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Bacterial meningitis is a serious infection of the central nervous system 

(CNS) that if left untreated is uniformly fatal. To cause disease bacterial 
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pathogens must survive in the blood stream, interact with and penetrate the 

blood brain barrier (BBB), and invoke an immune response. Streptococcus 

agalactiae (Group B streptococcus, GBS), is a Gram-positive non-spore forming 

colonizer of the human recto-vaginal tract. During pregnancy or the birthing 

process, GBS can be vertically transmitted to the newborn causing pneumonia, 

sepsis and meningitis. GBS is the leading cause of neonatal meningitis effecting 

up to 1000 births in the United States annually. While progress has been made in 

identifying bacterial factors that contribute to disease progression, little is known 

about the host cellular factors that are activated during infection. For this 

dissertation, I examine the brain endothelial cells that comprise the BBB, and 

their response to GBS infection. First, using an in vitro BBB model of infection, I 

have described a novel mechanism for GBS disruption of BBB integrity by 

upregulation of a transcription factor, Snail1, which inhibits tight junction 

expression. These findings were confirmed in an in vivo murine model of GBS 

meningitis, as well as in a newly developed zebrafish model. Finally, I have 

provided evidence that GBS is able to promote signaling in brain endothelium, by 

utilizing a common cellular mechanism to concentrate receptors. Taken together 

this dissertation has furthered our knowledge of the specific molecular 

mechanisms that promote BBB dysfunction during bacterial meningitis, and 

provide potential molecular targets for therapeutic intervention.  
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Chapter 1: Introduction to the Dissertation 
 

The Blood-Brain Barrier and The Neurovascular Unit 

Despite only representing approximately 2% of the total body mass of a 

human, the brain consumes 20% of the oxygen and nutrients. This high-energy 

demand suggests that proper brain function requires a dependency on extracting 

the proper nutrients from the blood stream1. The blood-brain barrier (BBB) is a 

highly selective cellular barrier that promotes brain homeostasis by regulating the 

passage of nutrients and other molecules. The first evidence of a BBB was 

observed by Paul Erlich in 1885, when tracer dyes injected into the blood stream 

of rodents resulted in staining of all organs except the brain and spinal cord2. 

Further confirmation of a BBB was exhibited when injected trypan blue was 

injected into the cerebrospinal fluid (CSF) of rodents, and staining was confined 

to the CNS and failed to penetrate to the periphery3. These early observations 

suggested that there was a barrier between the CNS and the peripheral organ 

systems. Later it was discovered that these theories were correct, and that the 

BBB existed as a complex network of blood capillaries in the brain.  

The complete BBB surface area is estimated at roughly 20 meters2 with a 

total length of around 600,000 meters long4. Brain homeostasis is maintained by 

tightly controlling the molecules allowed to pass this cellular blockade. At a 

glance, the BBB is comprised of a single layer of highly specialized brain 
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microvascular endothelial cells (BMEC). BBB endothelial cells are different from 

peripheral vasculature in many ways including, increased mitochondrial content5, 

absence of fenestration6 complex strands of tight junctions7 and low pinocytosis 

preventing free molecules from making it across the BBB8. In addition to the cells 

themselves generating a tight physical barrier, these specialized brain endothelial 

cells express an array of multi drug efflux pumps such as p-glycoprotein (pgp)9-12 

Multidrug Resistance Related Proteins 1/2 (MRP1/2)11-13 and breast cancer 

resistance protein (BCRP)11,14,15. These efflux pumps pose a formidable 

challenge for random molecules gaining access to the CNS, as well as for 

designing drugs that can enter the brain, as these are extremely efficient at 

pumping out lipophilic molecules back into the blood stream16,17. For the 

privileged molecules selected for entry to the CNS, active recognition and 

transport are required. To achieve this, actively transported molecules are 

trafficked across the BBB in a polar fashion, with the apical membrane facing the 

bloodstream, and the basal lateral membrane facing the brain18-20. Furthermore, 

the apical surface is coated in glycocalyx, and the basal membrane is anchored 

by attachment to an extracellular matrix basement membrane21. All of these 

factors make this single cell layer a complex formidable barrier for uncontrolled 

passage. While the BBB is comprised of these specialized endothelial cells, there 

are other cell types that support function and permeability of the BBB by 

regulating the endothelial cells. The BMEC and the supporting network of cells 
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are called the neurovascular unit (NVU). The entire NVU is made up of the 

BMEC, interspaced pericytes, astrocytes, microglia, and finally the neurons22. 

The supporting cells of the NVU have been shown to play critical roles in 

promoting proper tight junction formation, basement membrane structure, active 

signaling to endothelial cells, regulation of permeability, and modulation of blood 

pressure in the brain capillaries23-25. All of these endothelial cell traits as well as 

signals from the NVU, promote proper BBB function supporting homeostasis in 

the CNS.  

Bacterial Meningitis 

Meningitis is defined as inflammation of the meninges in the brain. 

Bacterial meningitis is an extremely severe life-threatening infection of the CNS 

and a major cause of death and disability worldwide, especially in children26. 

Although current antibiotic therapy has transformed bacterial meningitis from a 

uniformly fatal disease into an often curable one, mortality remains at 5-10% with 

permanent neurologic sequelae (depending on patient age and pathogen) 

occurring in 5-40% of survivors, including cerebral ischemia, brain edema, 

hydrocephalus, increased intracranial pressure, seizure activity, and arterial and 

venous cerebral vascular insults including, but not limited to stroke27-30. 

 There are a variety of bacteria that are classically associated with bacterial 

meningitis and include but not limited to, Neisseria meningitidis 

(meningococcus)31-33, Streptococcus pneumoniae (pneumococcus)34-37, 
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Haemophilus influenzae38,39, Escherichia coli K140-43, and Streptococcus 

agalactiae (Group B streptococcus, GBS)44-46. Furthermore, there are others that 

are not classically associated with, but still may cause bacterial meningitis 

include that Bacillus anthracis47-49, Staphylococcus aureus50, Listeria 

monocytogenes51,52, and Mycobacterium tuberculosis53-55. In most cases, 

bacteria that cause meningitis are found as normal commensal colonizers of the 

skin and various mucosal surfaces of healthy individuals, however in certain 

cases these bacteria can penetrate the mucosal epithelial cell barriers, and 

cause invasive disease. After penetration of the epithelium, it has been shown 

high levels of bacteria present in the blood (bacteremia) is an important precursor 

for progression to meningitis suggesting that blood stream survival is an 

important first step56,57. Following bacteremia, bacteria must then interact with, 

and penetrate the BBB to gain access to the CNS. In general bacteria possess a 

variety of virulence factors that promote their colonization in their normal 

commensal environment, however in the cases of invasive disease and 

meningitis, some of these factors may promote CNS tropism. In response to 

bacterial interaction and penetration of the BBB, the endothelial cells can 

respond by with a coordinated cellular immune response to the bacteria that may 

contribute further to disease outcome.   

 In response to interaction with bacteria, it has been shown that the brain 

endothelium activates many host inflammatory pathways, specifically involved 
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with the clearance of intracellular bacteria by the endothelium (autophagy)58 as 

well as the recruitment peripheral leukocytes8,59-61, specifically a large and 

intense neutrophil response. Additionally, it has been shown that the host 

immune response is unable to cope with infection because the inflammatory 

response seems to be responsible for most of the brain injury62,63. It seems that 

the host immune system is incapable to elicit an appropriate immune response to 

these bacteria that may contribute to adverse events during bacterial meningitis.  

 Efforts have been made to discover effective vaccines to many of these 

bacterial pathogens to eliminate clinical presentation of bacterial meningitis. An 

effective vaccine would be able to immunize the population to the relevant 

bacteria and/or the subgroups associated with meningitis. An excellent example 

of the effectiveness of vaccination is that of the Haemophilus influenzae type B 

(HiB) conjugate vaccine64. Prior to the vaccine, incidence of HiB meningitis in the 

USA was upwards of 54 cases per 100,000 population, however following routine 

vaccination, incidence dropped to under 1/100,000. As a percentage of total 

meningitis cases HiB cases dropped from 48% of total cases pre vaccination to 

less then 7%65,66. Unfortunately however, successes like the HiB conjugate 

vaccine are uncommon among the meningeal pathogens as each pathogen 

presents unique challenges in developing an effective vaccine. Since the HiB 

vaccine had reduced incidence of HiB disease, Streptococcus pneumoniae has 

become the next leading cause of bacterial meningitis in children causing roughly 
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61% of the remaining cases65. The pneumococcus poses a different set of 

challenges when designing a vaccine as it has over 90 serotypes. Interestingly 

however, vaccines targeted at the serotypes that cause the highest amount of 

meningitis, are over 95% effective, but only reduced the overall incidence of 

pneumococcal meningitis by roughly 50%65. So while partially effective, it is clear 

that more needs to be done to target commonalities among pneumococcal 

serotypes. Not all meningeal pathogens have current vaccination options, and 

therefore there is a need to examine immunogenic factors of these bacteria 

further to increase the chances of vaccine development. Currently, Group B 

Streptococcus, (GBS) is the leading cause of neonatal meningitis. There is no 

vaccine available, however effort has been made targeting the capsular 

polysaccharide67,68, and common proteins found on many subtypes68. Neither of 

these strategies has produced a successful vaccine to date. Some challenges 

that arise involve the many different capsular serotypes that GBS can express, 

as well as the potential for antigenic variation for some of the protein-based 

targets68,69. Finally, examining all aspects of meningitis as a disease, including 

aspects of the BBB response, may contribute to novel non-vaccine based 

therapies for preventing and treating bacterial meningitis.  

Group B Streptococcus 

 Group B Streptococcus (GBS) is a Gram-positive non-spore forming 

commensal organism that can colonize up to 20-30% of healthy human 
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individuals in the lower gastrointestinal tract or vaginal tract45,70. Initially GBS was 

isolated from cows, as it is known to cause mastitis and leave dairy cows unable 

to produce milk earning its species name “agalactiae” which means “without 

milk”71,72. More recently, GBS has become an emerging fish pathogen with 

farmed fish including tilapia73,74 and seem to contribute to over 75% of cases of 

Streptococcal disease in tilapia, and has a large economic impact on fish farms 

worldwide. In addition to humans, cows, and fish, GBS has been isolated from 

other land and marine mammals such as camels75,76, dogs77, dolphins78, and 

seals79. GBS isolates are divided into sero groups according to their capsular 

polysaccharide of which 10 different variants have been described with 5 

serotypes representing the majority of disease (Ia, Ib, II, III, and V)80. More 

recently, sequencing technology has enabled an accurate multi-locus sequence 

typing (MLST) method to be applied to GBS, and found that four MLSTs to be 

closely associated with human colonization and disease. MLST-1 and MLST-19 

were closely associated with asymptomatic colonization, while MLST-23 and 

MLST-17 were more closely associated with invasive disease81. Finally, it has 

been shown that the MLST-17 strain is strongly associated with CNS tropism as 

discussed below82,83.  

 GBS disease typically occurs in neonates and the bacterium can be 

vertically transmitted from mother to the newborn. Disease is divided into two 

clinical presentations, Early onset disease (EOD) or late onset disease (LOD). 
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EOD occurs within the first few days of life (0-6 days) and it is thought that the 

neonate is infected before or during the birthing process70. During EOD GBS 

infection, bacteria are likely able to infect the respiratory tract of the neonate 

contributing to pneumonia, and disseminate to the blood stream leading to 

sepsis70. In contrast, LOD occurs between 7-90 days of life and the most 

common clinical manifestations associated with LOD are bacteremia and 

meningitis70. To combat GBS disease, in 2002 the CDC, the American College of 

Obstetricians and Gynecologists, and the Academy of Pediatrics released 

guidelines for universal screening of pregnant women between 35-37 weeks of 

gestation70. GBS positive women are administered intrapartum antibiotic 

prophylaxis, and has resulted in a decline in EOD, however has not changed the 

incidence of LOD84,85. Furthermore there seems to be an increase in non-GBS 

related early-onset bacterial infections as a result of the increased antibiotic 

use86. Further research needs to be conducted using different strategies to 

uncover novel approaches to combat infection. Recently models of GBS vaginal 

colonization have revealed interesting mechanisms of how GBS is able to 

colonize the female vaginal tract87-90. Therapeutics designed at controlling the 

vaginal population of GBS may represent a new way of tackling the incidence of 

disease91,92. Finally, there is an increase of GBS disease appearance in other 

populations such as elder adults and immune-compromised individuals93. 
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Currently, there is no vaccination strategy in place for prevention of GBS 

infections and further research needs to be conducted to combat disease93.  

Group B Streptococcus Meningitis 

GBS meningitis is the leading cause of meningitis in the neonatal period. 

Although advances in care have transformed GBS meningitis from a uniformly 

fatal disease into a often curable one, many of the survivors still experience 

unfavorable outcomes94-96. Many of the surviving infants (25-50%) still 

experience permanent neurological sequelae, including cerebral palsy, mental 

retardation, blindness, deafness, or seizures94-96. As mentioned above, GBS has 

10 distinct capsular serotypes, and from there, there are additional MLSTs to 

help classify different GBS strains80,81. Strikingly, Type III, MLST-17 clones seem 

to be responsible for a disproportionate burden of GBS meningitis and is 

therefore referred to as the hypervirulent strain82. To cause meningitis GBS must 

first survive and replicate to high levels in the blood stream, interact with and 

penetrate the BBB, and elicit an immune response.  

