig. 2C-F). 

However, scanning electron microscopy revealed that the DltdR mutant appears to aggregate or 

cluster more readily than the WT strain, which could suggest a difference in cell division or surface 

architecture.  (Fig. 2G-H) Quantitative assays further demonstrated that the DltdR mutant exhibited 
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increased aggregation and clumping phenotypes compared to the WT and complemented strains. 

(Fig. 2I-J)  

 

Figure 3.1. (A) Schematic diagram of LytTR-containing two-component system transcriptional 
regulator proteins. Percent identity of the primary amino acid sequences Rr2 and RgfA REC and 
LytTR domains to LtdR is indicated. (B) Schematic of the ltdR, rr2, and rgfA containing gene loci. 
Gene locus tags published in NCBI reference sequence NZ_HG939456.1 are indicated above the 
gene annotations. 
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Figure 3.2. (A and B) Growth curve for WT GBS and the DltdR mutant in THB (A) and CDM (B) 
at 37°C. (C-E) Flow cytometry using serial dilutions of a monoclonal antibody to the serotype III 
capsule to determine the presence of capsule in WT GBS (C) and the DltdR mutant (D). A 
monoclonal antibody to the serotype Ia capsule was used as the isotype control. (F) Hemolysis 
assay comparing hemolysis of sheep blood by WT GBS and the DltdR mutant. Representative data 
of 1 of at least 2 independent experiments are shown. (G and H) Scanning electron microscopy 
images of WT GBS (G) and DltdR (H) mutant strains. (I) Aggregation assay comparing 
aggregation of WT GBS, the DltdR mutant, and the complemented strain in THB. (J) Clumping 
assay comparing clumping of the WT GBS, the DltdR mutant, and the complemented strain in 
THB containing 0.1% fibrinogen 
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Loss of ltdR results in increased pathogenesis of meningitis in vivo.  

To determine whether LtdR contributes to GBS virulence in vivo, we utilized a murine 

model of GBS hematogenous meningitis. (29-31) Mice were challenged with either WT GBS or 

the isogenic DltdR mutant as described in the Methods. At the experimental endpoint mice were 

euthanized and brain, blood, and lung tissue were collected to determine bacterial loads. We 

recovered similar numbers of DltdR mutant GBS from mouse blood and lung compared to WT, 

however we observed a significant increase in the amounts of DltdR mutant GBS recovered from 

the brain tissue. (Fig. 3A-C) Histopathological examination of fixed tissue revealed meningeal 

thickening as well as the presence of inflammatory infiltrates in the brains of mice infected with 

the DltdR mutant. (Fig. 3D-F)  

 

Figure 3.3. Mouse model of GBS meningitis. (A-C) 72-hours after infection, mice were 
euthanized and bacterial loads in the brain (A), blood (B), and lung (C) were assessed. (D-F) 
Representative images of hematoxylin and eosin stained brain sections from mice inoculated with 
WT (D) or DltdR mutant (E and F) GBS strains. Arrows indicate areas of neutrophil infiltration 
and meningeal thickening. Representative data of 1 of 3 independent experiments is shown.*, P < 
0.05. 
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Loss of ltdR promotes bacterial invasion into endothelial cells and stimulates cytokine 

secretion in vitro.  

Because we observed increased bacterial load in the brains of mice challenged with the 

DltdR mutant, we next characterized the ability of the DltdR mutant to invade human cerebral 

microvascular endothelial cells (hCMEC), the cells that constitute the blood-brain barrier (BBB). 

Using transmission electron microscopy, we first visualized more intracellular bacteria in brain 

endothelial cells following infection with the DltdR mutant compared to the WT strain. (Fig. 4A-

B) We then performed a quantitative cell invasion assay as described previously (29, 47) and in 

the Methods. Monolayers of hCMEC were infected with WT, the DltdR mutant, or the 

complemented strain with an inoculum of 105 CFU/well (MOI of 1); data are expressed as percent 

recovered intracellular GBS after 2 h of incubation plus 2 h of treatment with antibiotics to kill 

extracellular bacteria.  As shown in Figure 4C the DltdR mutant strain exhibited a significant 

increase in hCMEC invasion (P < 0.0005) compared to the WT strain.  Furthermore, 

complementation of the DltdR mutant lowered invasion ability to close to that of WT (Fig. 4C). 

To determine whether the increased invasion observed with the DltdR mutant could be explained 

by increased attachment to host cells, we examined the amount of total cell-associated (surface 

adherent plus intracellular) GBS to hCMEC, however we observed no significant difference 

between the WT and the DltdR mutant strains. (Fig. 4D) Further, to assess whether the observed 

increase in recovered intracellular bacteria by the DltdR mutant was due to enhanced survival or 

bacterial replication of the DltdR mutant within hCMEC, we performed additional experiments to 

measure intracellular survival over time. We recovered intracellular bacteria up to 8-hours post-

infection and determined that the DltdR mutant was able to survive inside hCMEC at levels 
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comparable to those of WT COH1. (Fig. 4E) These data suggest that LtdR contributes primarily 

to bacterial invasion into brain endothelial cells. 

Since we observed increased inflammatory infiltrate, predominately neutrophils, in tissues 

surrounding the brains of mice challenged with DltdR mutant compared to the WT strain, we 

hypothesized that LtdR mediated regulation may impact the host inflammatory response. We have 

shown previously that GBS infection elicits cytokine and chemokine signaling that promotes 

neutrophil influx into the central nervous system (CNS) (37) To examine if cytokine/chemokine 

expression was altered during infection with the DltdR mutant, we infected hCMEC with WT, the 

DltdR mutant, or the complemented mutant strain and measured transcript abundance and protein 

production of major neutrophil chemoattractants, IL-8 and CXCL-1, as well as the 

proinflammatory cytokine IL-6.  Cells infected with the DltdR mutant GBS had significantly higher 

levels of transcript and secreted protein than uninfected cells or cells infected with WT GBS. 

Complementation of the ltdR mutation lowered cytokine expression of infected hCMEC cells to 

levels similar to WT infected cells. (Fig. 5A-F) Taken together, these data suggest that the loss of 

LtdR enhances GBS invasion into the brain endothelium and this may result in the stimulation of 

cytokine release from host cells.  
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Figure 3.4. LtdR regulation influences GBS invasion into the brain endothelium. (A and B) 
Transmission electron micrographs of hBMEC infected with WT (A) or DltdR mutant (B) GBS. 
(C) Invasion of WT GBS, the DltdR mutant, and the complemented strain into hCMEC was 
quantified after a 2 h infection. (D) Adherence of WT GBS and the DltdR mutant strain to hCMEC 
was assessed after a 30 min incubation. (E) Intracellular survival of WT GBS and the DltdR mutant 
strain were compared up to 8 h post-infection relative to WT and the DltdR mutant at 2 h post-
infection. Experiments were performed at least 3 times in triplicate and error bars represent SD; a 
representative experiment is shown. *, P < 0.05; **, P < 0.005; ***, P < 0.0005. 
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Figure 3.5. LtdR impacts cytokine expression by infected hCMEC. (A-C) hCMEC were 
infected with GBS for 5 h, then the cells were collected and transcript levels of IL-8 (A), CXCL-
1 (B), and IL-6 (C) was quantified by RT-qPCR. (D-F) hCMEC cell supernatant was collected for 
detection of IL-8 (D), CXCL-1 (E), and IL-6 (F) protein secretion during GBS infection. 
Experiments were performed at least 3 times in triplicate and error bars represent SD; a 
representative experiment is shown. *, P < 0.05; **, P < 0.005; ***, P < 0.0005; ****, P < 0.00005. 
 
 
LtdR contributes to vaginal colonization.  

To examine the function of LtdR in a different host niche, we utilized a murine model of 

GBS vaginal colonization (32) to characterize the role of LtdR regulation in colonization. Mice (8 

weeks old) were treated with 17b-estradiol 1 day prior to bacterial inoculation. GBS WT or the 

DltdR mutant (1 x 107) was inoculated directly into the vagina, and on successive days, the vaginal 

lumen was swabbed and recovered bacteria quantified on agar plates to determine bacterial 

persistence and changes in bacterial load over time. Similar numbers of both strains were recovered 

from the mouse vagina on day one post-inoculation. However, the animals challenged with DltdR 

mutant strain cleared the GBS more rapidly than mice that were inoculated with the WT strain. 

(Fig. 6A) This result could mean that the DltdR mutant was less able to attach to vaginal epithelium, 

however, we observed that, similar to our observations with brain endothelium, the DltdR mutant 

was more invasive than WT GBS into human vaginal epithelial cells (hVEC), but not significantly 
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more adherent (Fig. 6B-C). We have previously shown that GBS infection of hVEC results in 

activation of numerous immune pathways including cytokines and chemokines involved in 

leukocyte recruitment and activation (13). To determine whether LtdR plays a role in inflammatory 

signaling, we infected hVEC with WT, DltdR mutant, or the complemented strain and detected the 

highest levels of IL-8, CXCL-1, IL-6 transcripts and secreted protein from the cells infected with 

the DltdR mutant strain. (Fig. 6D-I) Thus, as we observed in brain endothelium, LtdR regulation 

also impacts the host inflammatory response in vaginal epithelial cells.  
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Figure 3.6. LtdR plays a role in GBS persistence and inflammation in the vaginal tract. (A) 
Murine vaginal colonization model. Mice were inoculated with either WT or the DltdR mutant 
GBS strains and bacterial load was monitored daily. (B) Invasion of WT GBS, the DltdR mutant, 
and the complemented strain into hVEC was quantified after a 2 h infection. (C) Adherence of WT 
GBS and the DltdR mutant was assessed after a 30 min incubation. (D-F) hVEC were infected with 
GBS for 5 h, then transcript levels of IL-8 (D), CXCL-1 (E), and IL-6 (F) were assessed by RT-
qPCR. (G-I) ELISA to quantify secreted IL-8 (G), CXCL-1 (H), and IL-6 (I) by hVEC was 
performed following a 5 h infection with GBS strains. Experiments were performed at least 3 times 
in triplicate and error bars represent SD; a representative experiment is shown. *, P < 0.05; **, P 
< 0.005; ***, P < 0.0005; ****, P < 0.00005. 
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LtdR regulation impacts many bacterial cell processes.  

Thus far we have observed that LtdR contributes to both colonization and invasive disease. 