GBS blood stream survival is a critical first step in the progression to 

meningitis. A strong association between high level bacteremia and development 

of meningitis has been suggested in both human and experimental models. GBS 

possesses a number of virulence factors that promote bloodstream survival by 

thwarting key aspects of opsonophagocytic killing by host leukocytes. The 

antiphagocytic capsular polysaccharide represents one of the key factors for 
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promoting GBS bloodstream survival by preventing phagocytosis and inhibiting 

complement deposition94-97. Additionally, the terminal linked sialic acid of the 

capsule evolved to mimic host “self” antigens allowing GBS to avoid immune 

detection. Recent work has suggested that the sialic has a duel function to also 

interact with anti-inflammatory siglec receptors on leukocytes to reduce 

inflammation and promote bacterial survival98-100. Knocking out a gene 

responsible for capsule production greatly attenuates GBS in rodent and 

zebrafish models101-103. If however, GBS does get recognized and engulfed by 

leukocytes, it has mechanisms to resist toxic reactive species produced in the 

phagolysosome, which includes an orange carotenoid pigment that has free-

radical scavenging properties104,105. GBS two-component transcriptional 

regulators CovR and CiaR have also been associated with survival inside 

phagocytes, likely by acting to modulate expression of stress survival genes that 

contribute to intracellular persistence106,107. Inhibition of recognition by leukocytes 

and thwarting leukocyte-killing mechanisms all contribute to GBS blood stream 

survival giving GBS the ability to cause bacteremia.  

After high levels of sustained bacteremia have been reached, GBS can 

interact directly and penetrate the BBB, which can result in bacterial invasion of 

the CNS. Utilizing in vitro cell culture techniques as well as rodent models, 

significant progress has been made identifying and characterizing virulence 

factors/genes that promote GBS interaction with the BBB. Early on, it has been 
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described that GBS can adhere and invade the endothelial cells of the brain108. 

Electron microscopy studies have revealed GBS inside membrane bound 

vacuoles suggesting the involvement of the endocytic pathway in entering host 

cells108. Efficient GBS invasion of BMEC is accomplished through focal adhesion 

kinase (FAK) and PI3K signaling as well as Rho family GTPase activity109,110.  

GBS surface anchored lipoteichoic acid (LTA) contributes to invasion into BMEC, 

as a mutant GBS strain which lacks the LTA anchor, Δiag, is attenuated in BBB 

invasion and in the development of meningitis in a mouse model111. Little is 

known about the fate of GBS once inside BMEC, however, evidence has 

suggested that GBS follows the endocytic pathway and autophagy is induced 

during infection conditions. Further examination of the fate of these endosomes 

as well as the function of the autophagic process remains to be determined58. 

 In addition to factors that promote invasion to BMEC, GBS possesses an 

array of factors that contribute to the initial interaction with the BBB.  Pili are 

surface anchored proteins that extend beyond the capsule and can promote 

adherence and invasion of BMEC112. Strikingly, all clinical isolates of GBS 

encode a pilus island making the pili an attractive vaccine target antigen. The 

pilus adhesin PilA contains an integrin I-like domain resembling the A3 domain of 

human von Willebrand factor known to interact with collagens113,114. It has then 

been shown that collagen binding enhanced GBS interaction with BMEC, and 

that the PilA-collagen complex engages α2β1 integrins. As a result, BMEC 
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upregulate expression of pro-inflammatory chemokines and neutrophil influx113. 

In addition to PilA, other GBS virulence factors bind extracellular matrix (ECM) 

components to promote BBB interaction. GBS surface anchored alpha C protein 

(APC) is known to interact directly with glycosaminoglycans (GAGs) on the brain 

endothelium, an element of the glycocalyx discussed above115. Other ECM 

binding virulence factors have been described such Streptococcal fibronectin 

binding factor A (SfbA) binding fibronectin116, Laminin-binding protein (Lmb) 

binding laminin117,118, and serine rich repeat proteins (Srr) and FbsA binding 

fibrinogen119-123. Genomic analysis of GBS has revealed interesting unique 

properties of the MLST-17 hypervirulent lineage as well as highlighted two 

surface adhesins not found in any other clone83,124. The hypervirulent GBS 

adhesin (HvgA) was shown to be a direct replacement of the gene BibA in all 

other GBS strains83. Importantly, HvgA promotes meningeal tropism and 

contributes to BBB interaction83. The other defining gene in the MLST-17 lineage 

is the presence of the Srr2 gene. All other GBS strains express the Srr1 version 

of the gene, while the MLST-17 clone express Srr2125,126. Biochemical analysis of 

the binding properties of Srr1 versus Srr2 reveals that Srr2 has a higher affinity 

for fibrinogen and may provide a mechanism by which these clones could 

become hypervirulent122. These new insights into the MLST-17 specific factors 

may contribute to greater understanding of GBS meningitis caused by the 

hypervirulent strains.  
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As an inflammatory disease, meningitis occurs when the membranes 

around the CNS known as the meninges become inflamed. During GBS 

meningitis, bacteria are able to initiate cellular immune responses at the BBB that 

function to recruit neutrophils most notably IL-8, CXCL1, CXCL2, ICAM-1, and 

GM-CSF59. PilA, discussed above, activates signaling pathways in the BBB that 

result in pro-inflammatory cytokines and chemokines that activate and recruit 

neutrophils. This neutrophilic response was correlated with increased BBB 

permeability and higher bacterial loads present in the brain in vivo113. In addition 

to PilA mediating pro-inflammatory signals, the GBS β-hemolysin/cytolysin (β-

h/c) expression has been shown to directly damage cells of the brain and induce 

cytokine expression59. All of these factors contribute to GBS interaction with or 

activation of the BBB, which may contribute to bacterial meningitis. However, 

further mechanisms of disease must be investigated to strengthen our 

understanding of BBB disruption. The aim of this dissertation is to develop tools 

as well as elucidate mechanisms of bacterial-BBB interactions that may uncover 

novel targets for therapeutic intervention during bacterial meningitis.  
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Specific Aims 
	  
 The main purpose of this dissertation is uncover novel mechanisms by 

which meningeal bacterial pathogens are able to interact with, and penetrate the 

BBB. Specifically, I hypothesize that GBS and other bacterial pathogens alter 

brain endothelial cell homeostasis, which may contribute to bacterial penetration 

through multiple mechanisms. I plan to examine this hypothesis using a variety of 

in vitro and in vivo models of the BBB during bacterial infection to address the 

following specific aims: 

Aim 1: Identify the mechanism of BBB tight junction disruption during GBS 

infection.  

a. Examine the contribution of the transcription factor Snail1 in BBB 

disruption. 

b. Identify GBS factors that may contribute to Snail1 expression. 

Aim 2: Utilize and develop zebrafish models of infection to explore bacterial and 

host factors that may contribute to disease. 

a. Establish a zebrafish model of GBS disease in both the adult and 

larvae.  

b. Utilize this model to examine Snail1ʼs contribution to GBS disease in 

vivo. 

Aim 3: Explore the contribution of ceramide platforms in GBS – BBB penetration. 
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a. Determine if GBS infection results in surface ceramide on brain 

endothelium 

b. Provide evidence that ceramides contribute to GBS meningitis.  
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Preface to Chapter 2 
	  
 Chapter 2 in full is an article published in the Journal of Clinical 

Investigation. This work presented here in Chapter 2 addresses specific Aim 1a: 

Examine the contribution of the transcription factor Snail1 in BBB disruption. This 

was done by in vitro and in vivo techniques demonstrating that Snail1 is 

necessary and sufficient for tight junction disruption in brain endothelium. 

Furthermore, Chapter 2 addresses Aim 1b: Identify GBS factors that may 

contribute to Snail1 expression. To this end we demonstrate that GBS surface 

components significantly contribute to the expression of Snail1. Using extracts 

from various mutants we hypothesize that GBS LTA may be responsible for 

Snail1 expression, however follow up studies with purified LTA may be necessary 

to confirm this finding. Finally, this chapter addresses, in part, Aims 2a and 2b: 

To establish a zebrafish model of GBS disease in the adult, and utilize this model 

to examine Snail1ʼs contribution to GBS disease. We have collaborated and 

successfully established an adult model of zebrafish meningitis, furthermore we 

have utilized a larvae model to generate transgenics and show that inactivation of 

the Snail1 transcription factor results in more tight junctions as well as less 

mortality from GBS. This is the first work, to our knowledge that links blood brain 

barrier disruption to Snail1 in any context. Here we provide evidence that Snail1 

activation during bacterial meningitis may contribute to BBB disruption and 

disease progression.  
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Abstract 
 

Bacterial meningitis is a serious infection of the central nervous system 

and occurs when blood-borne bacteria cross the blood-brain barrier (BBB).  

Group B Streptococcus (GBS) is the leading cause of neonatal meningitis, 

however the molecular mechanism regulating bacterial BBB disruption and 

penetration is not well understood. We found that infection of human brain 

microvascular endothelial cells (hBMEC) with GBS and other meningeal 

pathogens resulted in the induction of Snail1, a host transcriptional repressor of 

tight junction genes. These results were substantiated in vivo in murine and 

zebrafish models of GBS infection. Transcript and protein levels of tight junction 

components ZO-1, Claudin-5 and Occludin were decreased in hBMEC following 

GBS infection, which was dependent on Snail1 induction. We further demonstrate 

that Snail1 is sufficient to facilitate tight junction disruption, promoting bacterial 

passage and permeability of the BBB. GBS induction of Snail1 expression was 

dependent on the Erk1/2 MAPK signaling cascade and bacterial cell wall 

components. Finally, overexpression of a dominant negative Snail1 homolog in 

zebrafish was sufficient to increase transcript levels of tight junction proteins and 

increase zebrafish survival in response to GBS challenge. Taken together our 

data suggests a novel mechanism of BBB disruption and penetration by 

meningeal pathogens. 
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Introduction 
 

Bacterial meningitis is the most common life-threatening infection of the 

central nervous system (CNS). To cause meningitis, blood-borne bacteria must 

penetrate the blood-brain barrier (BBB), which consists of an extremely 

specialized layer of brain microvascular endothelial cells (BMEC). The BBB 

separates the brain from circulating blood, and disruption of BBB integrity is a 

hallmark event in the pathophysiology of bacterial meningitis.  This disruption is 

thought to result from the combined effect of bacterial entry and penetration of 

BMEC, direct cellular injury by bacterial cytotoxins, and/or activation of host 

inflammatory pathways that compromise BMEC barrier function 1.   

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

positive bacterial pathogen that is an important cause of invasive disease in 

newborns and a subset of adults 2. Currently, GBS is the leading cause of 

meningitis in the neonate 3,4.  Despite advances in intensive care management 

and antibiotic therapy, mortality can approach 10% with 25-50% of surviving 

neonates exhibiting permanent neurological sequelae, including cerebral palsy, 

mental retardation, blindness, deafness, and seizure 2. GBS possess many 

virulence factors that may contribute to the interaction with brain endothelium, 

including LTA 5, the b-hemolysin/ cytolysin (b-H/C) 6, pili 7,8, serine-rich repeat 

(Srr) proteins 9,10 and HvgA 11. Recently, we have demonstrated that the GBS 

pilus protein, PilA, and Srr-1 interact with components of the host extracellular 
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matrix (ECM) to promote BBB interactions and the development of meningitis 8,9. 

Other meningeal pathogens, such as Streptococcus pneumoniae, Escherichia 

coli K1, Neisseria meningitidis, and Haemophilus influenza type B (HIB), also 

bind ECM components and ECM receptors (e.g. integrins and laminin receptor) 

to mediate bacterial-BBB interactions 12-15.  Given that host ECM components 

and receptors preferentially localize to the basolateral surface of polarized BBB-

endothelium 16, we hypothesized that disruption of junctional protein complexes 

in brain endothelium is the first step leading to bacterial access to basally 

expressed receptors. 

The BBB, composed primarily of a specialized layer of BMEC, separates 

the brain and its surrounding tissues from circulating blood, thereby maintaining 

CNS homeostasis 17. The brain endothelial cells are characterized by the 

presence of tight intercellular junctions that promote high transendothelial 

electrical resistance and therefore impede paracellular flux of macromolecules 18. 

In BMEC, tight junctions are composed of four types of integral membrane 

proteins: occludin, claudins, junctional adhesion molecules, and cell-selective 

adhesion molecules, which are linked through cytoplasmic proteins (zonala-

occludin-1 (ZO-1), -2, -3, cingulin) to the actin cytoskeleton 19. Furthermore, tight 

junction integrity is important for the maintenance of apical and basal cell polarity 

20. Here we demonstrate for the first time that infection of brain endothelium with 

GBS and other meningeal pathogens induces expression of the host transcription 
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factor Snail1 (SNAI1), a global repressor of tight junction gene expression 21,22, 

resulting in increased bacterial BBB penetration. Our results suggest a novel 

mechanism for bacterial-BBB disruption and explain how bacterial pathogens 

access basally expressed host proteins to promote CNS entry. 

Materials and Methods 
 

Bacterial strains and cell lines 

The Streptococcus agalactiae (GBS) highly virulent clinical isolate, COH1 

(serotype III, sequence type (ST)-17) was primarily used for the experiments 23, 

along with other GBS serotypes, NCTC10/84 (V) 24, 515 (Ia) 25 and NEM316 (III, 

ST-23) 26.  Other bacteria were used and propagated as described Streptococcus 

pneumoniae (SPN) 27 H. influenza type B (HiB) 28, and Bacillus anthracis sterne 

strain ΔpXO1 29. GBS mutants used include COH1 Δiag, NCTC10/84 ΔpilA, and 

NCTC10/84 ΔcylE 5-7. Cell wall extracts were prepared as previously described 

30. Briefly, GBS pellets were resuspended in 20% sucrose, 20mM Tris-HCl, 

10mM MgCl2; treated with protease inhibitor and mutanolysin for 2hrs at 37°C; 

centrifuged and the supernatant was collected as cell wall extract. Immortalized 

human brain microvascular endothelial cell line (hBMEC) (Kwang Sik Kim and 

Monique Stins, Johns Hopkins University, Baltimore MD) was cultured in 

RPMI1640 containing 10% FBS, 10% Nuserum, and 1% nonessential amino 

acids as described previously 5,6,31 Immortalized mouse brain endothelial cells 
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(bEND3) were purchased from ATCC and were cultured to ATCC specifications 

in DMEM F12 10% FBS.  

Infection assays 

 hBMEC or bEND3 were grown to confluency on collagenized 24 well 

plates (Corning). GBS or other bacteria were then incubated with hBMEC for 4-5 

hours: following infection protein, RNA, inhibitor assays, or staining were done 

following procedures below. For MAPK inhibitor assays, 30 min prior to infection 

hBMEC were treated with the inhibitors U0126 (Reagents Direct), SB202190 

(Reagents Direct), or SP600125 (Reagents Direct) all at 20uM. After inhibitor was 

added, hBMEC were then infected with WT GBS MOI 10 and incubated for 5 

hours. Heat killed or formalin fixed GBS were prepared by growing GBS to 

OD600 0.4 in THB, followed by centrifugation and resuspending the pellet in PBS 

and treating at 95°C for 10min, or treating GBS with 4% paraformaldehyde for 

15min. Bacteria were then washed and used to treat hBMEC at an estimated 

desired MOI. RNA lysates were collected and prepared as described below and 

qRT-PCR was done on samples to determine Snail1 expression levels. 

Microarray analysis and qPCR 

  Bacterial infection, RNA isolation, cDNA preparation, microarray analysis 

and qPCR were performed as described 8,29. Heat killed experiments were 

performed as described 32. For qRT-PCR primer sequences used have been 

published for human SNAI1 33, human ZO-1 (TJP1) 34, human OCLN 35 human 
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GAPDH 8, murine CLDN5, SNAI1 and GAPDH 36, murine OCLN (Forward 5ʼ-

GATGCAGGTCTGCAGGAGTATAA-3ʼ, Reverse 5ʼ-

ATCCTTAATTGGAGTGTTCAGCC-3ʼ), zebrafish occludin (oclna), gapdh 37, and 

E-Cadherin (cdh1) 38. Fold change was calculated by the ΔΔCT method. 

Protein analysis 

 Confluent cell monolayers were infected with GBS. Cells were lysed using 

RIPA buffer (Thermo Scientific) containing 100mM NaF, 1mM PMSF and 

protease inhibitor cocktail (Calbiochem). Lysates were probed with antibodies 

against GAPDH (Millipore 1:150000 cat# MAB374), ZO-1 (Invitrogen 1:1000 cat# 

617300), Occludin (Invitrogen 1:1000 cat# 331500), Claudin-5 (Millipore 1:1000 

cat# ABT45), Pan-Cadherin (Cell Signaling 1:1000 cat# 4068), and Snail1 

(abcam 1:1000 cat# ab85931). Appropriate HRP secondary antibodies were 

used to detect primary antibodies and blots were visualized using SuperSignal 

West Pico Chemiluminescent Substrate ECL (Thermo Scientific) and radiography 

film (Denville Scientific).  For florescent microscopy following infection hBMEC 

were fixed with 4% PFA and permeabilized with 0.1% Triton X-100. Junction 

proteins and GBS were detected using anti-ZO1 (Invitrogen 1:100 cat#617300) 

and anti-GBS (Acris 1:50 cat#BM5557P) antibodies followed by Cy3 or FITC 

conjugated secondary antibody. Coverslips were mounted using DAPI containing 

Vectashield (Vector labs) and visualized with a Zeiss florescent microscope.  

Lentiviral vectors and virus production 
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 hBMEC cells were co-transfected at 50-60% confluency with 3ug of 

TRIPZ shRNA (Thermo Scientific# RHS5087) vector, as well as the following 

components from individual vectors 0.4ug GAG-POL, 0.4ug Tat, 0.4ug REV, 

1.5ug VPR, 0.8 ug of VSVg. Media was replaced with DMEM, 10% FBS, 1% 

MEM, Pen-Strep. Viral supernatent was collected 48 hours post transfection and 

filtered through 0.2uM MCE filters (Fisherbrand #09-719A). Viral supernatants 

were stored at -80C until transduction. 2mL of 48 hour lentiviral supernatent were 

added to hBMEC at 70-80% confluency and incubated with polybrene. hBMEC 

cells were spin infected by centrifugation at 1200 RPM for 80 minutes at 30C. 72 

hours post infection 1ug/mL doxycycline was added to induce TurboRFP and 

shRNA expression. 

Creation of hBMEC Snail1 and shSnail1 cell lines 

 The inducible vector pH-TRE.i.mCherry was constructed using the pH-

TRE as described 39. The IRES-mCherry cassette from pBMN.i.mCherry was 

inserted into pH-TRE downstream of the multiple cloning site (Gary Nolan, 

Stanford University, Clonetech).  pBMN-i-rtTA was constructed by removing rtTA 

from the vector Tet-On® (Clontech) with EcoRI/BamHI and cloning it into pBMN-

i-Lyt2. Human Snail1 was cloned from cDNA extracted from hBMEC. Primers 

were used to amplify the human Snail1 ORF 40, and the product was inserted into 

pH-TRE.i.mCherry creating pH-TRE.Snail1.i.mCherry. The lentiviral vectors were 

produced as described 41. Resulting viral supernatant was mixed with polybrene 
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and added to hBMEC. Cells were stained with anti-Lyt2 antibodies conjugated to 

PE (BD biosciences) and sorted on a BD Aria Flow Cytometer (SDSU FACS 

Core). This population was expanded and infected with pH-

TRE.Snail1.i.mCherry. Dually infected cells were treated with doxycycline 

(1ug/ml) and sorted for mCherry florescence to create hBMEC-SNAI1. The 

TRIPZ short hairpin lentiviral vector (Thermo Scientific) was used. Short hairpins 

directed against the human SNAI1 transcript were purchased. Lentiviruses were 

created and naïve hBMEC were spin-infected as described above. Cells were 

induced with doxycycline (1ug/ml) and sorted by hCherry florescence to create 

the shSNAI1 hBMEC line.  

Transwell permeability assay 

 Briefly the Snail1 overexpressing hBMEC line was seeded onto the apical 

side of collagen coated polytetrafluoroethylene 0.4 μM pore size membranes 

(Corning) and grown for 6-7 days to form intact monolayers. Snail1 expression 

was induced using 1μg/ml doxycycline. Assessment of barrier integrity was 

performed as described previously 42. 

Murine model of haematogenous meningitis 

  All mouse work was approved by the Office of Lab Animal Care at San 

Diego State University and conducted under accepted veterinary standards. We 

have described a mouse model of GBS meningitis previously 5,8. Briefly 6-8 week 

old male CD-1 mice were injected intravenously with 6-7x107 CFU of WT GBS or 
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a DPBS vehicle control. At time points of morbidity or death, mice were 

euthanized and brain tissue was collected for histology, or endothelial cell 

isolation. Endothelial cells were isolated using the MACS CD31 endothelial cell 

isolation kit (Miltenyi Biotec).  

Adult zebrafish model of GBS infection 

 6-9 month old adult wild type AB Zebrafish (Danio rerio) were 

anesthetized with 0.16% tricaine solution. Fish were placed upside down and 

supported with a moist sponge and injected i.p. with 7x107 – 1x108 CFU of COH1 

GBS as described 43. Fish were euthanized when aberrant behavior was 

observed. Upon sacrifice, blood and brain samples were collected and diluted in 

PBS for bacterial enumeration. siRNA knockdown duplexes were designed using 

IDT RNAi program. RNA duplexes of si-Snail1a (5ʼ-

CCAGCAGUCAGCAAUGACUUCCCAG-3ʼ), and scramble (5ʼ-

ACCGACCGCCUUGUACCAACGAG-3ʼ). were injected i.p. 24hours prior to GBS 

infection. Fish were sacrificed 12 hours post infection and tissues were collected 

for bacterial enumeration.  

Zebrafish Transgenesis 

 Tg(HSP:dnsnail1a)sd37 were generated using Tol2 mediated transgenesis 

via the multisite Gateway cloning system. The final pDEST construct contained a 

5ʼ zebrafish hsp70 promoter, truncated snai1a (300-783) with an N-terminus 

FLAG tag, and a 5ʼ polyadenylation signal. The following primers were used to 
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amplify the truncated snai1a gene from zebrafish cDNA for cloning into 

pDONR221 Gateway vector: forward 5ʼ- 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGGATTACAAGGATGACGAC

GATAAGGGTGGCAGTGGAGGGCAGAGAGAGGACAAGAGCG-3ʼ, reverse 5ʼ- 

GGGGACCACTTTGTACAAGAAAGCTGGGTTCTATTGGACATTGGCCGTGGA

GGG -3ʼ. Zebrafish embryos were microinjected at the 1-cell stage with 25pg of 

final pDEST construct along with 50pg Tol2 transposase RNA. Injected F0 adults 

were mated to AB strain zebrafish and F1 offspring were screened by PCR to 

assess germline integration of the Tol2 construct. Primers used FLAG forward 5ʼ- 

GATTACAAGGATGACGACGATAAG -3ʼ, Snail1a reverse 5ʼ- 

CTATTGGACATTGGCCGTGGAGGG -3ʼ. F1 fish were used to generate larvae 

for all experiments described in this manuscript.  

Larvae zebrafish model of GBS infection 

 Infection assays were performed as described 44. Briefly, zebrafish larvae 

at 3 dpf were anesthetized with tricane and placed on a 2% agar plate for 

stabilization. 1nl of diluted GBS (MOI 100) was injected into the caudal vein of 

the zebrafish with a femtojet microinjector (Eppendorf). 3% phenol red was 

added to the GBS dilution to visualize the injection. Fish were monitored every 6 

hours. Infection experiments were performed blinded. After death, fish were 

genotyped using primers listed above and experiment was deconvoluted.  

Statistics 
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 GraphPad Prism version 5.0a was used for statistical analysis. Two-tailed 

Students t test and one-way ANOVA with Bonferroniʼs multiple comparisons post-

test were used where appropriate, specific tests are specified in the figure 

legends. Log-rank test was used to determine significance with survival curves. 

Data are represented as mean ± SEM. Statistical significance was accepted at 

p<0.05. 

Study Approval 

All mouse work was approved by the Office of Laboratory Animal Care at 

San Diego State University and conducted under accepted veterinary standards.  

All zebrafish were raised and maintained under the guidelines of the University of 

California San Diego Institutional Animal Care and Use Committee Guidelines.  
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Results 
	  
Induction of SNAI1 in brain endothelium during bacterial infection  

We first performed a comparative global transcriptional analysis of 

immortalized human brain microvascular endothelial cells (hBMEC) upon 

infection with bacteria associated with CNS disease, including GBS, S. 

pneumoniae, H. influenza type B (HIB), and Bacillus anthracis to examine host 

factors that are upregulated during infection. We have previously published a 

complete microarray dataset from B. anthracis 29 and GBS infection of hBMEC 

6,8, and a partial list of affected genes in hBMEC in response to S. pneumoniae 

27. Data analysis of these experiments using a statistical algorithm developed for 

high-density oligonucleotide arrays 45 revealed that infection with all pathogens, 

with the exception of HIB, resulted in a significant induction of Snail1 (Figure 1A). 

Snail1 is a global transcriptional repressor of tight junctions 22, and plays an 

important role in the epithelial to mesenchymal transition during development 46. 