Because GBS colonization and meningitis occur in different host niches, we hypothesized that 

LtdR may regulate multiple bacterial pathways to affect GBS interactions within different host cell 

environments. To characterize the impact of LtdR regulation on global gene transcription, we 

performed RNA-sequencing analysis of the DltdR mutant as well as the parental WT strain grown 

to OD = 0.2, 0.5, and 1.0. We observed significant global changes at all growth phases, with the 

highest number of significantly differentially expressed genes at early stationary phase (OD = 1.0); 

in total 135 genes were downregulated and 109 genes upregulated in the DltdR mutant compared 

to the WT strain (Fig. 7A-E, and Supplemental Table 1) We classified these genes based on 

Clusters of Orthologous Genes (COG) categories. (48, 49) The majority of differentially expressed 

genes at all three growth phases are involved in metabolic pathways. There were also increases in 

the expression of genes involved in RNA processing in the WT strain. Interestingly, the expression 

of a number of transcriptional regulators (all classified under the signal transduction COG) is 

higher in the DltdR mutant strain at early stationary phase (Fig. 7F). In our examination of the 

differentially expressed transcripts, we saw little overlap of genes affected between the three 

growth phases. (Fig. 7A-E). These results suggest that the effects of LtdR regulation are variable 

depending on growth phase. GBSCOH1_RS09570, which encodes a bifunctional homocysteine 

S-methyltransferase/methylentetrahydrofolate reductase, was the transcript that was more 

abundant in WT GBS at every time point compared to the DltdR mutant. This enzyme functions in 

methionine metabolism pathways. The gene that was more abundant in the DltdR mutant compared 

to WT at all time points was GBSCOH1_RS05780, which encodes the LysR family transcriptional 

regulator MtaR. MtaR has previously been shown to regulate the expression of the methionine 
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transport genes metQ1 (GBSCOH1_RS07790), pdsM (GBSCOH1_RS07785), metN 

(GBSCOH1_RS07780), and metP (GBSCOH1_RS07775). (27, 50) In our RNA-seq analysis, 

metQ1, pdsM, and metN transcripts were significantly higher in the DltdR mutant at the earliest 

time point while just metQ1 was increased in the DltdR mutant in mid-log phase and none of genes 

in the methionine metabolism operon were significantly differentially expressed at the latest time 

point. RT-qPCR was used to validate some of these and other select transcripts that were 

significantly higher or lower in the DltdR mutant as determined by RNA-sequencing. We observed 

that differences in transcript abundance between WT GBS and DltdR mutant cultures by RT-qPCR 

were similar to those seen by RNA-sequencing (Supplemental Table 2). We further observed that 

the complemented strain had significantly lower expression of select transcripts that are highly 

upregulated in the DltdR mutant compared to the WT strain (Supplemental Fig. 1). The results of 

our RNA-seq and RT-qPCR analysis of the WT, DltdR mutant and complemented strains indicate 

that LtdR may regulate many cellular pathways including methionine uptake and metabolism as 

well as expression of potential virulence factors.   
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Figure 3.7. RNA-sequencing to identify LtdR regulated processes. (A-C) MA-plots 
highlighting differentially expressed genes (Padj < 0.1) between WT GBS and the DltdR mutant in 
red at different growth phases. OD600 of 0.2 (A), OD600 of 0.5 (B), and OD600 of 1.0 (C) correspond 
to late lag phase, exponential phase, and early stationary phase, respectively. (D and E) Venn 
diagrams of genes expressed significantly (Padj < 0.05) higher in WT GBS compared to the DltdR 
mutant (D) and transcripts that were significantly higher in the DltdR mutant strain compared to 
WT (E). (F) Significantly differentially expressed genes (Padj < 0.05) were classified according to 
Cluster of Orthologous Genes (COG) categories. 
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DISCUSSION 

Bacteria use TCSs to monitor and respond to environmental signals. GBS possesses 21 

TCSs (6), about twice as many as other closely related pathogens such as Streptococcus pyogenes, 

Streptococcus pneumoniae, and Streptococcus mutans, all of which encode just thirteen TCSs in 

their genomes. (51-53) Three of the GBS TCS transcriptional regulators contain the rare LytTR 

DNA-binding domain. (5) Because LytTR-containing response regulators predominantly 

influence virulence in Gram-positive pathogens (15, 17), we have explored the role of the 

previously uncharacterized LtdR regulator in GBS meningitis and vaginal persistence. In this 

study, we show that LtdR regulation can impact GBS infection and colonization by influencing 

host inflammatory responses.  

It is likely that GBS invasion into BBB endothelial cells is the critical first step for the 

development of meningitis. (2) Our data suggest that LtdR plays a role in promoting GBS invasion 

into host cells. We found that the DltdR mutant is significantly more invasive than the parental WT 

GBS strain without any difference in attachment to host cells or survival within cells for up to 8 

hours. Additionally, we were able to recover more DltdR mutant GBS than WT GBS from the 

brain tissue of infected mice while we observed similar bacterial loads in other tissues. These 

observations suggest that LtdR regulates factors that specifically promote uptake of GBS into brain 

endothelial cells without affecting GBS attachment to host cells. Subsequent to bacterial BBB 

invasion, the stimulation of host immune pathways is essential to the progression of meningitis. 

The release of inflammatory factors by brain endothelial cells, microglia, astrocytes, and 

infiltrating immune cells can exacerbate neuronal injury. (54) An analysis of the global 

transcription profile in BBB endothelium showed that the expression of many chemokines and 

cytokines is increased in response to GBS infection, with IL-8, CXCL-1, and IL-6 among the most 
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highly induced. (37) In this current study we found that disrupting LtdR regulation results in 

increased expression of those three cytokines.  IL-8 and CXCL-1 are major neutrophil 

chemoattractants known to orchestrate neutrophil activation and recruitment during GBS infection 

(31, 55), while IL-6, another pro-inflammatory cytokine that is elevated in the cerebrospinal fluid 

of meningitis patients, has also been shown to be secreted by brain endothelial cells during GBS 

infection. (37) Although an inflammatory response may be beneficial as a host defense against 

bacterial infections, excess inflammation can exacerbate the symptoms of bacterial meningitis and 

can be detrimental during an acute infection. (56, 57) We observed that mice infected with the 

DltdR mutant GBS strain exhibited higher brain bacterial loads and increased meningeal 

inflammation compared to animals challenged with WT GBS.  Thus, LtdR regulation impacts 

bacterial BBB penetration and disease progression during GBS meningitis. 

While increased inflammation can be associated with worse prognosis in invasive bacterial 

infections such as meningitis, we have observed that stimulation of the host immune system is 

associated with bacterial clearance during vaginal colonization. (13, 58) We have previously 

investigated the ability of different GBS strains to successfully colonize the murine vaginal tract 

and found that the less inflammatory strains persisted the longest. (38) Here, we observed that the 

DltdR mutant GBS strain promoted increased levels of proinflammatory cytokines/chemokines 

from vaginal epithelial cells and did not persist in the mouse vagina compared to WT GBS. These 

results are consistent with previous studies showing that the upregulation of proinflammatory 

signaling pathways are associated with GBS clearance from the vaginal tract. (13, 59) Further, our 

data suggest that the LtdR/S system is necessary for limiting the expression of GBS virulence 

factors during colonization, thereby reducing host innate immune responses to promote stable 

vaginal persistence.   
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We identify the GBS LtdR response regulator as a key player in inducing inflammation in 

both brain endothelial cells and vaginal epithelial cells; however, the exact mechanism(s) by which 

GBS LtdR controls gene expression to promote proinflammatory signaling remain unclear.  To 

further understand how the LtdS/R system contributes to colonization and disease pathogenesis 

we performed RNA sequencing to compare the transcriptional profiles of the GBS WT and DltdR 

mutant strains. Our analysis revealed dramatic transcriptional differences between WT GBS and 

the DltdR mutant strain. We detected the highest number of significantly differentially expressed 

transcripts between the two strains at the later growth phase, suggesting that LtdR regulation may 

be most active during stationary phase.  Overall there were 135 genes that were down regulated 

and 109 genes that were induced in the DltdR mutant compared to the WT strain; thus, LtdR 

appears to act as both a positive and negative regulator.  Genes that appear to be negatively 

regulated by LtdR include those involved in signal transduction, cell division and growth, cell 

membrane, as well as almost 40 genes that have a hypothetical or unknown function.  Interestingly, 

in a previous study the ltdR gene was deleted in a different GBS background, specifically the 

serotype V CJB111 strain (mutant designated as Drr11). (5) While the impact of Rr11 on 

pathogenesis was not characterized, it was reported using microarray analysis that Rr11 similarly 

regulates genes involved in metabolism. (5) 

Many TCS sensor kinases are stimulated by stress conditions that are present during 

stationary phase such as lack of nutrients, low pH, and the accumulation of toxic metabolites, and 

our observations suggest that the LtdS/R TCS may also play a role in adaptation to different growth 

environments. Future studies to determine the signal(s) being sensed by the LtdS sensor kinase 

will be of interest. We saw a number of genes associated methionine metabolism expressed higher 

in the DltdR mutant compared to WT GBS. GBS requires methionine for growth but cannot 
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synthesize the amino acid, so it must scavenge methionine from its environment. Previous work 

has shown that a GBS strain lacking the MtaR methionine transport regulator exhibits growth 

defects in media with physiological methionine concentrations and is attenuated in an in vivo rat 

sepsis model. (27, 50) While we observed no differences in growth between WT and the DltdR 

mutant GBS strains in THB and CDM, further characterizing the role of LtdR regulation in GBS 

growth and survival in blood, serum, and other methionine-low conditions is warranted.  

We also observed that the gene encoding the pore-forming toxin hemolysin III as well as 

the directly upstream gene encoding a MerR domain containing transcriptional regulator, which 

likely regulates hemolysin III expression, were upregulated in the DltdR mutant compared to WT. 

Hemolysin III from Bacillus cereus has been shown to lyse erythrocytes and in Virbrio vulnificus 

the toxin is known to impact virulence in a mouse model of infection. (60, 61) However, nothing 

is known about the role of hemolysin III in GBS colonization and invasive disease. Our results 

suggest the LtdR regulation might affect hemolysin III expression. As the GBS b h/c toxin is 

known to promote neutrophilic chemokine signaling in BBB endothelium (29) further studies on 

hemolysin III and its contribution to proinflammatory responses during GBS colonization and 

disease progression will be of interest.  

 This study demonstrates the importance of LtdR regulation to the progression of GBS 

meningitis as well as GBS persistence within the vaginal tract during colonization. Our results are 

consistent with previous reports that suggest GBS must tightly regulate expression of virulence 

and inflammatory factors in order to promote a colonizing state, and that changes in expression 

levels of these factors contribute to disease progression.  Future studies are aimed at determining 

the specific LtdR regulated genes that contribute to bacterial invasion and host proinflammatory 
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signaling, which may provide important targets for preventing GBS colonization and subsequent 

invasive disease. 
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SUPPLEMENTAL MATERIALS 

Supplemental Table 3.2. Results of RT-qPCR to confirm select RNA-sequencing hits. Fold 
changes comparing WT expression to the DltdR mutant strain expression of GBSCOH1_RSO5780 
(MtaR), GBS COH1_RS06260 (hemolysin III), GBSCOH1_RS06255 (hemolysin III regulator), 
GBSCOH1_RS07960 (3-hydroxybutyryl-CoA dehydrogenase), GBSCOH1_RS07790 (MetQ), 
GBSCOH1_RS08590 (hypothetical protein), GBSCOH1_RS09575 (5-
methyltetrahydropteroyltriglutamate homocysteine S-methyltransferase), GBSCOH1_RS09570 
(bifunctional homocysteine S-methyltransferase/methylenetetrahydrofolate reductase), and 
GBSCOH1_RS00325 (N-acetylmannosamine-6-phosphate 2-epimerase) are shown. Statistically 
significant fold change values (P < 0.05) are indicated in bold. 