To confirm the microarray results, hBMEC and a murine brain endothelial cell 

line, bEND3, were infected with a hypervirulent GBS clinical isolate that is highly 

associated with me (Sequence Type (ST)-17, serotype III). qPCR analysis 

revealed that SNAI1 transcript was significantly increased in infected cells 

compared to uninfected control cells (Figure 1B,C). SNAI1 induction occurred 

following infection with three different GBS clinical serotypes (Figure 1D), but not 

with non-pathogenic bacterial strains, or S. aureus, which is not classically 
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associated with meningitis (Supp. Figure 1A). We further analyzed protein 

expression by western blot analysis and found that Snail1 protein levels were 

significantly induced during GBS infection (Figure 1E,F). To examine if SNAI1 is 

induced by GBS in vivo we utilized an established murine model of 

hematogenous meningitis 6. Mice were injected intravenously with WT GBS or 

vehicle control. At time of death, brain endothelial cells were isolated and RNA 

was purified for qPCR analysis. SNAI1 transcript was significantly increased in 

GBS infected mice compared to control mice (Figure 1G). We further examined 

the localization of Snail1 in brain tissue and observed that Snail1 colocalizes with 

Von-Willebrand factor (VWF), further supporting that Snail1 is expressed in 

endothelial cells during active infection (Figure 1H-I). Taken together these data 

suggest that Snail1 is induced in brain endothelial cells in vitro and in vivo in 

response to GBS infection.  
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Figure 2.1 GBS upregulates Snail1 in brain endothelium. Upregulation of 
SNAI1 transcription as assessed by Microarray analysis during infection with 
GBS, S. pneumoniae (SPN), H. influenza type B (HiB), Salmonella typhimurium 
(S.t) and Bacillus anthracis DpX01 (B.a Δ) (A). Changes in mRNA transcript in 
confluent hBMEC or bEND3 monolayers after infection with GBS MOI=10 for 5 
hours (B-C). Confluent hBMEC were infected with different serotypes of GBS 
MOI=10 (type Ia and III) or MOI=0.1 (type V) for 5 hours. RNA was extracted and 
SNAI1 transcript analyzed (D). Changes in protein levels of confluent hBMEC 
monolayers after infection with GBS MOI=10 for 5 hours (E-F). Mice (n = 8 per 
group) were infected i.v. with GBS, or a vehicle control. Upon sacrifice, brain 
tissue was collected and endothelial cells isolated for RNA extraction and qPCR 
analysis (G). Brains of infected mice (n = 10) show Snail1 colocalized with Von-
Willebrand (VWF) factor (50μm scale bar) (H-I). Experiments were performed at 
least three times in triplicate; for qPCR analysis bars represent the standard error 
of the mean of at least three biological replicates (B-D, G) or for protein analysis 
standard deviation of a representative experiment (F). Students t test was used 
to determine statistical significance. * p< 0.05, ** p < 0.01, *** p< 0.001. 
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GBS infection disrupts tight junctions in brain endothelium.  

Snail1 is a global repressor of tight junctions, as Snail1 binds the promoter 

regions of the gene encoding occludin, genes in the claudin family, and genes of 

other adherence junction proteins 21,22. Therefore, we sought to determine the 

effect of GBS infection on transcript and protein abundance of tight junction 

proteins in brain endothelium. GBS infection resulted in decreased transcript and 

protein levels of ZO-1, Occludin, Claudin-5 (Figure 2A-H), and VE-cadherin 

(Supp. Figure 1B-C). Consistent with these results, GBS infection of hBMEC 

resulted in an overall reduction and disruption of ZO-1 staining at the intercellular 

junctions as observed by immunofluorescence staining (Figure 2I). Similar results 

were observed when visualizing Occludin (Supp. Figure 1D) and Claudin-5 during 

GBS infection (data not shown). Further, we observed no difference in cell 

monolayer density or cell viability as measured by Trypan Blue staining during 

infection (Supp. Figure 1E), suggesting that the observed differences in tight 

junction staining were not a result of increased cell death. Finally, endothelial 

cells isolated from infected mice had significantly lower claudin-5 and occludin 

expression when compared to uninfected mice (Figure 2J and K). These data 

demonstrate that GBS is able to disrupt the transcript and protein levels of these 

tight junction components in brain endothelial cells in vivo and in vitro.  
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Figure 2.2 GBS disrupts tight junctions of brain endothelium. GBS 
decreases transcript abundance of zo-1 (A), occludin (B) and claudin-5 (C) in 
confluent hBMEC (A-B) or bEND3 (C) following GBS infection (MOI=10, 5hours). 
qPCR experiments were performed at least three times in triplicate; bars 
represent the standard error of the mean of at least three biological replicates (A-
C).  Protein levels of ZO-1 and Occludin in hBMEC (D, F-G) or bEND3 (E, H) 
during GBS infection were determined by western blot analysis. Lysates were 
probed for ZO-1, Occludin, or Claudin-5. Western image analysis was normalized 
to GAPDH (D-H). Experiments were performed at least three times in triplicate, 
bars represent standard deviation of a representative experiment (F-H). hBMEC 
were stained for ZO-1 and visualized by immunofluorescence (20μm scale bar) 
(I). Mice (n = 8 per group) were infected i.v. with GBS, or a vehicle control. Upon 
sacrifice, brain tissue was collected and endothelial cells isolated for RNA 
extraction and qPCR analysis (J-K). Students t test was used to analyze the 
image analysis. * p < 0.05 ** p < 0.01, *** p <0.001 
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Snail1 is necessary and sufficient to disrupt tight junctions 

To examine whether increases in Snail1 contribute to the loss of tight 

junctions, we generated a doxycycline-inducible knockdown cell line that targets 

SNAI1 using the TRIPZ lentiviral vector system (see Experimental Procedures). 

The generated hBMEC cell line (shSNAI1-hBMEC) was treated with doxycycline 

to induce the expression of shSNAI1, which resulted in a reduction of Snail1 

(Figure 3A,B).  As expected, GBS did not induce SNAI1 in doxycycline treated 

shSNAI1-hBMEC (Figure 3C). Additionally, whereas GBS infection results in 

decreased occludin transcript in shSNAI1-hBMEC, GBS infection lead to a 

modest rescue of occludin in doxycycline treated shSNAI1-hBMEC (Figure 3D). 

Furthermore, doxycycline treatment of cells resulted in a rescue of Occludin 

(Figure 3E,F). Finally to examine if SNAI1 knockdown increases barrier integrity, 

we utilized an Evans Blue transwell migration assay as described previously 29,42. 

In response to GBS infection, less Evans Blue migration was observed in 

doxycycline treated shSNAI1-hBMEC (Figure 3G). No changes in tight junction 

proteins or Snail1 were observed in doxycycline treated control hBMEC (Supp. 

Figure 2A), nor did doxycycline at inhibit GBS growth at the concentrated used 

(Supp. Figure 2B). These results suggest that Snail1 expression is necessary for 

GBS mediated downregulation and disruption of tight junction proteins, which 

results in decreased endothelial barrier integrity.  
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Figure 2.3 Snail1 is necessary to disrupt brain endothelial tight junctions.  
shRNA knockdown of Snail1 in hBMEC results in a significant reduction of Snail1 
protein abundance (A-B).  SNAI1 expression is no longer upregulated upon GBS 
infection with shRNA knockdown (C). Occludin transcript levels and protein with a 
knockdown of SNAI1 during GBS infection (D-F). shRNA hBMEC barrier function 
is greater as visualized by Evans Blue migration, dye was added to the upper 
chamber and quantified colorimetrically in lower chamber (OD600) (G). 
Experiments were performed at least three times in triplicate; bars represent the 
standard error of the mean of at least three biological replicates (C, D, G) or 
standard deviation of a representative experiment (B, F). One way ANOVA (C-D, 
F), and Students t test (B, G) were used to analyze statistical significance. * p < 
0.05 ** p < 0.01, *** p < 0.001 
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Overexpression was also coupled with a loss in tight junction integrity visualized 

by ZO-1 staining (Figure 4E). No changes in Snail1, ZO-1, or Occludin were 

observed in a control cell line, which contained all the elements of the 

overexpression line except for the Snail1 open reading frame (hBMEC-TRE) 

(Supp. Figure 2E). To determine the impact of Snail1 overexpression on hBMEC 

integrity and barrier function we measured hBMEC permeability to Evans Blue 

dye as described previously 29,42. Increased permeability to Evans Blue was 

observed in doxycycline treated hBMEC-TRE:SNAI1 when compared to 

untreated cells (Figure 4F). The control cell line (hBMEC-TRE) did not exhibit any 

permeability. (Supp. Figure 2F). These data suggest that Snail1 expression is 

sufficient to cause the loss of tight junctions and subsequent barrier integrity in 

brain endothelium.  
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Figure 2.4 Snail1 is sufficient to disrupt brain endothelial tight junctions. 
Overexpression of Snail1 results in a loss of tight junction proteins (A-D). Control 
cell line shows expected cobblestone pattern, overexpression of Snail1 results in 
a loss of tight junction straining (20μm scale bar) (E). Snail1 overexpression 
increases hBMEC permeability as assessed by Evans Blue dye migration after 
induction with doxycycline. Evans Blue dye was added to the upper chamber and 
quantified colorimetrically in lower chamber (OD600) (F). Experiments were 
performed at least three times in triplicate; bars represent the standard error of 
the mean of at least three biological replicates (F), or for protein analysis 
standard deviation of a representative experiment (B-D). Students t test was 
used to determine significance. * p < 0.05 ** p < 0.01, *** p < 0.001 
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GBS surface factor initiates SNAI1 transcription and that this surface factor is 

susceptible to heat denaturation. To further support this hypothesis, we prepared 

a cell wall extract from GBS as described previously 30 that contains components 

attached to the bacterial cell surface. Strikingly, GBS cell wall extract greatly 

induced SNAI1 transcript levels when compared to the control (Figure 5B). Taken 

together these data suggest that GBS expresses a surface factor that is induces 

SNAI1 in hBMEC. 

 

Figure 2.5 GBS factors that contribute to SNAI1 expression. Fixed GBS was 
able to induce SNAI1 expression at levels that were comparable to live GBS, 
however heat killed GBS was not able to induce SNAI1 (A). Cell wall extracts 
prepared from WT GBS was greatly able to induce SNAI1 (B). Experiments were 
performed at least three times in triplicate; bars represent the standard error of 
the mean of at least three biological replicates. One way ANOVA was used to 
determine significance.  ** p < 0.01, *** p < 0.001 
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SNAI1 transcript, while the WT B.a. strain did not 29.  We confirmed these 

microarray results by qPCR in hBMEC (data not shown). Interestingly, Lethal 

toxin (LT), which is encoded on the pXO1 plasmid, cleaves components of the 

mitogen-activated protein kinase (MAPK) signaling pathway 47. Thus, we 

hypothesized that MAPK signaling pathways might contribute to Snail1 induction 

during bacterial infection, as B.a. does not induce SNAI1 in hBMEC, whereas 

B.a.D does induce SNAI1 transcript. To further examine the signaling pathways 

leading to SNAI1 induction, we inhibited MEK1/2/Erk1/2, p38, and JNK to assess 

the contribution of each to SNAI1 upregulation. Inhibition of the MEK1/2 / Erk1/2 

components of the MAPK pathway with U0126 resulted in a significant reduction 

of SNAI1 transcript in response to GBS infection, while inhibitors of p38 

(SB202190) and JNK (SP600125) had no effect (Figure 6A). As TLR2 contributes 

to the pathogenesis of GBS meningitis 5, and downstream signaling of TLRs 

activate the MAPK pathway, we hypothesized that treatment of hBMEC with the 

TLR2 agonist Pam3CSK4 (P3C) would induce SNAI1 in hBMEC. We observed a 

dose dependent increase in SNAI1 in response to P3C (Figure 6B). We have 

previously described a GBS mutant (Δiag) that lacks the ability to properly anchor 

lipoteichoic acid (LTA) 6, a known TLR2 ligand 48. It is believed that the Δiag 

mutant still produces unanchored LTA that is shed by the bacteria 6. 

Furthermore, the polysaccharide capsule likely traps the shed LTA as a double 

mutant in capsule and LTA anchoring results in less LTA associated with the 
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bacteria 6. To test if LTA could be responsible for SNAI1 induction in hBMEC, we 

prepared cell wall extracts from WT, Δiag, and the capsule HY106/Δiag double 

mutant and treated our hBMEC with these fractions. We observe that cell wall 

extracts from the Δiag mutant resulted in significantly reduced levels of SNAI1 

transcript when compared to cell wall extract prepared from WT GBS cell wall 

extract. Strikingly, the cell wall extracts prepared from the double mutant resulted 

in an even greater reduction in SNAI1 induction (Figure 6C). Taken together, 

these data suggest that bacterial LTA, TLR2 activation and signaling through 

MEK1/2 / Erk1/2 leads to SNAI1 induction. 

 

Figure 2.6 Contribution of MAPK signaling in SNAI1 expression. hBMEC 
were treated with either DMSO vehicle control or a specific MAPK pathway 
inhibitor. U0126 had the greatest effect in inhibiting GBS induced SNAI1 
expression (A). Treatment of hBMEC with a TLR2 agonist P3C results in a dose 
dependent increase in SNAI1 expression (B). Treatment of hBMEC with extracts 
from Δiag or HY106 Δiag results in significantly less SNAI1 expression (C). 
Experiments were performed at least three times in triplicate; bars represent the 
standard error of the mean of at least three biological replicates. One-way 
ANOVA was used to determine significance. * p < 0.05, ** p < 0.01,  *** p < 
0.001. 
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Contribution of Snail1 to GBS-BBB penetration in vivo. 