 
  

Gene 0.2 0.5 1 0.2 0.5 1
GBSCOH1_RS05780 0.488996 0.518046 0.473386 0.645774 0.412867 0.170214
GBSCOH1_RS06260 0.497740 0.275491 1.243439 0.337296 0.239892 0.266474
GBSCOH1_RS06255 0.622054 0.266453 1.218117 0.432325 0.235464 0.346495
GBSCOH1_RS07960 0.877456 0.766039 0.423566 0.962943 0.773328 0.087253
GBSCOH1_RS07790 0.522476 0.658644 0.832567 0.447618 0.419600 0.530920
GBSCOH1_RS08590 2.092841 1.390108 1.223710 1.901458 1.169179 0.198603
GBSCOH1_RS09575 2.000487 1.884210 1.086967 1.464651 3.040556 1.180139
GBSCOH1_RS09570 1.587386 1.905671 1.614243 1.732657 2.568016 0.319847
GBSCOH1_RS00325 0.843503 1.245606 2.241504 1.580136 1.251066 1.634435

RNA-seq	 RT-qPCR	
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Supplemental Figure 3.1. RT-qPCR to compare gene expression between WT, the DltdR 
mutant, and the complemented strains.  
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ABSTRACT 

Staphylococcus aureus is an important pathogen responsible for nosocomial and 

community acquired infections in humans, and methicillin-resistant S. aureus (MRSA) infections 

have continued to increase despite wide-spread preventative measures. S. aureus can colonize the 

female vaginal tract and reports have suggested an increase in MRSA infections in pregnant and 

postpartum women as well as outbreaks in newborn nurseries. Currently, little is known about 

specific factors that promote MRSA vaginal colonization and subsequent infection. To study S. 

aureus colonization of the female reproductive tract in a mammalian system, we developed a 

mouse model of S. aureus vaginal carriage and demonstrated that both hospital-associated and 

community-associated MRSA isolates can colonize the murine vaginal tract. 

Immunohistochemical analysis revealed an increase in neutrophils in the vaginal lumen during 

MRSA colonization. Additionally, we observed that a mutant lacking fibrinogen binding adhesins 

exhibited decreased persistence within the mouse vagina. To further identify novel factors that 

promote vaginal colonization, we performed RNA-sequencing to determine the transcriptome of 

MRSA growing in vivo during vaginal carriage at 5 hours, 1-day, and 3-days post-inoculation. 

Over 25% of bacterial genes were differentially regulated at all time points during colonization 

compared to laboratory cultures. The most highly induced genes were those involved in iron 

acquisition, including the Isd system and siderophore transport systems. Mutants deficient in these 

pathways did not persist as well during in vivo colonization. These results reveal that fibrinogen 

binding as well as the capacity to overcome host nutritional limitation are important determinants 

of MRSA vaginal colonization.   
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IMPORTANCE 

Staphylococcus aureus is an opportunistic pathogen able to cause a wide variety of 

infections in humans. Recent reports have suggested an increasing prevalence of MRSA in 

pregnant and postpartum women, coinciding with the increased incidence of MRSA infections in 

the NICU and newborn nurseries. Vertical transmission from mothers to infants at delivery is a 

likely route of MRSA acquisition by the newborn, however, essentially nothing is known about 

host and bacterial factors that influence MRSA carriage in the vagina. Here, we established a 

mouse model of vaginal colonization and observed that multiple MRSA strains can persist in the 

vaginal tract.  Additionally, we determined that MRSA interactions with fibrinogen as well as iron 

uptake can promote vaginal persistence. This study is the first to identify molecular mechanisms 

which govern vaginal colonization by MRSA, the critical initial step preceding infection and 

neonatal transmission. 

 

INTRODUCTION 

Staphylococcus aureus is a commensal of approximately 20% of the healthy adult 

population (1) and also an opportunistic bacterial pathogen able to cause a wide variety of 

infections ranging in severity from superficial skin lesions to more serious invasive and life-

threatening infections such as endocarditis and septicemia. Prevalence of S. aureus infections has 

increased due to higher rates of colonization, immunosuppressive conditions, greater use of 

surgical implants, and dramatic increases in antibiotic resistance (2, 3). Compared to antibiotic-

susceptible strains, methicillin-resistant S. aureus (MRSA) infections exhibit elevated mortality 

rates, require longer hospital stays, and exert a higher financial burden on patients and healthcare 

institutions (4). Over the past 20 years, MRSA strains have expanded from healthcare settings and 
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began infecting otherwise healthy individuals in the community (“community-associated” MRSA 

(CA-MRSA))(5). USA300 isolates are the most problematic lineage of CA-MRSA that have 

emerged and clonally expanded across the US, reaching epidemic levels in many hospital settings 

(6, 7).  

Methicillin-susceptible S. aureus and MRSA possesses many virulence factors that 

promote bacterial persistence and invasive infections in different host sites. These virulence factors 

include cell wall-anchored surface proteins that facilitate S. aureus adherence to and invasion of 

host cells (8), proteases that modulate the host immune response to the bacterium (9), as well as 

pore-forming toxins such as α-toxin and the bicomponent leukocidins that lyse host cells (10). The 

expression of these various virulence determinants is dependent on factors such as growth rate, the 

availability of certain nutrients, host interactions, and the presence of antimicrobial compounds (8, 

11-13). 

Nasal carriage is known to be a risk factor for S. aureus infections both in the hospital and 

in the community with individuals often being infected with the strain that they carry (14).  S. 

aureus can colonize the moist squamous epithelium in the anterior nares (15, 16), a process which 

depends upon specific interactions between bacterial cell adhesins and epithelial cell ligands. 

Two S. aureus surface proteins, clumping factor B (ClfB) and iron regulated surface determinant 

A (IsdA), have been strongly implicated in nasal colonization. Both ClfB and IsdA were shown to 

promote adhesion to nasal epithelium in vitro (17) and colonization of the nares of rodents (18, 

19) and, in the case of ClfB, humans (20). ClfB is a member of a family of proteins that are 

structurally related to clumping factor A (ClfA), the archetypal fibrinogen (Fg) binding protein 

of S. aureus. ClfB has been shown to bind Fg, as well as cytokeratin 10, by the “dock, lock, and 

latch” mechanism first defined for the Fg binding proteins SdrG and ClfA (21, 22). Additional 
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surface proteins shown to contribute to bacterial attachment to nasal epithelial cells in vitro include 

S. aureus surface protein G (SasG) and the serine-aspartate repeat proteins SdrC and SdrD (23). 

While a ubiquitous colonizer of the skin and mucous membranes, S. aureus, including 

antibiotic sensitive and resistant strains, has also been reported to colonize the vagina in up to 22% 

of pregnant women (24-29). A study that examined MRSA colonization showed that out of 5,732 

mothers, 3.5% were colonized by MRSA in the genital tract during pregnancy (24). Another recent 

study of 1834 mothers showed that 4.7% were colonized vaginally by multidrug-resistant S. aureus 

(30). Reports have suggested an increasing prevalence in the USA300 lineage of MRSA in 

pregnant and postpartum women, coinciding with the increased incidence in the NICU and in 

newborn nurseries (31-36). MRSA outbreaks in NICUs can be difficult to control and have been 

associated with significant morbidity and mortality (33). Vertical transmission from mothers to 

infants at delivery has been proposed as a possible mechanism of neonatal CA-MRSA acquisition 

(30, 37), and while it is clear that S. aureus and MRSA can colonize the vaginal tract during 

pregnancy, essentially nothing is known about specific bacterial factors that promote vaginal 

persistence.  

In this study, we have adapted a murine model of vaginal colonization by Group B 

Streptococcus (GBS) (38), to investigate MRSA vaginal colonization. We determined that 

divergent MRSA strains, CA-MRSA USA300 and HA-MRSA252, can persist within the mouse 

vaginal tract and that three mouse strains, CD-1, C57BL/6, and BALB/c, can be colonized with 

MRSA. We detected fluorescent MRSA in the vaginal lumen as well as cervical and uterine tissues 

of colonized mice and immunohistochemical staining showed an increase of neutrophils in 

colonized mice compared to naïve mice. We found that a MRSA strain lacking fibrinogen-binding 

surface adhesins was attenuated in both in vitro and in vivo models of vaginal colonization. Lastly, 
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RNA-sequencing analysis of bacteria growing in vivo revealed the importance of iron homeostasis 

in promoting MRSA persistence within the mouse vagina. Mutant USA300 strains lacking the 

siderophore transporter FhuCBG or the cell-surface heme receptor IsdB were significantly 

attenuated in their ability to colonize the vaginal tract in vivo.  

 

RESULTS 

MRSA colonization of the reproductive tract.  

 To characterize the ability of MRSA to attach to epithelial cells of the lower female 

reproductive tract, we performed quantitative adherence assays with community-associated 

USA300 strain LAC (39) and hospital-acquired strain MRSA252 (40) as described in (41) and in 

the Methods. An inoculum of 105 CFU/well (MOI = 1) was added to confluent monolayers of 

immortalized human vaginal (VK2), ectocervical (Ect1), and endocervical (End1) epithelial cells. 

Following a 30-minute incubation, the cells were washed to remove all nonadherent bacteria. Data 

are expressed as percent recovered cell-associated MRSA relative to the initial inoculum. Both 

strains exhibited substantial adherence to all three cell lines, ranging from 30-57% of the original 

inoculum (Fig. 1A and B). Next, we assessed the ability of both MRSA strains to initiate 

colonization of the murine vaginal tract. 8-week old female CD-1 mice were treated with 17b-

estradiol 1-day before inoculation with 107 CFU of either USA300 or MRSA252. The next day 

the vaginal lumen was swabbed and then we euthanized the animals and collected the vagina, 

cervix, and uterus from each mouse to quantify bacterial load. The total CFU from the swab or 

tissue homogenates was determined by plating on S. aureus CHROMagar supplemented with 

cefoxitin. Both strains of MRSA were recovered from the majority of mice 1-day post-inoculation 

in all tissues, and the CFU recovered from the swab were similar to the total CFU counts from the 
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vaginal tissue homogenates (Fig. 1C and D). This level and range in recovered CFU is similar to 

what we have observed using this mouse model for GBS colonization (38). In a subsequent 

experiment, mice were inoculated with USA300 expressing a fluorescent DsRed protein and we 

harvested the female reproductive tract 1-day post-colonization for histological analysis. We made 

serial sections of these tissues and performed H&E staining to examine overall tissue morphology 

(Fig 1E, G, and I) and fluorescent microscopy to visualize USA300 (Fig 1F, H, J, K, and L).  We 

observed numerous red fluorescent bacteria contained within the lumen of the vagina (red arrows) 

(Fig. 1F). We could also see MRSA in the cervical and uterine lumen, as well as within the lamina 

propria of those organs (green arrows) (Fig. 1H, J, K, and L). 
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Figure 4.1. Modeling MRSA vaginal colonization. (A and B) Adherence of USA300 (A) and 
MRSA252 (B) to human vaginal (VK2), ectocervical (Ect1), and endocervical (End1) endothelial 
cells. (C and D) CFU counts from vaginal swabs, vagina, cervix, and uterus recovered 1-day post-
inoculation with USA300 (C) or MRSA252 (D). Lines represent median CFU. (E-L) Mice were 
colonized with DsRed expressing USA300. 1-day post-inoculation, the female reproductive tract 
was harvested and 6µm sections of the vagina (E and F), cervix (G, H, and K), and uterus (I, J, and 
L) were either stained with H&E (E, G, I) or labelled with DAPI and imaged with an epifluorescent 
microscope to visualize nuclei and USA300 (F, H, J, K, and L). The areas highlighted in (H) and 
(J) are expanded in (K) and (L). USA300 in the lumen of tissues are indicated with red arrows, 
and USA300 within the lamina propia are indicated with green arrows. Scale bar in (E) is 100µm.  
 