As the Snail1 KO mice are embryonic lethal 49, we developed an in vivo 

model of GBS infection using Danio rerio (zebrafish) adults. Adult zebrafish have 

been used to model Streptococcus iniae, and recently GBS 43,50.  When zebrafish 

were injected with WT GBS or a PBS vehicle control, we observed up to 90% 

mortality in GBS infected fish (Figure 7A) and high bacterial loads in the blood 

and brain (Supp. Figure 3A-B). We also observed aberrant swimming behavior in 

the infected fish (Supp. Figure 3C-D), corroborating previous reports 43. 

Furthermore, GBS infected fish exhibited cerebral swelling and edema typical of 

CNS infection (Figure 7B). We next sought to determine if the zebrafish SNAI1 

homologue, snai1a, was upregulated during GBS infection. RNA was isolated 

from the brains of infected zebrafish and snai1a transcript was measured by 

qPCR. As shown in Figure 7C, GBS significantly upregulated snai1a in the brain 

tissue of infected zebrafish. To examine the role of snai1a during GBS infection 

in zebrafish, we transiently knocked down snai1a using siRNA duplexes. Injection 

of siRNA decreased brain snai1a transcript (Supp. Figure 3E) and resulted in a 

significant decrease in the amount of GBS recovered from brain tissue of infected 

fish (Figure 7D), while no differences in bacterial levels recovered from the blood 

were observed (Supp. Figure 3F). These data suggest that snai1a plays a role in 

promoting BBB integrity, as decreased expression attenuated GBS passage to 

the brain in adult zebrafish.  
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Figure 2.7 Contribution of Snail1 to GBS-BBB penetration in vivo. Kaplan 
Meyer survival curve in Zebrafish (n = 9 per group) infected with GBS (A). 
Representative images of GBS infected zebrafish showing cerebral swelling and 
edema compared to non-infected control (B). GBS infection increases Snail1a 
transcript levels in brain homogenates in zebrafish following GBS infection (n = 
19) compared to non-infected (n = 12) (C). Knockdown of Snail1a using siRNA 
duplexes (n = 10 per treatment group) does not change GBS blood stream 
survival (D) but attenuates bacterial penetration into the brain (E). Representative 
data from one of two independent experiments are shown. Students t test and 
log-rank was used to determine significance.  * p < 0.05, *** p < 0.001. 
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Heat shocked HSP:dn-snai1a 3 dpf larvae had increased transcript levels of 

occludin, claudin-5, and E-cadherin compared to larvae that were not heat 

shocked (Figure 8A-C). Heat shocking WT larvae did not induce occludin, 

claudin-5 or E-cadherin levels (Supp. Figure 4A-C). To examine if increasing 

expression of tight junctions could result in increased survival in response to GBS 

challenge, we infected heat shocked HSP:dn-snai1a and WT larvae at 3 dpf and 

infected them 5 hours post heat shock. At 72 hours post infection, only 10% of 

WT larvae survived, whereas about 40% of the HSP:dn-snail1a larvae were still 

viable (Figure 8D). These data suggest that inhibition of snai1a in vivo can result 

in less mortality in response to GBS infection in zebrafish larvae.  
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Figure 2.8 Inhibition of Snail1 impacts expression of junctional 
components and reduces GBS virulence in zebrafish larvae. Transgenic 
zebrafish expressing an inducible dominant/negative snail1a, Tg(HSP:dn-
snail1a), upregulate occludin, E-cadherin, and claudin-5 following heat shock 
(HS) (n = 9) when compared to control with no heat shock (no HS) (n = 4), at 6 
hours post heat shock (A-C). Kaplan Meyer survival curve of WT or Tg(HSP:dn-
snail1a) transgenic zebrafish following heat shock and GBS challenge (n = at 
least 10 per group). Transgenic zebrafish exhibit significantly less mortality 
following GBS challenge compared to the WT zebrafish (B). Data shown is the 
result of 3 independent experiments combined. Students t test and log-rank were 
used to determine significance.  *p < 0.05, ** p < 0.01. 

 

Discussion 
	  

The initiation of bacterial meningitis occurs when blood-borne bacteria 

penetrate the BBB, gaining access to the CNS. The exact mechanisms of BBB 

traversal vary between meningeal pathogens 51. However, the majority of 
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bacteria associated with meningitis possess the ability to bind to host factors, 

such as ECM components and receptors, which preferentially localize to the 

basolateral surface of the BBB 1. It is not completely understood how blood-borne 

meningeal pathogens engage basolateral receptors in the presence of a 

functional BBB. Tight junctions promote barrier integrity, creating an impassible 

barrier to difusing receptors, thus seperating basalateral and apical membranes 

and maintaining cell polarity 52. Disruption of tight junctions results in the loss of 

cell polarity 53. Several studies have demonstrated that meningeal pathogens 

degrade tight junction proteins or remodel the junctional complexes. For example 

Neisseria meningitidis induces specific cleavage of Occludin through the release 

of host matrix metalloproteinase 8, resulting in endothelial cell detachment and 

increased paracellular permeability 54. E. coli K1 initiates a signaling process that 

leads to dissociation of b-catenins from cadherins which results in disruption of 

barrier integrity 55. Recent studies have also shown that the type IV pili of N. 

meningitidis leads to recruitment of the Par3/Par6/PKCzeta polarity complex and 

delocalization of junctional proteins, which results in anatomical gaps that are 

used by the bacteria to penetrate into the CNS 56,57.  In this study, we similarly 

show that GBS is able to disrupt tight junctions in brain endothelium, and that this 

process is faciliated by the Snail1 host transcription factor.  

Snail1 is a zinc finger transcription factor that has been extensively studied 

in the context of epithelial to mesenchymal transition (EMT) and cancer 
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metastasis 49,58-60. EMT is involved in normal embryonic development and repair 

of epithelial injury, and is associated with changes in Claudin expression and 

regulation. Induction of Snail1 induces EMT and downregulates tight junction 

proteins including Claudins and Occludin 21,61. Snail1 binds to an E-box motif of 

promoters, repressing transcription 21,62. However, Snail1 can also downregulate 

Claudin-1 and ZO-1, without affecting their transcription 22. Notably, Snail1 

epression can also disrupt apical-basal polarity complexes in epithelial cells 63. 

Here we demonstrate that infection with multiple pathogens associated with 

meningitis results in the induction of SNAI1, which we demonstrate is necessary 

and sufficient to disrupt tight junctions in brain endothelium. Our results are 

consistent with a recent study describing a role for Snail1 in bacterial transit 

across epithelial cells 64. Notably, TLR2/4 and MAPK p38 signaling induced 

Snail1 expression in the nasopharynx. Similarly, our results suggest that in brain 

endothelium, Snail1 induction is initiated by TLR2, and involves the ERK pathway 

of the MAPK signaling cascade. 

MAPK signaling pathways modulate the expression of tight junction 

proteins and alter the molecular composition within tight junction complexes 65. 

Three MAPK pathways have been well characterized. First, the extracellular 

signal-regulated kinases (ERKs), which are activated by several extracellular 

stimuli, include growth factors, cytokines, and oxidative stress. Second, the c-Jun 

N-terminal kinases (JNKs) and third, p38, which respond to different types of 
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cellular stress and inflammatory mediators 66. Activation of ERK1/2 results in 

increased ZO-1 degradation during traumatic brain injury 67, decreased ZO-1 and 

Claudin-5 expression in brain endothelium during HIV infection 68,69, and reduced 

Occludin and Claudin-5 expression in BBB endothelium during ischemic stroke 

70.  Whether Snail1 is similarly involved in tight junction disruption under these 

conditions remains to be determined. Host factors and cytokines can also 

influence tight junction turnover and Claudin expression, presumably in part to 

accommodate neutrophil migration across epithelial and endothelial barriers 71. 

Interestingly, we did not observe an increase in Snail1 transcript in hBMEC upon 

addition of TNFa or IL-1b (data not shown).  

Utilizing a murine model of hematogenous meningitis, we observed a 

significant increase in SNAI1 transcript in brain tissue during GBS infection when 

compared to a non-infected control. Further experiments with murine models are 

technically challenging as SNAI1 null alleles are embryonic lethal at E8.5 49,72,73. 

To examine a functional role for Snail1 during infection in vivo, we developed and 

utilized adult and larval zebrafish models for Streptococcal infection as previously 

described 43,50. As the zebrafish Snail1 homologue, Snail1a, is also required for 

EMT and neural crest development 74, this model was more amenable to using 

siRNA silencing to globally knockdown expression of Snail1a.  We showed that 

siRNA mediated reduction of snai1a transcription resulted in decreased brain 

penetration of GBS in adults zebrafish. Finally, to further examine a functional 
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role of Snail1a in vivo, we generated and characterized an inducible Snail1a 

dominant negative transgenic zebrafish. This animal showed increased in 

survival when compared to WT animals, suggesting that inhibition of Snail1a is 

sufficient to protect zebrafish larvae from GBS infection.  To our knowledge, this 

is the first characterization of the role of Snail1 in the pathogenesis of bacterial 

infection in vivo. Our results also suggest that GBS LTA may induce SNAI1 

expression. Future studies will seek to further determine the mechanism of LTA 

activation, and whether other LTA associated proteins may play a role. The 

subsequent loss of tight junctions may represent the critical first step that enables 

bacterial pathogens to engage basolaterally-expressed host receptors and 

promote BBB disruption and progression to meningitis.  
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Supplemental Figures 

 

 

Supplemental Figure 2.1 Non-pathogenic bacteria, and control: Non-
pathogenic bacteria and S. aureus do not induce SNAI1 in hBMEC: n=3 (A). GBS 
infection of hBMEC results in a loss of VE-cadherin: n=3 (B-C). Staining of 
hBMEC for Occludin. GBS treated hBMEC exhibit less Occludin staining: n=3 
(D). GBS treatment of hBMEC does not reduce viability as seen with Trypan blue 
exclusion staining: n=3 (E). Experiments were performed at least three times, a 
representative experiment is shown. Students t test (C) and One way ANOVA (A) 
were used to determine significance. * p< 0.05, *** p < 0.001. 
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Supplemental Figure 2.2 Control cell lines: hBMEC treated with doxycycline 
does not affect tight junction proteins or Snail1: n=3 (A). Doxycycline treatment 
does not kill GBS at the concentrations used for expression induction (2ug/ml) 
(B). Overexpression of Snail1 results in a loss of VE-cadherin protein: n=3 (C-D). 
Control cell line for overexpression Snail1 hBMEC. Immunoblot showing that 
doxycycline does not have an effect on ZO-1, Occludin, or Snail1 expression: 
n=3 (E). Control cell line does not have increased permeability as assessed by 
Evans Blue permeability assay: n=3 (F). Experiments were performed at least 
three times, a representative experiment is shown. Students t test was used to 
determine significance.  ** p < 0.01. 
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Supplemental Figure 2.3 Adult model development: Infected fish have 
recoverable GBS colonies found in the blood and the brain (A-B). QR codes 
linked to videos of zebrafish swimming patterns (C-D). Top tank zebrafish are 
infected and exhibit a slower, lethargic swimming pattern. While the bottom tank 
of uninfected zebrafish exhibit a normal, quicker swim (C). Infected zebrafish 
close to endpoint exhibit aberrant swimming behavior such as a spiral, loss of 
control, swim pattern (D). Injection with siSnail1a resulted in a slight decrease in 
detected Snail1a expression in the brains of infected zebrafish: n>7 (E). siSnail1a 
does not affect GBS blood levels (F). Experiments were performed at least twice, 
representative experiments are shown.  
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Supplemental Figure 2.4 Control zebrafish: Wild type zebrafish were 
subjected to heat shock or kept at normal temperature as a control. No change in 
expression of occludin, E-cadherin, or claudin-5 was observed: n>9 (A-C). 
Experiments were performed three times combined data are shown. Students t 
test was used to determine significance.  * p < 0.05. 
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Preface to Chapter 3  
	  
 Chapter 3 in full is an article published in Microbial Pathogenesis. The 

work shown here addresses Aim 2a: Establish a zebrafish model of GBS disease 

in larvae. This was accomplished in collaboration with David Traverʼs laboratory 

at UCSD. Here we demonstrate that GBS can kill zebrafish larvae in different 

capacities depending on the strain, dose, and attenuating mutation. This is the 

first time that a GBS model of zebrafish larvae model has been described, and 

we utilize this model in Chapter 2 to generate transgenic animals for the study of 

Snail1.  
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Abstract 
	  

Streptococcus agalactiae (Group B Streptococcus, GBS) is an 

encapsulated, Gram-positive bacterium that is a leading cause of neonatal 

pneumonia, sepsis and meningitis, and an emerging aquaculture pathogen. The 

zebrafish (Danio rerio) is a genetically tractable model vertebrate that has been 

used to analyze the pathogenesis of both aquatic and human bacterial 

pathogens. We have developed a larval zebrafish model of GBS infection to 

study bacterial and host factors that contribute to disease progression. GBS 

infection resulted in dose dependent larval death, and GBS serotype III, ST-17 

strain was observed as the most virulent.  Virulence was dependent on the 

presence of the GBS capsule, surface anchored lipoteichoic acid (LTA) and toxin 

production, as infection with GBS mutants lacking these factors resulted in little to 

no mortality. Additionally, interleukin-1b (il1b) and CXCL-8 (cxcl8a) were 

significantly induced following GBS infection compared to controls. We also 

visualized GBS outside the brain vasculature, suggesting GBS penetration into 

the brain during the course of infection. Our data demonstrate that zebrafish 

larvae are a valuable model organism in which to study GBS pathogenesis.  
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Introduction 
	  

Streptococcus agalactiae, also known as Group B Streptococcus (GBS), is 

a leading cause of severe, invasive bacterial infection in human newborns. 

Neonatal infection can present as early-onset or late-onset disease. In early-

onset cases, bacteria are transferred from the mother to the infant in utero, 

following ascending infection of the placental membranes, or during passage 

through the birth canal, by aspiration of infected vaginal fluids1. Despite routine 

screening and administration of antibiotic prophylaxis in pregnant women to 

reduce GBS vaginal colonization and prevent transmission, infection rates remain 

high2. Late-onset GBS disease can occur in infants up to several months old, and 

is distinguished by bloodstream infection with a high rate of progression to 

meningitis3. Infants that survive GBS meningitis can suffer long-term neurological 

sequelae, such as seizures, blindness, hearing loss and cognitive impairment. To 

cause meningitis, GBS must interact with, and penetrate the blood-brain barrier 

(BBB)4. The BBB is primarily comprised of a single layer of specialized brain 

microvascular endothelial cells (BMEC) and serves as a critical barrier to 

separate the surrounding tissues from the circulating blood and protect the 

central nervous system (CNS) against invading microorganisms 4. Previously we, 

and others, have described a number of bacterial factors that promote GBS 

virulence and BBB penetration including the polysaccharide capsule5, pili6, 

HvgA7, serine rich repeat (Srr) proteins8,9, lipoteichoic acid (LTA)10, b-
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hemolysin/cytolysin (β-h/c)11, and fibronectin binding proteins (SfbA)12. Further, 

disease progression is exacerbated by neutrophils that are recruited to the site of 

infection and contribute to BBB dysfunction and the development of meningitis by 

further destruction of the BBB and greater cytokine production (as reviewed in4). 

  Although studies using tissue culture and small animal challenge models 

have enhanced our understanding of the molecular pathogenesis of GBS 

disease6,7,9-13, limitations exist in live imaging and tracking of disease progression 

in real time. Over the last decade, zebrafish (Danio rerio) have emerged as a 

valuable tool for modeling a number of human diseases14,15. Zebrafish are easy 

to genetically manipulate, lay large clutches, and are transparent for the first 

week of life. Additionally, the zebrafish and mammalian innate immune systems 

are striking similar16-18. GBS infection in adult zebrafish has been described, and 

infected adult fish exhibit mortality, cerebral edema, and bacteria in the brain19. 

However, to date GBS infection of zebrafish larvae has not been described. Here 

we examine GBS infection in zebrafish larvae at three days post fertilization (dpf). 

We show that zebrafish larvae are susceptible to GBS, and that bacteria are able 

to cross the BBB. Furthermore, bacterial mutants that are deficient in virulence 

factors are attenuated in the larval model. These findings propose a novel system 

for examining GBS virulence in zebrafish larvae, which allow for the visualization 

of infection in vivo.   
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Materials and Methods 
Bacterial strains 

The Streptococcus agalactiae (GBS) highly virulent clinical isolate COH1 

(serotype III, sequence type (ST)-17)20, NCTC10/84 (V)21, and A909 (Ia)22 were 

used. GBS mutants on the COH1 background are deficient in anchored LTA, 

COH1Δiag10, capsule, HY10623, and β-h/c production, COH1ΔcylE11. Generation 

of GFP expressing GBS, COH1-GFP, was described previously12. GBS was 

grown in Todd Hewitt Broth to mid-log phase OD600=0.4 and harvested by 

centrifugation. Pellets were washed, suspended in PBS, and diluted to desired 

concentration for injection into zebrafish larvae.  

Zebrafish Stocks and Larvae  

AB* and Tg(flk1:ras-cherry)s896 zebrafish were mated, staged, and raised 

as previously described24,25. All fish were raised and maintained under the 

guidelines of the University of California San Diego Institutional Animal Care and 

Use Committee guidelines.  

Infection experiments 

 Groups of 11-15 zebrafish were used per condition. 3 dpf larvae were 

anesthetized with tricane (MS-222; Sigma) and put on a 2% agar plate with E3 

(5.0 mM NaCl, 0.17mM KCl, 0.33 CaCl, 0.33 MgSO4) for stabilization. 1 nl of 

diluted GBS was injected into the area surrounding the heart with a femtojet 

microinjector (Eppendorf). 3% phenol red (Sigma) was added to the GBS dilution 
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to visualize the injection. Fish were examined every 6 hours presence of a heart 

beat, or sacrificed at 48 h for cytokine analysis.  

Transcript analysis.  

At time of death, zebrafish larvae were homogenized in the first buffer RA1 

+ BME from the Machery Nagel RNA isolation kit. RNA isolation (Machery 

Nagel), cDNA synthesis was performed using the qScript kit from Quantas 

Biosciences and quantative PCR were performed using Quantas PerfeCTa 

SYBR Green FastMix run on the Bio-Rad CFX96 according to manufacturerʼs 

instructions. Primer sequences for IL-1β (il1b), CXCL-8 (cxcl8a)24, and elongation 

factor 1 alpha (ef1a)25 are as follows: il1b, F- 5ʼAGAATGAAGCACATCAAACC3ʼ, 

R-5ʼAATCCACCACGTTCACTTC3ʼ; cxcl8a, F-

5ʼGTCGCTGCATTGAAACAGAA3ʼ, R-5ʼCTTAACCCATGGAGCAGAGG3ʼ; 

ef1a, F-5ʼGAGAAGTTCGAGAAGGAAGC3ʼ, R-

5ʼCGTAGTATTTGCTGGTCTCG3ʼ.  Ef1a was used as a housekeeping gene. 

Gene expression in infected and mock-infected fish was normalized to uninfected 

control animals.  

Visualization of GBS zebrafish larvae  

Tg(flk1:ras-cherry)s896 or Tg(lysC:DsRed2)nz50 zebrafish were infected 

with GFP expressing GBS. At various time points fish were anesthetized as 

described above and mounted in 1.5% agarose. Fish were then imaged with a 

confocal microscope under 100X (Leica SPX using Leica LAS AF software). 
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Statistical analysis 

 GraphPad Prism version 5.0a was used for statistical analysis. Students t 

test was used to analyze significance. Statistical significance was accepted at 

p<0.05. 

Results and Discussion 
	  

To determine if GBS causes mortality in zebrafish larvae, WT 

hypervirulent serotype III, sequence type (ST)-17 GBS (strain COH1) was 

injected into zebrafish larvae at 3 dpf. Zebrafish larvae were injected with 101, 

102, or 103 CFU GBS, and control fish were injected with PBS alone. Mortality of 

the larvae was dose-dependent. An MOI of 102 CFU represented an LD50, and an 

MOI of 103 CFU resulted in 100% larval death by 36 hours (Fig. 1A). For all future 

experiments a dose of 102 CFU was used. To determine if infection with other 

clinically relevant GBS strains would also result in larval death, we infected larvae 

with 102 CFU serotype V (NCTC 10/84) and serotype Ia (A909). Both GBS 

serotypes resulted in increased mortality compared to PBS-injected larvae. 

However, at the same dose, the hypervirulent serotype III strain resulted in 

increased mortality compared to serotypes V and Ia (Fig. 1B). Next, we sought to 

determine whether characterized GBS virulence determinants, which contribute 

to disease pathogenesis in murine models of infection, also promote virulence in 

the zebrafish larval model. We examined GBS mutants in the serotype III 

background (COH1), which were deficient in capsule (HY106)5, the b-h/c toxin 
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(ΔcylE)11, and properly anchored LTA (Δiag)10.  We observed that all of these 

mutants were attenuated in zebrafish larvae (Fig. 1C). Infection with GBS 

mutants lacking capsule and anchored LTA resulted in very little to no mortality, 

respectively. Infection with the ΔcylE mutant resulted in 43% mortality by 72 hpi 

compared to 76% mortality induced by the WT strain.  These results are 

consistent with previous studies in mice and adult zebrafish demonstrating the 

capsule is a virulence factor required for GBS survival in the bloodstream5,19. 

Further, the iagA gene has been demonstrated to be critical for anchoring LTA on 

the GBS surface and promoting GBS invasion of the BBB endothelium10. During 

experimental meningitis in the mouse model, we have previously observed that 

GBS induces pro-inflammatory signaling molecules, including those responsible 

for neutrophil recruitment and activation11,13. Therefore we sought to examine 

whether GBS induces in a similar upregulation of pro-infammatory cytokines and 

chemokines in zebrafish larvae.  Following GBS infection, we extracted RNA 

from larvae and analyzed transcript levels of interleukin-1b and CXCL8 by real 

time qPCR at 48 h post infection (hpi). IL-1b and CXCL-8 transcript were 

significantly induced compared to PBS-infected controls (Fig. 1D). These results 

suggest that zebrafish larvae respond similarly to mice during disease 

progression in response to GBS infection.  
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Figure 3.1 GBS infection in zebrafish larvae. Dose-dependent survival of 
zebrafish larvae injected with GBS Serotype III (A). Survival of zebrafish larvae 
(n=24) in response to clinical isolates of GBS representing common serotypes 
(B). Survival of zebrafish larvae (n=26) in response to attenuated GBS mutants 
(C). Induction of il1b and cxcl8a transcript following GBS infection of zebrafish 
larve, n=6. Experiments were performed at least three times and combined 
experiments are shown. * p< 0.05.  
 

To further examine if GBS is able to cross the BBB of zebrafish larvae, we 

infected Tg(flk1:ras-cherry)s896 transgenic zebrafish with COH1-GFP. Larvae 

were examined 24 and 48 hpi. At 24 and 48hrs post infection we observed that 

GBS colocalize with the brain vasculature (yellow), and also observed GBS 

independent of the brain vasculature (green) (Fig. 2 A-D). Interestingly, 
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uninfected (saline treated) larvae appear to have increased vasculature 

compared to infected larvae. Further analysis is needed to determine if infection 

results in a developmental defect, apoptosis or decreased blood flow that could 

account for the observed decreased vascular density. During bacterial meningitis, 

neutrophils are known to migrate to the brain and contribute to disease 

pathogenesis. To determine if neutrophils are migrating to the brain in our 

infected fish, we infected Tg(lysC:DsRed2)nz50 transgenic fish with GBS and 

examined the neutrophil migration during infection. Interestingly at all time points 

observed, we found that the neutrophils migrate to the site of injection (Fig. 2 E-

F). These results suggest that GBS is able to exit the vasculature and gain 

access to the brain in zebrafish larvae, however neutrophils are recruited to the 

injection site where the majority of bacteria are present.  

Here we describe a new model to examine GBS disease progression 

using zebrafish larvae. Our results recapitulate findings of GBS infection in mice 

and adult zebrafish 19. The ability to image and monitor the infection process in 

vivo makes the zebrafish larvae a powerful model for studying host-GBS 

interactions.  
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Figure 3.2 Visualization of GBS in the vasculature. Tg(flk1:ras-cherry)s896 fish 
were injected with GFP-GBS or a vehicle control. At 24 hours (A-B) and 48 hpi 
(C-D) GBS is present outside the endothelium of the brain. Tg(lysC:DsRed2)nz50 
fish were injected with GFP-GBS or vehicle control. At all time points assessed, 
granulocytes migrated to the site of injection, 24hpi shown (E-F). Scale bar = 
100uM. The blue arrow points to GBS localized with the vasculature. White 
arrows point to GBS that does not co-localize with the vasculature. Yellow arrow 
points to the injection site. Experiments were repeated at least three times and 
representative images are shown. 
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Preface 
	  
 The data presented in Chapter 4 will eventually become a research article 

highlighting the contribution of GBS induced ceramides in penetration of the BBB. 

Chapter 4 addresses Aim 3a: Determine if GBS infection results in surface 

ceramide on brain endothelium. Here we demonstrate by flow cytometry and 

immunofluorescence that GBS induces surface displayed ceramides on brain 

endothelium using our hBMEC in vitro model. Furthermore, blocking the enzyme 

responsible for generating surface displayed ceramides results in less ceramide 

production. Chapter 4 also addresses Aim 3b: Provide evidence that ceramides 

contribute to GBS meningitis. We approached this aim through the use of the 

drug Amitriptyline, a FDA approved drug known to block ceramide production. 

Amitriptyline treatment resulted in less GBS invasion, less IL-8 secretion, and 

less bacteria migrating to the brains of infected mice. These findings provide 

evidence for the potential of repurposing a known, approved drug that may be 

used in concert with current treatment strategies to prevent bacterial meningitis.  
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Abstract 
	  

Ceramide platforms are clusters of ceramides on a cell surface that 

function to cluster receptors. These platforms contribute to signal transduction by 

amplifying potential signals and promoting the localization of signaling molecules. 