MRSA vaginal persistence and host response.  

To assess vaginal persistence, mice were colonized with USA300 or MRSA252 and 

swabbed to determine bacterial load over time. We recovered similar CFU from mice colonized 

with either MRSA strain and we observed that both strains exhibited similar persistence within the 
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mouse vagina. While all mice were initially highly colonized by both MRSA strains, some 

remained highly colonized while MRSA was cleared from other mice. (Fig. 2A and B). We also 

assessed USA300 vaginal colonization for multiple mouse strains and observed the highest mean 

CFUs from BALB/c mice while C57BL/6 and CD-1 mice were colonized to a lower level (Fig. 

S1).  Furthermore, MRSA was cleared more rapidly from the vaginal tract of CD-1 mice and 

persisted the longest in BALB/c mice (Fig. S1).  

As we observed eventual clearance of MRSA from the vaginal tract, we examined the 

presence of neutrophils in vaginal tissue of mice colonized with MRSA compared to naïve mice. 

Previous studies have shown that neutrophils respond to vaginal colonization by pathogenic 

Streptococcus species, namely GBS and Streptococcus pyogenes (Group A Streptococcus, GAS), 

and that neutrophils contribute to host defense and ultimate bacterial clearance (42-44). To 

visualize neutrophils during colonization by MRSA, we collected vaginal tissues from mice 1-day 

and 3-days post-inoculation with USA300 and made serial sections for H&E staining and labelling 

with an antibody against the neutrophil marker Gr-1. H&E analysis showed that there were no 

obvious differences in morphology of the vaginal lumen between naïve and colonized mice (Fig. 

2C, E, G, I, K, and M). We observed very few Gr-1 positive cells in the tissue sections form naïve 

mice (Fig. 2D and F). In contrast to those from naïve mice, the tissue sections from mice colonized 

with USA300 for 1-day contained numerous neutrophils within the vaginal lamina propria (Fig. 

2H and J). At 3-days post-inoculation we detected neutrophils within the vaginal lumen (Fig. 2L 

and N).  
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Figure 4.2. MRSA vaginal persistence and host response. (A and B) USA300 and MRSA252 
persistence within the CD-1 mouse vaginal tract. CFU counts for individual mice (A) and mean 
recovered CFU from vaginal swabs (B) were monitored for 14 days. Lines in (A) represent median 
CFU. (C-N) Histology of the mouse vagina during MRSA colonization. Mice were pre-treated 
with 17β-estradiol and either remained naïve (C-F) or were inoculated with 107 CFU of USA300 
(G-N). 6µm serial sections were stained with H&E (C, E, G, I, K, M) or labelled with an antibody 
against Gr-1 (D, F, H, J, L, N). Scale bar in (C) is 100µm. 
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Adherence to fibrinogen impacts MRSA vaginal colonization. 

In a previous study, we demonstrated that GBS Fg binding contributed to vaginal 

persistence (45). Also, several studies have shown the importance of S. aureus interactions with 

extracellular matrix components, including Fg, in colonization and disease progression (46-49). 

USA300 binding to Fg is primarily mediated by the four sortase-anchored surface adhesins ClfA, 

ClfB, FnbA, and FnbB. (8, 46, 50). The serine-aspartate adhesins SdrC, SdrD, and SdrE are in the 

same protein family as ClfA/B (51) and have been reported to bind nasal epithelia (23). To 

eliminate these adherence functions, a USA300 strain was engineered where all of these adhesins 

were deleted or disrupted by incorporating four separate mutations (DclfA clfB::Tn DfnbAB 

sdrCDE::Tet; hereafter called “Fg adhesin mutant”). Compared to WT USA300, the Fg adhesin 

mutant was significantly less adherent to Fg (Fig. 3A). Quantitative adherence assays showed that 

the fibrinogen adhesin mutant exhibited decreased attachment to VK2 vaginal epithelial cells (Fig. 

3B), and we could visualize this difference via Gram staining (Fig. 3C and D). Further, the Fg 

adhesin mutant was also less adherent to Ect1 and End1 cervical epithelial cells (Fig. 3E and F). 

To assess the impact of these important surface adhesins during in vivo colonization, we co-

challenged mice with both WT USA300 and the Fg adhesin mutant. Initially we recovered similar 

CFUs of both strains from the mice. However, by 3-days post-inoculation, mice were significantly 

less colonized by the Fg adhesin mutant compared to WT USA300 (Fig. 3G). At 5-days post-

inoculation, we could recover WT USA300 CFU from 60% of the mice while only 30% were still 

colonized by the Fg adhesin mutant (Fig. 3G).  
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Figure 4.3. Adherence to fibrinogen impacts MRSA vaginal colonization. (A) Adherence of 
WT USA300 and the Fg adhesin mutant to Fg. (B-D) Adherence to VK2 cells. Monolayers of 
VK2 cells were inoculated with WT USA300 or the Fg adhesin mutant for a quantitative adherence 
assay (B) or Gram stains (C and D). Scale bar in (C) is 10 µm. (E and F) Adherence to Ect1 (E) 
and End1 (F) epithelial cells. (G) WT USA300 and the Fg adhesin co-colonization. Statistical 
analysis (A, B, E, and F) Unpaired t test. (G) Two-way ANOVA with Sidak’s multiple 
comparisons test. ∗ P < 0.05; ∗∗∗ P < 0.0005; ∗∗∗∗ P < 0.00005. 
 

Transcriptome analysis during MRSA vaginal colonization  

Although the Fg adhesin mutant was impaired in vaginal persistence compared to WT 

USA300, we did not observe a significant difference in recovered CFUs between the two strains 

during the first two days of colonization, and a few mice remained colonized with the Fg adhesin 

mutant at later time points (Fig. 1G). Thus, we hypothesized that other bacterial factors are 

involved in promoting MRSA vaginal carriage. To determine the impact of vaginal colonization 

on MRSA gene expression, we performed transcriptome analysis by RNA-sequencing of USA300 
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recovered from the mouse vagina compared to USA300 cultured under laboratory conditions. For 

these experiments, we utilized the CD-1 mouse strain as likely in this background the bacteria 

encounter more host pressure to maintain colonization. Mice were pre-treated with 17b-Estradiol, 

inoculated with 107 CFU of USA300, and swabbed at 5hrs, 1-day, and 3-days post-inoculation for 

RNA isolation. The same mice were swabbed 2-, 4-, 6-, and 8-days post-inoculation for CFU 

enumeration (Fig. 4A and B). Based on swab CFU counts, we selected samples from 18 mice 

(purple circles) for RNA-sequencing analysis (Fig. 4B). RNA samples from 6 mouse swabs were 

pooled to generate 3 replicates for each time-point to compare to triplicate culture samples. 

Principle component analysis (PCA) for all of the samples showed that culture samples clustered 

separately from mouse samples (Fig. 4C). Next, we compared mouse samples from each time point 

to the culture samples and observed 709 genes were significantly down-regulated (Fig. 4D) and 

741 genes were significantly upregulated (Fig. 4E) in the mouse (Table. S1.) Volcano plots of the 

log2(fold change) vs. –log10(P value) show that many of the differentially upregulated and 

downregulated changes were highly significant at all three time points compared to culture (Fig. 

4F-H). We observed significant overlap in differentially expressed transcripts at the various time 

points; over half of the differentially upregulated and downregulated genes were the same at all 

three time points (Fig. 4E).  

We identified genes encoding transcriptional regulators, toxins, extracellular enzymes, and 

extracellular matrix-binding surface proteins that were significantly upregulated at all three time 

points (Table 1). Interestingly, while only one immune evasion factor, chemotaxis inhibitor (chs), 

was upregulated at all three time points, additional immune evasion genes were significantly 

upregulated at 3-days post-inoculation. We observed a similar trend with genes encoding 

components of the type VII secretion system (T7SS), which has been shown to contribute to S. 
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aureus virulence and competition with other microbes in polymicrobial settings (52, 53). At 5 hrs 

post-inoculation, only 5 T7SS genes were significantly upregulated while 14 genes were 

upregulated at 1-day and 3-days post-inoculation (Table 1). 

 
 
Figure 4.4. Transcriptome analysis during MRSA vaginal colonization. (A) Experimental 
design for RNA-sequencing analysis of mouse vaginal swabs. (B) CFU counts from mouse vaginal 
swabs. Samples chosen for RNA-sequencing are highlighted in purple. (C) PCA plot for triplicate 
samples of culture, 5hr, 1-day, and 3-days swabs. (D and E) Venn diagrams showing genes 
expressed at significantly higher levels (fold change > 2, P value < 0.01) in culture (D) or in mouse 
swab samples (E). (F-H) Volcano plots highlighting genes that are differentially expressed in swab 
samples from 5hrs (F), 1-day (G), and 3-days (H) post-inoculation compared to culture.   
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Table 4.1. Virulence factors which were significantly upregulated during vaginal 
colonization. Genes which encode transcriptional regulators, toxins, secreted enzymes, and ECM 
binding factors and were differentially expressed in mouse swab samples at all three time points 
are listed with their respective fold changes relative to growth in TSB. Immune modulation and 
T7SS genes which were not significantly differentially expressed at all time points are indicated 
with asterisks.  
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Iron homeostasis impacts vaginal persistence.  

Though there were global transcriptional changes, the most highly-significant, 

differentially-expressed transcripts belonged to iron uptake and export systems. The most highly 

induced was the iron-surface determinant isd heme acquisition system (isdBACDEFG and srtB). 

Other genes included those involved in the production of the siderophore staphyloferrin B (SB) 

(sbnABCDEFGHI) as well as its importer (sirAB), the staphyloferrin A (SA) importer (htsABC), 

the xeno-siderophore transporter (fhuCB), as well as the catechol/catecholamine iron transporter 

system (sstABCD). Lastly, the heme-regulated export hrt system, was highly down-regulated 

during colonization (hrtAB). (Fig. 5A) (54-57). As these results strongly suggest that the vaginal 

environment is iron limited, we performed inductively coupled plasma mass spectrometry (ICP-

MS) to determine the iron concentration in vaginal lavage fluid from naïve mice and mice 

colonized with USA300.  We observed a very low concentration of iron (0.52 µM), irrespective 

of MRSA colonization, compared to the level present in tryptic soy broth (TSB) (10 µM) (Fig. 