Previously it has been shown that another important meningeal pathogen, 

Neisseria meningitidis, promotes ceramide platforms on human BMEC (hBMEC) 

and this promotes bacterial invasion. We hypothesized that a similar mechanism 

may be employed by GBS. Bacterial meningitis a serious infection of the central 

nervous system (CNS) and represents a significant amount of morbidity and 

mortality. Streptococcus agalactiae (Group B Streptococcus, GBS) is a major 

contributor to neonatal meningitis. To cause bacterial meningitis, blood-borne 

bacteria must interact with, and penetrate the blood-brain barrier (BBB) that is 

comprised of specialized brain microvascular endothelial cells (BMEC). Using 

flow cytometry and immunofluorescence we show that GBS induces surface 

ceramide platforms on the hBMEC surface. To block ceramide production, we 

have utilized the drug Amitriptyline to inhibit acid sphingomyelinase, an enzyme 

responsible for ceramide production. Interestingly, we find that treatment of 

hBMEC with Amitriptyline blocks GBS induced surface ceramide production. 

Furthermore, we find that Amitriptyline treatment inhibits GBS uptake into 

hBMEC as well as IL-8 secretion during infection.  These data suggest that 

ceramide platforms may contribute to GBS activation and invasion of hBMEC 
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during bacterial interaction with BBB endothelium. We sought to confirm our in 

vitro finding in vivo using our murine model of GBS meningitis. Preliminary results 

suggest that Amitriptyline treatment may lower bacterial load in the brains of 

infected mice. Taken together these findings suggest that ceramide platforms are 

critical for promoting interactions between bacterial pathogens and the BBB. 

Future studies seek to further characterize these platforms and identify specific 

host receptors that are critical for GBS-BBB interaction.  
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Introduction 
	  

Bacterial meningitis is a serious infection of the central nervous system 

(CNS)1. To cause bacterial meningitis, blood-borne bacteria must interact with 

and penetrate the blood brain barrier (BBB)2,3. The BBB is comprised of highly 

specialized brain microvascular endothelial cells that function to regulate the 

passage of critical nutrients and molecules. Importantly, in addition to a 

formidable physical barrier, the BBB functions as a first responder during 

meningitis to activate important innate immune cells2,3. Disruption of the BBB is a 

hallmark of bacterial meningitis2,3. Specifically, this chapter seeks to understand 

mechanisms by which pro-inflammatory signal transduction cascades may be 

triggered by meningeal pathogens.  

Group B Streptococcus (Streptococcus agalactiae, GBS) is the leading 

cause of neonatal meningitis effecting up to 1000 births per year3-5. As a major 

meningeal pathogen, GBS possesses the ability to interact with, and penetrate 

the BBB3-5. Over the past decade, much research has been conducted to 

discover virulence determinants of GBS that promote progression to meningitis6. 

Of the virulence factors discovered, many of them such as FbsA7, SfbA8, and 

PilA9 bind components of the extracellular matrix (ECM), and that these may act 

as a molecular bridge to promote BBB interaction. In particular, PilA has been 

demonstrated to use collagen as a molecular bridge to engage integrins on 

BMEC9. Integrins are a family of transmembrane receptors that bridge cell – 
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ECM components. Integrins exist as heterodimeric subunits and on the cytosolic 

side organize and phosphorylate non-receptor tyrosine kinases (nRTKs)10. 

nRTKs have been implicated in bacterial activation of the host innate 

immunity11,12. Interestingly, it has been shown that other bacterial meningeal 

pathogens may also engage integrins promoting signaling events leading to 

immune activation9,13. Many of these nRTKs such as Focal adhesion kinase, Src, 

Akt, etc contribute to inflammatory signaling through NFκB as well as MAPK14. 

These pathways are critical for GBS activation of the BMEC, as well as contribute 

to neutrophil recruitment and further BBB disruption9. These findings highlight the 

importance of host receptors and signaling pathways activated at the BBB during 

infection.  

Ceramides are a conserved second messenger that plays roles in many 

biological processes15-17. Ceramide consists of an N-acylsphingosine made up of 

a fatty acid bound to an amino group of sphingosine. The fatty acid chain length 

can vary, and can alter the physical properties of an individual ceramide18,19. It is 

thought that the ceramides produced invoke membrane tension across the outer 

leaflet that the inner leaflet cannot sustain20. This difference in membrane tension 

then creates membrane invaginations that may recruit other factors such as 

caveolin21. Depending on the stimulus, ceramide can be generated from 

sphingomyelinases (SMase). Acid sphingomyelinase (ASMase) is an enzyme 

that catalyzes sphingomyelin (SM) into ceramides22. There are two forms of 
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ASMase found in eukaryotic cells, a lysosomal form known as L-ASMase, and a 

secretory form known as S-ASMase23. While both of these forms share a 

common precursor protein, they are trafficked differently and serve different 

functions24. Important for this work, it is believed that the S-ASMase is 

responsible for generating the majority of stress signaling at the cell membrane25.  

When activated, S-ASMases localize to the exocytoplasmic membrane 

where its substrate SM is found in abundance26-28. The presence of an active 

ASM results in the production of ceramides that then aggregate into platforms 

that create depressions in the plasma membrane that function to concentrate 

receptors25. This concentration of receptors in ceramide rich platforms is believed 

to be an important process in functional signal transduction25-27. It is clear that 

ceramide platforms contribute to efficient signal transduction, and help amplify 

signals that would otherwise be insignificant to change anything within a cell.  

There are a range of pathogens including bacteria and viruses that utilize 

ceramide rich platforms to infect host cells. These platforms have been shown to 

play roles in internalization, alterations of the endocytic pathway, viral budding, 

immune signaling, and apoptosis29. One of the first pathogens described to 

activate ASMase was Neisseria gonorrhoeae as it was able to induce ceramide 

release and promote internalization into non-phagocytic cells30 and the same 

holds true for E. coli31. Importantly, cells that lacked ASM failed to be susceptible 

to Neisseria gonorrhoeae infection32. In Pseudomonas aeruginosa, ceremide 
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platforms have been shown to play critical roles in pathogen invasion33, NFκB 

translocation, and apoptosis34. Thus many of these pathogens are able to 

critically alter host ceramide platforms to promote interactions with the host cells. 

However, until recently, there was no evidence of meningeal pathogens altering 

ceramide on brain endothelial cells.  The important meningeal pathogen 

Neisseria meningitidis was shown to activate ASM and increase ceramide 

platforms on the surface of BMEC35. These ceramide platforms seemed to play a 

critical role in the invasion of the meningococcus into BMEC, an important step 

for disease progression35. In this chapter we seek to determine if this may be a 

general mechanism for pathogen interaction with the BBB and will examine if 

GBS is able to induce ceramide platforms on BMEC, and if these platforms 

contribute to GBS meningitis.  

Materials and Methods 
	  
Cell lines and bacterial strains  

 Streptococcus agalactiae (GBS) highly virulent clinical isolate COH1 

(serotype III, ST-17) was primarily used for the experiments36, along with other 

GBS serotypes, NEM 316 (serotype III, ST-23)37, and A909 (serotype Ia). All 

GBS strains were grown in Todd-Hewitt Broth (THB). Immortalized human bran 

microvascular endothelial cells (hMBEC) were cultured in RPMI 1640 containing 

10% fetal bovine serum (FBS), 10% NuSerum, and 1% nonessential amino acids 

as described previously38-40.  
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Antimicrobial assays and growth curves 

Minimal inhibitory concentration assays were determined in a 96 well plate format 

as described previously41. Bacterial strains were grown to mid-log phase and 

diluted 1:100 and inoculated into various concentrations of Amitriptyline. Bacterial 

growth was measured after 24 hours incubation at 37°C at OD600 on a 96-well 

plate reader. Overnight cultures of GBS were grown and diluted 1:100 into THB 

containing varying concentrations of Amitriptyline, and monitored at OD600 every 

30 min until stationary phase was reached.  

Infection assays 

 hBMEC were grown to confluency on collagenized 24-well plates 

(Corning). GBS was grown to OD600 0.4, pelleted, and washed in PBS to an 

OD600 of 0.4. Bacteria were then inoculated to 24-well plates of confluent 

hBMEC, and incubated for time points shown. Following infection time for flow 

cytometry analysis hBMEC were washed, trypsinized, and cells were collected 

for FACS staining as previously described35. Following infection for ELISA, 

hBMEC supernatants were collected and frozen as previously described9 and 

samples were analyzed using standard protocols using the R&D kit.  For invasion 

assays, after a 2hr initial incubation at 37°C with 5% CO2, monolayers were 

washed three times in PBS, and 1ml of cell media containing 100ug/ml 

gentamicin and 5ug/ml penicillin. Following a second 2hr incubation at 37°C with 
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5% CO2, monolayers were washed three times and GBS was enumerated as 

previously described40.   

Flow cytometry  

 Flow cytometry was performed as described previously35. Briefly, hBMEC 

were washed twice in PBS, trypsinized, and resuspended in cold 1% FBS. Cells 

were pelleted and brought up in 1% FBS containing mouse mAb anti-Ceramide 

IgM antibody (mAb 15B4) 1:30 and incubated for 30 min at room temperature. 

Following primary staining, cells were washed in PBS and stained in 1% FBS 

with anti-IgM Alexa Fluor 647 secondary antibody for 30 min at room 

temperature. Following secondary staining, cells were washed in PBS, and 

brought up in 400μl 1% FBS for flow cytometry. Stained hBMEC were analyzed 

using a FACScanto and analyzed using FlowJo software.  

Florescence microscopy 

 Staining and imaging were performed as described previously35. Briefly, 

hBMEC were grown on cover slips to confluence and infected as described 

above. Following infection, monolayers were washed with three times with PBS 

and fixed for 15min with 4% paraformaldehyde in PBS. For staining, fixed cells 

were blocked in 10% FBS in PBS for 1hr, followed by staining with anti-ceramide 

IgM antibody mAb 15B4 1:50 for 1hr. After staining, cover slips were washed 

three times in PBS and mounted using VectaShield (Vector Labs) with DAPI. 
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These were imaged using a Zeiss 710 Confocal microscope and processed using 

the Zeiss Zen software.  

Murine model of hematogenous meningitis 

 As previously described, a mouse model of GBS meningitis9,38. 6-8 week 

old male CD1 mice were injected i.v. with 2 x 108 CFU of WT GBS. Every 6 hours 

beginning with the injection of GBS, mice were either injected with 10mg/kg 

Amitriptyline or a PBS vehicle control. At 48 hours post infection, mice were 

euthanized, and brain, blood, and lung tissue was collected for bacterial 

enumeration.  

Results 
	  
GBS induces surface ceramide production in hBMEC 

 Previous work has shown that bacteria can induce ceramide production in 

host cell types29-31,33, and that the meningeal pathogen Neisseria meningitidis 

can induce ceramide production in hBMEC35. To determine if ceramides are 

displayed on the surface of hBMEC during GBS infection, we infected hBMEC 

monolayers with GBS at an MOI of 10 for various time intervals. hBMEC were 

then stained for ceramide using an anti-ceramide antibody, and analyzed using 

flow cytometry. At all time points tested, up to 4 hours, hBMEC exhibited surface 

ceramides at levels higher then the control (Figure 1A, B). Next, to visualize 

ceramides present on the surface, we infected hBMEC that had been seeded on 

a 24 well glass cover slip. After infection, cells were fixed and stained for surface 
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expressed ceramides. As shown in Figure 1C, GBS induced ceramide presence 

on the surface of hBMEC. 

 

Figure 4.1 Group B Streptococcus induces surface ceramide on hBMEC. 
(A) hBMEC stained for surface ceramide. Flow cytometry histograms comparing 
each infected time point (blue) with the control uninfected cells (red). (B) Mean 
florescent index normalized to control values graphed, show that GBS induces 
surface ceramide production. (C) hBMEC stained for ceramide. Control panel 
(left) shows little ceramide staining while infected hBMEC (right) shows greater 
ceramide staining (400x). Experiments were performed at least three times with a 
representative experiment shown. 
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 To examine if other GBS strains can also induce ceramide production, 

other clinical isolates were tested for surface ceramide production. Interestingly, 

every isolate tested resulted in elevated levels of ceramide on the surface, 

however not as much as the hypervirulent ST-17 GBS strains (Figure 2). 

Furthermore, ceramide detection was not likely due to GBS containing ceramide 

in its membrane, as GBS did not exhibit ceramide staining when compared to 

isotype stained control bacteria (Figure 3). Taken together, these data suggest 

that GBS interaction with hBMEC is able to induce the production of surface 

ceramides on hBMEC.   

 

Figure 4.2 Other GBS clinical isolates induce surface ceramide display on 
hBMEC. (A) Different strains of GBS are able to induce ceramide in hBMEC as 
detected by flow cytometry. COH1 Type III ST-17 seems to be able to induce the 
highest levels (left), A909 Type 1a and NEM316 Type III ST-23, induce less 
levels of ceramide (center and right). (B) Mean fluorescence index normalized to 
control of flow histograms COH1 (right), A909 (center), and NEM316 (left).  
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Figure 4.3 GBS does not induce ceramides on itself. (A) Histograms of GBS 
stained for ceramide (blue) vs an isotype control (red).  
 