5B).  

To confirm the differential expression of iron-uptake systems by USA300, we incubated 

USA300 in mouse vaginal lavage fluid and performed RT-qPCR to compare transcripts of select 

iron-homeostasis genes between bacteria grown in lavage fluid and bacteria cultured under 

laboratory conditions in TSB. Similar to our RNA-seq results, the RT-qPCR analysis revealed an 

increase in sirB, sbnA, isdB, isdD, srtB, htsC, and htsB transcripts in MRSA cultured in vaginal 

lavage fluid (Fig. 5C to 5I). Additionally, hrtA and hrtB were significantly downregulated in 

MRSA from vaginal lavage compared to MRSA grown in TSB (Fig. 5J and 5K).   

To assess the impact of iron uptake by MRSA on vaginal persistence, we co-colonized 

mice with WT USA300 and either ΔfhuCBG or isdB::Tn mutants. In addition to its role in the 



 

 
135 

uptake of xeno-siderophores, the FhuC ATP-ase also provides energy needed for uptake of the 

siderophores staphyloferrin A and staphyloferrin B. Therefore, the ΔfhuCBG mutant is defective 

in the transport of all siderophores (58). Also, our RNA-seq results show that at all three time 

points, the most highly upregulated gene was isdB, which encodes the hemoglobin-binding surface 

protein that transports heme to downstream components of the isd system (55). isdB transcripts 

from mouse samples were increased 210-fold at 5hrs, 90-fold at 1-day, and 117-fold at 3-days 

post-inoculation compared to culture (Table S1 and Fig. 5A). Compared to WT USA300, the 

ΔfhuCBG mutant and the isdB::Tn mutant were cleared significantly faster from the mouse vagina 

(Fig. 5L and M). Because a previous study reported that IsdB may impact bacterial attachment to 

host cells (59), we quantified adherence of the isdB::Tn mutant to VK2, Ect1, and End1 cells in 

vitro and observed no defect compared to WT USA300 (Fig. S2).  
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Figure 4.5. Iron homeostasis impacts vaginal persistence. (A) Differential expression of genes 
in iron-acquisition and iron-export pathways. (B) ICP-MS analysis of vaginal lavage from naïve 
and colonized mice, and TSB. (C-K) RT-qPCR confirmation of select RNA-sequencing iron-
homeostasis hits. (L) Co-colonization with WT USA300 and ΔfhuCBG mutant. (M) Co-
colonization with WT USA300 and isdB::Tn mutant. Statistical analysis: (B) One-way ANOVA. 
(C-K) Unpaired t test. (L and M) Two-way ANOVA with Sidak’s multiple comparisons test. 
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DISCUSSION 

S. aureus is capable of causing disease at nearly every site of the body (60), and MRSA 

colonization of the skin as well as mucosal sites, such as the nares and the vaginal tract, is a 

necessary initial step preceding the development of invasive disease (27, 37, 61-63). While many 

studies have investigated host and bacterial determinants of S. aureus colonization of the skin and 

nares as well as subsequent infection, little is known about factors which influence vaginal niche 

establishment and persistence. Because vaginal carriage during pregnancy represents a major risk 

factor for transmission of this pathogen to the newborn (24, 25, 64, 65), we utilized in vitro and in 

vivo models of MRSA vaginal colonization to identify determinants of persistence within the 

female reproductive tract. The results of our study reveal that MRSA can interact directly with the 

female reproductive tract epithelium in vitro and in vivo, and that the expression of cell-wall 

anchored Fg binding adhesins as well as iron-acquisition systems promote MRSA vaginal 

colonization.   

 The effect of S. aureus colonization on the host immune response has been well-

characterized at many epithelial sites. S. aureus on the skin promotes a robust inflammatory 

response involving both the innate and adaptive immune system (66, 67). Neutrophils in particular 

are rapidly and highly recruited to the site of S. aureus skin infection and are key mediators of 

clearance of the pathogen (68-75). Our studies on GBS vaginal carriage have shown a clear role 

for neutrophils in combatting GBS colonization of this host site (43, 76). Additionally, neutrophils 

have been shown to respond to other common pathogens of the vaginal tract such as the fungus 

Candida albicans (77, 78) and the Gram-negative bacterium Neisseria gonorrhoeae (79). In this 

study, we observed an increased neutrophil presence in the vaginal tissues from mice colonized by 

MRSA compared to naïve controls. Interestingly, while there is obvious neutrophil infiltration of 
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the lamina propria of the vagina 1-day post-colonization with MRSA, we did not detect neutrophils 

in the vaginal lumen at this early time point. In contrast, at 3-days post-inoculation, we could 

visualize many neutrophils within the vaginal lumen. The timing of the infiltration of neutrophils 

into the vaginal lumen coincides with the increased expression of immune evasion factors by 

MRSA; in our RNA-sequencing analysis we observed significant upregulation of these factors at 

3-days post-inoculation and not at earlier time points. Future studies aimed at further 

characterizing the dynamics of neutrophil response to MRSA in the female reproductive tract and 

their extravasation into the vaginal lumen may reveal new insights into host immune responses 

common to all vaginal pathogens as well as those specific to MRSA.  

 The impact of S. aureus interactions with Fg on colonization and disease at various tissue 

sites has been well-characterized. In the context of invasive infections, Fg and fibrin can promote 

clearance of S. aureus by containing the bacteria within aggregates (80, 81). Additionally, Fg can 

stimulate the production of inflammatory cytokines and activate neutrophils (82-84). However, S. 

aureus has also been shown to target Fg to promote persistence and disease in the host. The 

bacterium can interact with Fg in order to coagulate or to form clumps which help it evade immune 

detection, and this clumping is mediated by surface Fg binding adhesins including ClfA, ClfB (46, 

85-88). There is also evidence that S. aureus can alter gene regulation in the presence of fibrinogen-

containing clumps to enhance expression of virulence determinants (89). Moreover, S. aureus can 

use Fg as part of its biofilm structure to promote persistence within the host (90). Our data suggest 

that, in the context of vaginal colonization, MRSA interactions with Fg are necessary for 

persistence within the host. A mutant deficient in Fg binding was significantly impaired in its 

ability to adhere to human female reproductive tract cells in vitro and was also rapidly cleared 
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from the vaginal tract in vivo compared to the WT. These results hint that the benefits of MRSA 

binding to Fg outweigh the potential detriments for the pathogen during vaginal colonization.  

 While a majority of mice rapidly clear the Fg adhesin mutant during vaginal colonization, 

it is able to persist in some of the animals (Fig. 3G). This result suggests that there are likely other 

factors that contribute to in vivo vaginal colonization. To identify additional determinants of 

vaginal persistence, we performed RNA-sequencing to profile the transcriptome of MRSA during 

vaginal colonization. We observed that over one-quarter of the genes of USA300 were 

differentially expressed during in vivo colonization, and over half of those genes were 

differentially expressed at all three in vivo time points that were analyzed. Of note, many of the 

most highly and significantly differentially expressed genes belonged to iron-acquisition or iron-

homeostasis pathways. Our observation that genes involved in iron uptake were upregulated was 

not surprising since their expression is controlled by iron levels and our ICP-MS data revealed the 

vaginal environment to be limited in iron (Fig. 5B). Using our in vivo murine vaginal colonization 

model, we confirmed that mutants in fhuCBG and isdB exhibited decreased persistence compared 

to the isogenic WT MRSA strain. Numerous reports have demonstrated the importance of nutrient 

iron for S. aureus growth and pathogenicity (55, 91, 92), and the results of our study highlight the 

necessity of this metal for MRSA persistence within the vaginal environment. That the ΔfhuCBG 

mutant was attenuated in this model was interesting because, while FhuCBG is known to transport 

hydroxamate-type siderophores which S. aureus does not synthesize (57, 93), FhuC is also the 

ATP-ase which provides energy for uptake of both SA and SB siderophores (55, 58). Both WT 

and the ΔfhuCBG mutant should, under the iron-restricted conditions during vaginal colonization, 

express SA and SB. Given that the ΔfhuCBG mutant cannot transport these siderophores, the 
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extracellular environment becomes more iron restricted to the mutant as it cannot access SA-Fe 

and SB-Fe chelates.  

The limitation of iron is a major host mechanism for defending against pathogens because 

this metal is vital for bacterial growth and metabolic processes (55, 94, 95). Other transcriptomic 

studies examining S. aureus growing in vivo during invasive infections have shown that the 

bacteria respond to nutrient limitation within the host. One study which compared the 

transcriptomes of S. aureus in a murine osteomyelitis model to bacteria grown under laboratory 

conditions revealed the importance of iron homeostasis mechanisms, especially the Isd pathway, 

during chronic infection (96). Another analysis of USA300 gene expression during human and 

mouse infections also showed upregulation of iron transporters in vivo (97). Interestingly, many 

reports have shown that neutrophils can play an active role in limiting iron in numerous host sites, 

including the vagina, during exposure to a bacterial pathogen (98-101). The precise mechanisms 

by which the host restricts iron availability during colonization warrants further research as this 

would provide insight into the exact function of neutrophils in controlling MRSA vaginal 

persistence.  

We have developed a murine model of S. aureus vaginal colonization and this study is the 

first to investigate the molecular mechanisms that promote vaginal carriage and persistence by 

MRSA. This mouse model will be useful for continued studies on MRSA-host interactions within 

a mucosal environment. Here we demonstrate the importance of Fg binding as well as iron-

acquisition in promoting long-term colonization. Additionally, we observed that neutrophils 

respond to MRSA presence in the vagina and that the bacteria upregulate the expression of 

immune-modulating genes during the course of colonization. Further investigation into these 
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specific colonization determinants could yield therapeutic interventions to treat MRSA persistence 

within this host niche.  

 

MATERIALS AND METHODS 

Bacterial strains and culture conditions.  

S. aureus strains USA300 (39) and MRSA252 (40) were used for the experiments. S. 

aureus was grown in tryptic soy broth (TSB) at 37 ̊C and growth was monitored by measuring the 

optical density at 600nm (OD600). For selection of S. aureus mutants, TSA (tryptic soy agar) was 

supplemented with chloramphenicol (Cm) (10 µg/mL), erythromycin (Erm) (3 µg/mL), or 

tetracycline (Tet) (1 µg/mL).  

 To generate the Fg adhesin mutant, first the fnbAB operon was deleted using allelic 

replacement. Phages 80α or 11 were used for transduction between S. aureus strains (102). The 

fnbAB markerless deletion plasmid pHC94 was constructed using Gibson assembly with the 

plasmid backbone coming from amplification of pJB38 (103) using primers pJB R2 and pJB38 

F2. The region upstream of fnbA was amplified with primers fnbAB delA and fnbAB delB, and 

the region downstream of fnbB was amplified using fnbAB delC and fnb delD (Table S2). The 

resulting plasmid was electroporated in S. aureus RN4220 (104), selecting on TSA Cm plates at 

30°C. The plasmid was then transduced into S. aureus strain LAC ΔclfA (85). Individual colonies 

were streaked on TSA Cm plates incubated at 42°C to select for integration of the plasmid into the 

chromosome. Single colonies were grown in TSB at 30°C and re-inoculated into fresh media for 

several days before plating on TSA containing anhydrotetracycline (0.3 µg/mL) to select for loss 

of the plasmid, creating the LAC ΔclfA ΔfnbAB mutant. The clfB::Tn mutation was than transduced 
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into this background from the Nebraska Transposon Mutant Library (105) and selected on TSA 

Erm plates.  

 The isdB mariner-based transposon bursa aurealis mutation (JE2 isdB::ΦNΣ, NE1102) 

from the Nebraska Transposon Library (105) into USA300 LAC with phage 11 as described 

previously (106). S. aureus genomic DNA of LAC* isdB::ΦNΣ was isolated using Puregene DNA 

purification kit (Qiagen) and the transposon insertion was verified by PCR with primers KAS249 

and KAS250 (Table S2) .  

 The fhuCBG mutant (58) and the DsRed expressing USA300 strain were generated 

previously (107).  

 

In vitro MRSA adherence assays. 

Immortalized VK2 human vaginal epithelial cells, Ect1 human ectocevical endothelial 

cells, and End1 human endocervical epithelial cells were obtained from the American Type 

Culture Collection (VK2.E6E7, ATCC CRL-2616; Ect1/E6E7, ATCC CRL-2614; End1/E6E7, 

ATCC CRL-2615) and were maintained in keratinocyte serum-free medium (KSFM; Gibco) with 

0.1 ng/mL human recombinant epidermal growth factor (EGF; Gibco) and 0.05 mg/ml bovine 

pituitary extract (Gibco) at 37°C with 5% CO2.  

Assays to determine cell surface-adherent MRSA were performed as described previously 

(41). Briefly, bacteria were grown to mid-log phase to infect cell monolayers (multiplicity of 

infection [MOI] = 1). After a 30-min. incubation, cells were detached with 0.1 mL of 0.25% 

trypsin-EDTA solution and lysed with addition of 0.4 mL of 0.025% TritonX-100 by vigorous 

pipetting. The lysates were then serially diluted and plated on TSA to enumerate the bacterial CFU. 
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Experiments were performed at least three times with each condition in triplicate, and results from 

a representative experiment are shown.  

Crystal violet fibrinogen adhesion assays were performed as described in (85). Briefly, 96-

well plates (Corning) were coated with 20 µg/mL of human fibrinogen and incubated with 100 µL 

of bacterial suspensions in PBS at OD600 = 1.0 for 1h at 37°C. Wells were then washed and dried, 

and the adherent bacteria were stained with 0.1% crystal violet. The bound crystal violet stain was 

solubilized with 33% acetic acid and measured at OD570. 

For Gram staining analysis, VK2 monolayers were grown in tissue culture treated chamber 

slides (ThermoFisher) and infected with either WT USA300 or the fibrinogen adhesin mutant at 

an MOI of 20. Following a 30 min incubation, the cell monolayers were washed to remove any 

non-adherent bacteria then fixed with 10% formalin (Fisher) and Gram stained (Sigma).  

 

Murine vaginal colonization model. 

Animal experiments were approved by the Institutional Animal Care and Use Committee 

at the University of Colorado-Anschutz Medical Campus protocol #00316 and performed using 

accepted veterinary standards. A mouse vaginal colonization model for GBS was adapted for our 

studies (38). 8-week old female CD-1 (Charles River), C57BL/6 (Jackson), and BALB/c (Jackson) 

mice were injected intraperitoneally with 0.5 mg 17β-estradiol (Sigma) 1 day prior to colonization 

with MRSA. Mice were vaginally inoculated with 107 CFU of MRSA in 10µL PBS and on 

subsequent days the vaginal lumen was swabbed with a sterile ultrafine swab (Puritan). To assess 

tissue CFU, mice were euthanized according to approved veterinary protocols and the female 

reproductive tract tissues were placed into 500µL PBS and bead beat for 2 min to homogenize the 
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tissues. The recovered MRSA was serially diluted and enumerated on CHROMagar (Hardy 

Diagnostics) supplemented with 5.2 µg/mL of cefoxitin.  

 

Histology. 

 Mouse female reproductive tract was harvested and embedded into OCT compound 

(Sakura) and sectioned with a CM1950 freezing cryostat (Leica). For fluorescence microscopy, 

coverslips were mounted with VECTASHIELD mounting medium with DAPI (Vector Labs). 

H&E staining was performed using reagents from Sigma. Immunohistochemical analysis was 

performed using a biotinylated primary antibody against Gr-1 (Biolegend), Streptavidin 

conjugated to horse radish peroxidase (Jackson Immunoresearch), and AEC peroxidase substrate 

kit (Vector Labs). Images were taken with a BZ-X710 microscope (Keyence).  

 

Generation of RNA-sequencing data. 

107 CFU of USA300 were inoculated into the mouse vagina and mice were swabbed 

vaginally 5 hrs, 1-day, and 3-days post-inoculation for RNA recovery. Vaginal swabs were placed 

into TRIzol reagent (Thermo Fisher), vortexed to dissociated bacteria from swabs, and stored at -

80°C. Swabs samples from 6 mice were pooled and bacteria were lysed by beating for 2 min at 

maximum speed on a bead beater (BioSpec Products). RNA was isolated by following the 

manufacturer’s protocol using a Direct-Zol RNA MiniPrep Plus kit (Zymo Research). For each 

sample, 120 ng total RNA was ribodepleted using the Ribo-Zero Magenetic Gold Kit 

(Epidemiology) from Epicentre (Illumina) following the manufacurer’s protocol. Ribodeplete 

RNA was then prepared into sequence libraries using the RNA Ultra II kit (New Enlgand Biolabs) 

following the manufacturer’s protocol without fragmentation. Libraries underwent 9 cycles of 
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PCR efore 1X Ampure Bead purification (Beckman Coulter). Libraries were quantified, pooled, 

and sequenced on an Illumina NextSeq500 with 75-base single reads targeting 20M reads per 

samples.  

 

Analysis of RNA-sequencing data.  

 Sequencing reads were aligned to the NCBI reference sequence with GenBank accession 

number NC_007793.1 and expression levels were calculated using Geneious 11.1.5. Transcripts 

with an adjusted P value < 0.05 and log2fold change ±1 were considered significantly differentially 

expressed. PCA and volcano plots were generated using the ggplot2 package in R. Venn diagrams 

were generated using the area-proportional Venn diagram tool (BioInfoRx).  

 

ICP-MS analysis 

 Triplicate samples of mouse vaginal lavage and TSB samples were sent to the University 

of Nebraska Spectroscopy and Biophysics Core. Fe56 and Fe57 isotope measurements were 

combined to show total iron levels.  

 

RT-qPCR confirmation of RNA-sequencing. 

Vaginal lavage fluid was collected as described in (38) and filtered through 0.22µm Spin-

X centrifuge tube filters (Costar) to remove contaminants. Triplicated log phase cultures of 

USA300 were pelleted and resuspended in filtered lavage fluid. Following a 2-hour incubation at 

37°C, bacteria were collected by centrifugation and resuspended in Trizol, lysed by bead beating, 

and RNA was isolated using the Direct-Zol RNA MiniPrep Plus kit as described above. RNA was 

treated with Turbo DNase (Invitrogen) to remove contaminating DNA. cDNA was generated using 
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the Quanta cDNA synthesis kit (Quanta Biosciences) and qPCR was performed using PerfeCTa 

SYBR Green reagent (Quanta) and a CFX96 Real-Time PCR thermal cycler (Bio-rad). Fold 

changes were calculated using the Livak method (108). 

 

Data analysis.  

 GraphPad Prism version 7.0 was used for statistical analysis and statistical significance 

was accepted at P values of < 0.05 (∗ P < 0.05; ∗∗ P < 0.00005; ∗∗∗ P < 0.0005; ∗∗∗∗ P < 0.00005). 

Specific tests are indicated in figure legends.  
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SUPPLEMENTAL MATERIALS 

 

Supplemental Figure 4.1. USA300 vaginal colonization in different mouse strains. 
CD-1, C57BL/6, and BALB/c mice were inoculated with 107 CFU of USA300 and the percent of 
mice colonized (A) as well as mean vaginal swab CFU (B) were monitored for 9 days.  
 

 

 

 

Supplemental Figure 4.2. WT USA300 and isdB::Tn adherence to (A) VK2, (B) End1, and 
(C) Ect1 cells.  
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Supplemental Table 4.2. List of primers used in this study. 

Primer	name Sequence
pJB38	rev2 GAGCTCGAATTCTTGAAGACGAAAGG
pJB38	fwd	2	 GTCGACCTGCAGGCATGC
fnbAB	delA	 GAGGCCCTTTCGTCTTCAAGAATTCGAGCTCGTAGCTGCGATTTCAACTACAGG
fnbAB	delB	 ATTTCTGCGTAACTCGAGGGTACCGCTAGCAATGCCGTACCTAAGATTGTTTTTC
fnbAB	delC	 AGGTACGGCATTGCTAGCGGTACCCTCGAGCGCAGAAATAAAAAGAATCACAAAGC
fnbAB	delD	 GTGAAATCAGAGCTTGCATGCCTGCAGGTCGACCGTCCGTTTTTAGTTAATGGGTC
KAS249 TCTCCAAAATTGACCTGATTGT
KAS250 AGCAGTTGCAAGTCCAACAA
16S	F ACTTCGGGAAACCGGAGCTAAT	
16S	R TGCAGCGCGGATCCATCTATAA
sirB	F TGTCACCAGGTACGGTGATACAG
sirB	R CAAGGGCAGCACCAGTCAATAA
sbnA	F GGCATATTTGCCGGAGGTTCAA
sbnA	R ACGATCGCCTCGATCTGGTAAA	
isdB	F GTCATCACTAGGCGTTGCATCTG
isdB	R GCTTCTGTATTTGTACCACCTGTTTCT	
isdD	F AATCAGATACTAAGGAAAGACGTACTAGC	
isdD	R CCTGATGCTTTAGGTCGCTCA	
srtB	F CGAGAACATCGACGTAAAGGTAGTATTT	
srtB	R TCAAACATCGTATTATCACCGACATGG
htsC	F TCTTAGGTGCCTTTGCAGTAAGTTTAT
htsC	R CGCCGTACATATTGCGCCTATT
htsB	R GCCAAGGATGATTGCAGGGTTAT
htsB	R GATGCACCAGAACTGACACCAAA
hrtA	F CGTAGGTCAAGAAGCGGGAATG	
hrtA	R CTGATGCGGATATACATTCAAGCGA
hrtB	F CACAACAACAACGTGATGAGCTTAAT
hrtB	R CGGTGCTTGCTCTGCTTGATAA	

construction	of	Fg	
adhesin	mutant

construction	of	
isdB ::Tn	mutant

RT-qPCR
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Chapter 5 

CONCLUSIONS 

Streptococcus agalactiae (Group B Streptococcus [GBS]) colonizes the vaginal tract of up 

to 22% of women. GBS can cause serious complications during pregnancy such as 

chorioamnionitis, preterm birth, and stillbirth. Women who are colonized by GBS can transmit the 

pathogen to the newborn during birth and, currently, GBS is a leading cause of neonatal 

pneumonia, sepsis, and meningitis (1-3). Also, epidemiological studies have indicated that vaginal 

carriage of GBS is associated with colonization by other pathogens such as Staphylcococcus 

aureus (4, 5). Intrapartum antibiotic prophylaxis (IAP) has lowered the incidence of GBS 

pneumonia and sepsis, but has so far been ineffective at reducing the rates of meningitis in 

newborns (6). Moreover, IAP may not be effective at preventing transmission of other pathogens 

that co-colonize the vaginal tract along with GBS. Additionally, the screening and IAP approach 

to preventing GBS disease comes with several caveats. GBS vaginal colonization can be constant 

or intermittent, making culture-based screening strategies incapable of identifying all women 

colonized by GBS during labor as some may have acquired the pathogen after 37 weeks of 

pregnancy (7). Rapid test screening strategies that rely on PCR based technologies are meant to 

address this limitation of culture-based screening, however, these are not 100% sensitive and are 

logistically challenging to implement in the clinical setting (8, 9). Furthermore, the increasing 

prevalence of antibiotic resistance is a world-wide public health concern (10). While resistance to 

penicillin is rare for GBS, resistance to other antibiotics is becoming increasingly common, which 

is a problem for women who are allergic to β-lactams (11, 12). All of these problems highlight the 

need for better therapeutics to combat neonatal GBS infections and the importance of continued 

investigation into factors that govern GBS colonization and disease. This final chapter summarizes 
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the key findings of the dissertation and highlights avenues for future research into GBS 

pathogenesis.  

 

SUMMARY OF RESULTS 

Discovery of a direct interaction between the GBS adhesin, BspC, and the host endothelial 

surface factor, vimentin, which promotes the pathogenesis of meningitis. 

  While a previous study had examined the importance of BspC in the context of 

polymicrobial interactions during vaginal colonization, no one had investigated whether BspC 

impacts meningitis before this dissertation work (13). Because meningitis is an inflammatory 

condition that occurs when bacteria have infiltrated brain endothelial barriers, we hypothesized 

that BspC, an inflammatory adhesin, could play a very important role in the progression of this 

disease. We determined that BspC impacts bacterial attachment to hCMEC, and that ΔbspC 

mutants were severely attenuated in our in vivo meningitis model (Chapter 2. Figures 2.2 and 2.3). 

Examination of brain tissue from GBS infected mice showed that those challenged with the ΔbspC 

mutant had lower bacterial loads, fewer inflammatory infiltrates, and lower KC and IL-6 cytokine 

levels compared to the brains of WT infected mice (Chapter 2. Figure 2.3). We further determined 

that BspC protein was both necessary and sufficient to stimulate the production of the neutrophil 

recruiting chemokines IL-8 and CXCL-1, likely through the NF-κB inflammatory signaling 

pathway (Chapter 2. Figure 2.4).  

In a previous study, BspC was shown to mediate bacterial interactions with the 

extracellular matrix component fibrinogen (14). However, a main goal of this dissertation was to 

identify a receptor for BspC that is expressed on the endothelial cell membrane. To accomplish 

this, we performed far western blot analysis of hCMEC membrane proteins, probing with purified 
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BspC. We observed that BspC interacted specifically with one hCMEC membrane protein, and 

mass spectrometry analysis identified this protein to be vimentin. We further confirmed a direct 

interaction between BspC and vimentin using a bacterial two-hybrid assay, microscale 

thermophoresis, immunofluorescent staining, and imaging flow cytometry (Chapter 2. Figures 2.5 

and 2.6). Experiments utilizing specific monoclonal antibodies that recognize either the N-terminal 

or C-terminal of vimentin revealed that the interaction between BspC and vimentin was dependent 

on the C-terminal “tail” domain of vimentin (Chapter 2. Figure 2.7). Lastly, we showed that 

vimentin KO mice were less susceptible to GBS infection and had increased survival, lower brain 

bacterial load, and lower brain cytokine levels compared to WT mice (Chapter 2. Figure 2.8). 

These findings are the first to show that an interaction between a GBS adhesin and an endothelial 

protein influences the progression of meningitis disease by affecting bacterial dissemination into 

the brain as well as host immune signaling.  

 

LtdR regulation impacts GBS meningitis and colonization states by affecting bacterial 

invasion and immune stimulation. 

The role of the LtdR two-component transcriptional regulator in influencing GBS disease 

progression was unknown prior to this dissertation. LtdR contains the LytTR non-HTH DNA-

binding domain which is predominantly found in regulators of bacterial virulence mechanisms, 

therefore we chose to investigate the impact of LtdR on GBS pathogenesis (15). In our murine 

model of hematogenous meningitis, we observed that the ΔltdR mutant was hypervirulent 

compared to WT GBS; mice infected with the ΔltdR mutant had higher brain bacterial loads as 

well as increased neutrophil presence in the meninges (Chapter 3. Figure 3.3). In contrast, we saw 

that the ΔltdR mutant was much less persistent compared to WT GBS in our mouse vaginal 
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colonization model (Chapter 3. Figure 3.6). Using human cerebral microvascular endothelial cells 

(hCMEC) and human vaginal epithelial cells (hVEC), we determined that the ΔltdR mutant was 

more invasive and more inflammatory than WT GBS and induced significantly higher production 

of IL-8, CXCL-1, and IL-6 (Chapter 3. Figures 3.4, 3.5, and 3.6). The increased capacity of the 

ΔltdR mutant to cause inflammation likely accounts for the seemingly contradictory phenotypes 

that we observed in our in vivo models of GBS invasive disease and asymptomatic colonization. 

Previous work has shown that hyper-inflammatory GBS strains are more virulent in models of 

meningitis disease because the host immune response can exacerbate neuronal injury and tissue 

damage (16, 17). However, in the context of asymptomatic colonization, hyper-inflammatory 

strains are less persistent because stimulation of host immune defenses results in bacterial 

clearance (18). 

To identify potential LtdR regulated factors that might contribute to the hyper-invasive and 

hyper-inflammatory phenotypes observed for the ΔltdR mutant, we compared the transcriptional 

profiles of WT GBS and the isogenic ΔltdR mutant by performing RNA sequencing. We analyzed 

samples collected during early-log, mid-log, and stationary culture growth phases, and observed 

global transcriptional changes between the two strains at all three time points, with the majority of 

the significant transcriptional changes occurring during stationary phase (Chapter 3. Figure 237). 

A total of 135 genes were upregulated and 109 genes were downregulated in the ΔltdR mutant 

compared to WT. Interestingly, there was not much overlap in up-regulated or down-regulated 

genes between the three time points; there was only one hit which was more abundant in WT 

cultures and also only one hit which was more abundant in ΔltdR mutant cultures for all three 

growth phases (Chapter 3. Figure 3.7). Both of those genes encode proteins involved in methionine 

metabolism. The transcript increased in WT GBS at all time points encodes a bifunctional 
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homocysteine S-methyltransferase/methylenetetrahydrofolate reductase, which is the rate-limiting 

enzyme in the methyl cycle where homocysteine is remethylated to produce methionine (19). The 

transcript increased in the ΔltdR mutant at all time points encodes the MtaR transcriptional 

regulator, which increases the expression of methionine uptake genes (20, 21). We also observed 

that gene encoding the pore-forming toxin hemolysin III was one of the most highly upregulated 

by the ΔltdR mutant at the first two time points. The results of our studies using in vivo and in vitro 

infection models and the RNA sequencing analysis suggest that LtdR may regulate diverse cellular 

pathways, including those involved in methionine metabolism and uptake as well as virulence.  

 

Development of a MRSA murine model of vaginal colonization.  

Staphylococcus aureus is another common inhabitant of the vaginal tract, and has been 

reported to colonize up to 22% of pregnant women. Compared to antibiotic sensitive strains, 

methicillin-resistant S. aureus (MRSA) strains are especially problematic because they cause 

infections that are harder and more expensive to treat, and about 4% of pregnant women are 

colonized by MRSA (22-24). Epidemiological reports suggest that there may an increased rate of 

S. aureus, including MRSA, colonization in GBS-positive women 	(23, 25, 26). Similar to GBS, 

vertical transmission of the pathogen from the colonized mother is a likely route of neonatal MRSA 

acquisition (24, 25). Characterizing the interaction between GBS and S. aureus in the vaginal 

environment would be of interest as these two microbes co-exist in the vagina and can be 

transmitted to the newborn with devastating consequences. While a lot of research has focused on 

vaginal colonization by GBS, essentially nothing was known about vaginal colonization by S. 

aureus prior to the work in this dissertation. The necessary first step to performing these studies is 

the development of methods for investigating MRSA vaginal colonization.  
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 This dissertation describes for the first time an in vivo mammalian model for MRSA 

vaginal colonization. We adapted our murine model of GBS vaginal carriage and showed that 

different MRSA strains can persist within the mouse vagina and that MRSA can be detected in the 

vaginal lumen as well as the cervical and uterine tissues (Chapter 4. Figure 4.1). We found that 

neutrophils are recruited to the vaginal tissue during MRSA colonization, appearing in the vaginal 

lamina propria just one-day post-inoculation and infiltrating into the lumen by three-days post-

inoculation (Chapter 4. Figure 4.2). It has been previously shown that GBS interacts with 

fibrinogen (Fg) to promote persistence in the vagina (27). Using our new model, we demonstrated 

that the same is true for MRSA; a mutant lacking all Fg-binding adhesins was cleared from the 

mouse vagina significantly faster than WT MRSA (Chapter 4. Figure 4.3). In order to identify 

other determinants of MRSA vaginal colonization, we performed RNA-sequencing on MRSA 

growing in vivo that we recovered from the mouse 5 hours, 1-day, and 3-days post-inoculation and 

observed a lot of overlap in the differentially expressed genes for these three time points (Chapter 

4. Figure 4.4). Because the most highly significantly differentially expressed transcripts were in 

iron-homeostasis pathways, we followed up specifically with those. We utilized our in vivo 

colonization model to confirm that MRSA mutants deficient in siderophore transport or heme 

uptake were less able to colonize the vagina compared to WT MRSA (Chapter 4. Figure 4.5). 

These findings are novel because we are the first to show that the proper response to iron-limitation 

is necessary for bacterial persistence in the vagina. Additionally, we have established and 

characterized an in vivo model of MRSA vaginal colonization which can be utilized for future 

investigations into MRSA-GBS interactions within this environment.   
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FUTURE STUDIES 

Follow-up studies based on discoveries from this dissertation. 

 There are several key discoveries made in this dissertation that warrant further 

investigation. One of the major findings of this dissertation work is that the GBS adhesin BspC 

and the host endothelial receptor vimentin interact directly during the pathogenesis of meningitis. 

Additionally, our RNA-sequencing analysis of the hyper-invasive, hyper-inflammatory ΔltdR 

GBS mutant has identified potential novel virulence factors that have not been studied in the 

context of GBS disease before. Lastly, we have developed a mouse model for MRSA vaginal 

colonization which can be utilized to investigate general mechanisms of S. aureus interactions with 

the host in a mucosal environment. In our characterization MRSA transcriptional changes during 

colonization, we identified numerous significantly upregulated transcripts which warrant further 

investigation. Finally, now that we have established a protocol for examining MRSA vaginal 

colonization, an obvious next step is to study GBS and MRSA co-colonization using the in vivo 

mouse model.  

 

Further characterize the impact of the BspC-vimentin interaction on immune signaling.  

The findings of this dissertation demonstrate that the inflammatory impact of BspC is 

mediated, at least in part, through the NF-κB signaling pathway. However, the exact mechanisms 

of how this occurs are still unclear. We found that vimentin KO mice have lower brain cytokine 

levels than WT mice during GBS infection, but this may be due to decreased bacterial 

dissemination into tissues. Our data shows that the interaction between BspC and vimentin 

contribute to bacterial adherence to brain endothelial cells, but it is still unknown if vimentin is 

also necessary for inflammatory signaling. Vimentin can bind to NOD2 at the surface of cells, and 
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it has been hypothesized that vimentin can mediate an interaction between NOD2 and bacterial 

pathogens to activate NF-κB signaling (28-30). Detailed in vitro experiments dissecting the 

mechanisms of NF-κB activation are necessary to confirm whether vimentin is involved in BspC-

mediated inflammatory signaling and what its role may be. One useful tool to develop for these 

assays is a vimentin knock out hCMEC line. Additionally, the NF-κB luciferase reporter construct 

can be transfected into that cell line. Using these tools, we can assess whether hCMEC that lack 

vimentin still respond to GBS infection by signaling through the NF-κB pathway or if only 

bacterial attachment is affected by the loss of vimentin. 

 

Determine if BspC interacts with vimentin during GBS vaginal colonization.  

Vimentin is typically expressed by endothelial and other mesenchymal cells, and is not 

normally found in epithelial cells (31). However, vimentin can be expressed by epithelial cells 

under some conditions, and the presence of vimentin in epithelium is regarded as a canonical 

marker of the cellular process known as epithelial to mesenchymal transition (EMT) (32). This is 

a fundamental process for proper development in multicellular organisms, but it can also be 

pathogenic. The role of EMT in the progression of cancer has been well studied and it is known to 

contribute to the dissemination of carcinoma cells from the primary tumor (33). Recently, GBS 

was found to induce EMT during vaginal colonization and this process caused breakdown of the 

endothelial barrier which led to bacterial infiltration and infection of the upper reproductive tract 

tissues (34). As this work indicates that the vaginal epithelium upregulates vimentin expression 

during exposure to GBS, it is therefore possible that the BspC adhesin could interact with vimentin 

to promote vaginal persistence and ascending infection. Continued investigation into whether 

BspC contributes to adherence to vaginal epithelium is warranted. Additionally, it would be 
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interesting to determine whether blocking the interaction between BspC and vimentin can reduce 

vaginal colonization or ascending GBS infection into the cervical and uterine tissues.   

 

Identify the domain of BspC that mediates the interaction with vimentin. 

 For this dissertation, full-length BspC protein was utilized to show an interaction with 

vimentin. While we predict that binding to vimentin is mediated by the V-domain of BspC, as that 

region is projected furthest away from the bacterial cell surface, we have not examined this 

experimentally. Also, other domains of Streptococcal AgI/II proteins have been demonstrated to 

mediate the interaction with their binding partners. For example, the A-region (alanine-rich 

repeats) of S. mutans SpaP binds to collagen and the C-terminal of S. gordonni SspB interacts with 

Porphyromonas ginigivalis (35). To show that the V-domain of BspC binds to vimentin, we can 

express and purify just the V-domain and measure the binding affinity of BspC V-domain and 

vimentin using microscale thermophoresis (MST). If the V-domain does indeed bind to vimentin, 

the next step in this research would be to identify the binding site. We can predict potential V-

domain binding sites based on sequence homologies with other AgI/II proteins and make point 

mutations to determine the regions that are essential for the interaction with vimentin. These 

experiments would expand our understanding of how BspC engages cell-surface vimentin.  

 

Intravital imaging to visualize WT and ΔbspC mutant attachment to cerebral endothelial 

cells in vivo. 

 In recent years, state-of-the-art microscopy techniques to image mouse meningeal blood 

vessels have been developed. However, these imaging methods have never been utilized in 

combination with a mouse hematogenous meningitis model. In this dissertation we have shown 



 

 
170 

that BspC and vimentin impact the ultimate outcome of meningitis disease, but have not examined 

earlier time points during in vivo infection. Intravital imaging can be utilized to study disease 

progression from the initiation of infection until the endpoint. For intravital imaging of meningeal 

blood vessels, first a craniotomy is performed and a coverslip is placed over the exposed meninges 

to create a cranial window. This cranial window is stable and the meningeal microcirculation can 

be imaged for many days after it is implanted (36, 37). After the placement of the brain windows, 

we can infect mice with fluorescently labeled WT or ΔbspC GBS and visualize their interaction 

with the meningeal blood vessels in real-time. Additionally, we can also perform this procedure 

with vimentin knock out mice. The results of these experiments would further our understanding 

of the dynamics of meningitis disease progression. 

 

Examine the importance of the LtdR regulated factors hemolysin III and MtaR in GBS 

meningitis and vaginal colonization. 

 One of the noteworthy hits that came out of our LtdR RNA sequencing analysis was 

hemolysin III. Both the gene which encodes hemolysin III (hlyIII, GBSCOH1_1179) and its 

putative regulator (GBSCOH1_1178) where upregulated in the ΔltdR mutant compared to WT 

GBS. Interestingly, a recent study from our group where we assessed the role of Cas9 in GBS 

virulence showed that hemolysin III expression was also highly dysregulated in a Δcas9 mutant 

(38). Hemolysin III has been studied in Virbrio vulnificus and Bacillus cereus, and in those bacteria 

it has been characterized as a pore-forming toxin with specificity for human erythrocytes (39, 40). 

The protozoan parasite Plasmodium falciparum, which is the causative agent of malaria, also has 

a hemolysin III homolog that possesses red blood cell lysis activity (41). It would be interesting to 

determine if hemolysin III could be responsible for the hyper-invasive and hyper-inflammatory 
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phenotype that we observed in the ΔltdR mutant GBS strain. We reported that the ΔltdR mutant 

was not more hemolytic than WT GBS, but those assays were performed using sheep blood. One 

experiment that may yield informative results is deleting the hlyIII gene in the ΔltdR mutant strain 

and assessing whether its hyper-virulence is attenuated.  

 Another interesting finding from our LtdR RNA sequencing study was that methionine 

uptake pathways were differentially regulated in the ΔltdR mutant GBS strain. While WT GBS 

had increased expression of an enzyme that is critical for methionine synthesis, the ΔltdR mutant 

upregulated expression of MtaR. MtaR is a regulator that increases the expression of methionine 

uptake pathways, and it has been shown to contribute to GBS survival in a neonatal-rat sepsis 

model (20, 42). As with hemolysin III, it would be interesting to delete the mtaR gene in the ΔltdR 

mutant GBS background to determine if the ΔltdR mutant is rendered less virulent. These 

investigations would further define the mechanisms of how LtdR regulation influences 

colonization and meningitis. 

 

Investigate the impact of nutritional immunity on vaginal colonization by GBS and MRSA.  

 Nutritional immunity is a host defense mechanism where pathogens are deprived of 

necessary nutrients. The term was originally applied to iron limitation, which the host 

accomplishes with iron-binding complexes such as lactoferrin, transferrrin, hemoglobin, and 

haptoglobin (43-46). Currently the definition of nutritional immunity has been expanded to include 

the restriction of other transition metals, such as manganese and zinc, as well as nonmetal nutrients, 

like amino acids (47). Our MRSA RNA sequencing results show that S. aureus experiences iron-

limitation during vaginal colonization and responds by upregulating iron-acquisition pathways. 

Additionally, we performed ICP-MS to verify that vaginal lavage fluid contains much less iron 
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than culture medium that is used to grow bacteria under laboratory conditions. Quantification of 

manganese and zinc levels in vaginal lavage fluid by ICP-MS would reveal whether those metals 

are also limited in the vaginal environment.  

This dissertation includes RT-qPCR data showing differential expression of iron-

homeostasis genes in MRSA incubated in vaginal lavage fluid compared to bacteria cultured in 

tryptic soy broth. Similar analyses can be performed to examine genes involved in the uptake of 

other transition metals and the results from those experiments would also uncover which metals 

are restricted to MRSA in the vaginal environment. Lastly, these same methods can be used to 

investigate how GBS alters its gene expression in response to nutritional limitation during vaginal 

colonization. It would be interesting to compare how nutritional immunity impacts MRSA and 

GBS as there is potential to find common pathways to target for therapeutic interventions.   

 

Characterize GBS and MRSA co-colonization. 

 The mouse model for MRSA vaginal colonization that was developed for this dissertation 

work was utilized successfully to identify key determinants of MRSA persistence in the vagina. 

The next step in this research is to examine GBS and MRSA co-colonization. To investigate 

whether the presence of GBS can promote MRSA persistence in the vagina, mice can be inoculated 

with MRSA or a mix of both GBS and MRSA and monitored for clearance of MRSA over time.  

 In this dissertation, it was determined that MRSA binding to fibrinogen is important for 

persistent colonization using both in vitro and in vivo methods. This is an interesting observation 

because GBS also interacts with fibrinogen to promote colonization of the vagina (27). Fibrinogen 

is a large, linear protein composed of two identical end nodules that are joined by a central domain 

(48). Previous work has shown that S. aureus can interact with the end nodules of fibrinogen to 
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form clumps (49-51). Therefore, it is worth investigating whether fibrinogen can act as a molecular 

bridge to facilitate interactions between MRSA and GBS during vaginal colonization. This 

question can be answered with a microscopy based approach where mice are co-inoculated with 

GBS and MRSA strains expressing different fluorescent proteins (e.g. GFP and DsRed). We can 

then collect the vaginal tissues for histological processing and perform fluorescence microscopy 

to visualize GBS and MRSA. To assess whether GBS and MRSA only co-aggregate in the 

presence of fibrinogen, the same procedure can be repeated with fibrinogen deficient mice. 

 

In conclusion, the focus of this dissertation was to investigate how GBS is able to 

successfully colonize the healthy host asymptomatically as well as transition to an invasive 

pathogen in the susceptible newborn. I have characterized the interaction between BspC and its 

endothelial receptor vimentin, demonstrating that this interaction is important for both GBS 

attachment to endothelial cells and stimulation of host immune responses during meningitis. I have 

shown that LtdR regulates numerous bacterial processes and this regulation can impact both 

vaginal colonization and meningitis disease. Finally, I have established an in vivo model of MRSA 

vaginal colonization which will be essential to future investigations into GBS and MRSA co-

colonization of the vaginal tract. The discoveries in this dissertation contribute to our current 

understanding of GBS pathogenesis and provide new avenues for research which will ultimately 

inform the development of more successfully therapies to prevent GBS disease.  
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