Amitriptyline inhibits GBS induced surface ceramide production 

 There are a few different pathways by which ceramides can be produced. 

As described above, ceramide can be produced through the neutral 

sphingomyelinase (NSMase) or the acid sphingomyelinase pathways 

(ASMase)22,23. Based on previous work done examining bacterial infection and 

ceramide production, we decided to focus on the ASMase as a potential mediator 

for ceramide production35. To determine if ASM is involved with GBS induced 

ceramide production, we treated hBMEC with the known ASM inhibitor 

amitriptyline. Amitriptyline is an attractive pharmacological inhibitor for these 

studies because it is a known specific ASM inhibitor that is water soluble, and 

has been used in the clinic for decades as an FDA approved anti-depressant42. 

Treatment of hBMEC with amitriptyline prior to GBS infection resulted in a dose 

dependent decrease in ceramide production (Figure 4A and B). To determine if 
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GBS growth was altered by Amitriptyline, growth curves and MIC assays were 

performed, however at all concentrations used there was no growth defect 

(Figure 5A and B). These results suggest that ASM contributes to GBS induced 

ceramide production, and that ceramide platforms may be inhibited using the 

commonly used drug Amitriptyline.  

 

 

Figure 4.4 Amitriptyline treatment of hBMEC results in less ceramide 
production during GBS infection. (A) Control and Amitriptyline treated hBMEC 
were infected with GBS. 10μM and 50μM (center and bottom) Amitriptyline 
treated hBMEC showed a reduction in ceramide shifts when compared to the 
control 0μM treated cells (top). Red histograms represent uninfected, and blue 
histograms represent infected. (B) Normalized mean fluorescent indices show 
that Amitriptyline treatment inhibits GBS induced ceramide production. 
Experiments were performed at least twice, a representative experiment is 
shown.  
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Figure 4.5 Amitriptyline does not change GBS growth. (A) GBS growth curve 
in THB media in normal conditions. (B) Amitriptyline MIC shows no inhibition of 
growth in concentrations used up to 100μM.  
 
Inhibition of ceramide production reduces GBS invasion of hBMEC and cytokine 

secretion 

 Since Amitriptyline treatment reduced GBS induced ceramide production 

in hBMEC (Figure 4), we next wanted to examine if treatment affected bacterial 

adherence and/or invasion in brain endothelium. We assessed GBS adherence 

and invasion following Amitriptyline treatment as described in materials and 

methods. Interestingly, the addition of Amitriptyline did not affect GBS adherence 

(Figure 6A) but resulted in a significant decrease in the ability of GBS to invade 

hBMEC, (Figure 6B). Knowing that chemokine secretion is an important aspect of 

the progression of meningitis, we next sought to determine if blocking ceramide 

production could reduce the amount of IL-8 chemokine was produced by hBMEC 

during GBS infection. As shown in Figure 6C, treatment with Amitriptyline 

inhibited GBS induced IL-8 secretion as detected by ELISA. These data support 

the hypothesis that GBS induced ceramide production may contribute to bacterial 
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BBB penetration and the overall disease progression of bacterial meningitis. 

Further, blocking ceramides with Amitriptyline may attenuate the disease 

outcome by inhibiting bacterial invasion and chemokine secretion.  

 

 

Figure 4.6 Inhibition of ASMase reduces IL-8 secretion, and GBS invasion 
into hBMEC. (A) Inhibition of ASMase with amitriptyline reduces GBS invasion of 
hBMEC in a dose dependent fashion. (B) Amitriptyline also reduces IL-8 
secretion induced by GBS. Experiments were performed at least three times, a 
representative experiment is shown. Data was analyzed by two-way ANOVA, * p 
< 0.05, ** p < 0.01, *** p < 0.001.  
 
Amitriptyline may reduce GBS BBB penetration in vivo during experimental 

meningitis  

 To examine if blocking ASMase in vivo would impact disease progression, 

we employed our murine model of bacterial meningitis as previously 

described9,38,39. Mice were injected i.p. with 10mg/kg Amitriptyline prior to GBS 

infection, then continued to receive Amitriptyline (10mg/kg) at 12 hour intervals. 

Blood was taken at 24 hours to assess infection, and mice were sacrificed at the 

48-hour time point. Blood, lung and brain were collected, homogenized, and 

plated for assessment of bacterial loads in the respective tissues. Interestingly, 

blood showed no difference in amount of GBS at 24 or 48 hours (Figure 7A and 
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B), however lung and brain showed a trend toward lower bacterial counts present 

(Figure 7C and D).  While this experimentation requires further optimization, 

these data suggest that blocking ceramide production may prove to be a useful 

tool to control GBS infection in vivo. Furthermore, the fact that Amitriptyline is an 

already approved FDA antidepressant drug provides the opportunity for 

repurposing of a known substance for the treatment of infectious disease.  

 

Figure 4.7 Amitriptyline in a murine model of meningitis. Mice were treated 
with 10mg/kg Amitriptyline every 12 hours or a PBS vehicle control, followed by 
infection with GBS i.v. n=10 (A) Blood taken from mice at 24 hours shows no 
difference in bacterial loads. (B) Blood taken at the endpoint 48 hours shows no 
difference. (C) Bacterial loads in the lung show a slight trend to less in the 
Amitriptyline group. (D) Bacterial loads in the brain show a stronger trend to less 
bacterial loads in the brains of the Amitriptyline group. Experiment was performed 
once.  
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Discussion 
	  
 GBS remains an important human meningeal pathogen despite recent 

advances in the understanding of the disease as well as the pathogen itself6,43. 

Understanding the molecular mechanisms that contribute to disease progression 

is critical in the development of novel molecular intervention. It has been 

understood that bacteria may utilize ceramides presented on the surface of a 

host cell to promote its interaction or entry into that cell30,31,35. Ceramides are 

important molecules at the cell membrane as they are able to aggregate 

receptors that are critical for meaningful signal transduction25-27. Acid 

sphingomyelinases contribute to ceramide production on the cell surface and 

promote the formation of ceramide rich platforms22. Bacteria are able to activate 

ASMase through unknown mechanisms, and subsequently promote ceramide 

platform formation35. Here we describe that ASMase may contribute to GBS 

induced ceramide production on hBMEC that may contribute to disease 

progression. Since the neutral sphingomyelinase is primarily responsible for 

ceramide production on the inside leaflet of the plasma membrane22 it is unlikely 

that it plays a role in the surface ceramides observed here.  

 All of the strains of GBS tested seem to activate the production of 

ceramide on hBMEC (Figure 2), however interestingly, the hypervirulent type III 

MLST-17 strain induced the most surface detected ceramide. This difference 

may represent a critical molecular determinant of the hypervirulence of this 
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particular strain. Recent genomic analysis has revealed two interesting surface 

expressed virulence factors that are unique to this hypervirulent clone, they are 

Srr2 and HvgA44. It would then be interesting to determine if these specific 

virulence factors may be responsible for surface ceramide production, or are 

important bacterial factors that interact with host receptors present in ceramide 

platforms during bacterial meningitis.  

 Our data suggests that ASMase contributes to GBS induced surface 

ceramide on hBMEC. Blocking ASMase with the known inhibitor Amitriptyline 

reduced ceramide levels during infection with GBS. This finding is in line with 

previous work that has been done on other bacterial pathogens specifically 

activating ASMase and not other sphingomyelinases35. This hypothesis is 

consistent as the secreted version of ASMase is the only one known to associate 

with the outer leaflet of the cell membrane. Furthermore, blocking the ceramide 

production using Amitriptyline resulted in less GBS invasion on hBMEC as well 

as significantly less IL-8 production. These findings are potentially noteworthy 

because it has been shown that IL-8 and other chemokines contribute to a 

functional neutrophilic response that increases the permeability of the BBB as 

seen by tracer molecules9. Reduction in IL-8 secretion could be seen as a 

potentially therapeutic factor as the in the same publication, we show that 

depletion of neutrophils promoted greater BBB integrity9. In this system however, 

it would be interesting to determine if invasion and IL-8 secretion are cooperative. 
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Finally we found that Amitriptyline treatment of mice may have a protective role in 

reducing bacterial penetration of the brain. These findings may be important to 

develop some novel therapeutic interventions. While targeting the host ASMase 

may seem attractive given our data, it may have detrimental effects by inhibiting 

normal ceramide platforms from forming on leukocytes assisting in their 

activation. However, if a bacterial factor was discovered that specifically 

promoted ASMase activity in the brain endothelium, this could be a novel 

attractive target to promote a beneficial patient outcome.  

 Lastly, our work demonstrates the need for further examination of the 

intimate interaction between GBS and the BBB. It has been previously shown 

that the GBS invasion process is an active process and can be inhibited by 

blocking active actin rearrangement in hBMEC. This suggests that the cell itself is 

being stimulated to uptake the bacteria. Since blocking ceramide platform 

formation is also able to significantly reduce invasion of GBS into hBMEC, it will 

be critical to determine the cohort of receptors that are present in the ceramide 

platforms of hBMEC. Currently, work has been done to show that ceramide 

platforms serve to cluster receptors such as CD40/45 complexes45,46  and 

CD9547. During infection however, it is known that P. aeruginosa is able to cluster 

CD95 and CFTR to promote apoptosis in lung epithelium. This apoptosis was 

shown to be ceramide mediated, as blocking ceramide production and 

subsequent clustering of these receptors seemed to block apoptosis48,49.   
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Identification of the bacterial binding partner of the specific receptor will 

further highlight a targeted interaction to inhibit. Interestingly, there is a GBS 

factor that seems to in some way be associated with ceramides. CAMP factor is 

a protein product of GBS that has been used for the identification of GBS in the 

clinic as CAMP factor increases the hemolysis of the Staphylococcus hemolysin, 

which is an active sphingomyelinase50. Other data seem to suggest that CAMP 

can interact with ceramide and sphingomyelin, yet doesnʼt direcly exhibit 

sphingomyelinase activity51.  Our findings agree with the current body of 

knowledge regarding bacteria and ceramide platforms35, while highlighting a 

potentially important interaction between GBS and the BBB.  
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Chapter 5: Conclusion of the Dissertation 
	  
 Group B streptococcus (GBS) is the leading cause of bacterial meningitis 

in the neonatal period1-3. While modern treatment has transformed bacterial 

meningitis from a uniformly fatal disease to an often-curable one, many of the 

survivors may continue to experience unfavorable outcomes such as mental 

retardation, blindness, deafness, or seizures4-6. In order to cause disease, GBS 

is thought to be vertically transmitted from mother to child, likely during 

childbirth7. As discussed above, to progress to meningitis, GBS must replicate to 

high levels in the blood stream, then interact with and penetrate the BBB1,3. While 

the BBB represents a formidable cellular barrier, its failure during bacterial 

meningitis is poorly understood.  

 To date, the exact molecular mechanisms of how bacteria such as GBS 

are able to penetrate the BBB have not been fully elucidated, however much 

effort has been put into discovering novel interactions between GBS and the 

BBB. Most of these discovered interactions occur through bacterial surface 

organelles interacting with host receptors on the brain endothelial cells8-15. 

However, little is known about the exact cellular response to bacteria during 

bacterial meningitis. It has been shown that the activation of the innate immune 

response is a critical step in the progression to meningitis, and that the brain 
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endothelial cells contribute to this process8, however little is known about the 

other cellular processes that could be contributing to the disease progression.   

Summary of Results 
	  

Prior to the beginning of this dissertation, our knowledge of the complete 

cellular response of the BBB to meningeal pathogens was limited. The key 

finding of this dissertation was that the host transcription factor Snail1 is 

upregulated during infection with GBS and other meningeal pathogens (Chapter 

2)16. This finding highlights a novel, never before studied mechanism of BBB 

disruption during infection, and provides a unique understanding of tight junction 

destruction. Furthermore, we found that the Snail1 induction seems to be 

downstream of TLR2 / MAPK signaling cascades and blocking these pathways 

reduces Snail1 induction (Chapter 2, and Figure 1). These findings were 

consistent both in vitro and in our murine model of meningitis16.  

As Snail1 is embryonic lethal due to a defect in neural crest development 

very early in the embryonic stages of vertebrate development, we initially 

selected the zebrafish to study Snail1 functionally in vivo because of the relative 

quickness to generate inducible transgenic organisms To provide functional in 

vivo evidence for Snail1s involvement with tight junction destruction, we 

developed and utilized a zebrafish model of GBS infection17. To date, zebrafish 

have been used to study Streptococcus species disease in fish, with a single 

paper demonstrating ability to utilize this model in the context of GBS bacterial 
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meningitis18. In Chapter 3 we have developed a larvae model of GBS infection 

that utilizes the power of the zebrafish larvae. Here we are able to show that GBS 

is able to kill zebrafish in a manner consistent with our current murine model. 

Mutants found to be attenuated are also attenuated in zebrafish. Finally, we are 

able to visualize GBS outside of the zebrafish brain vasculature in real time17. 

Using this model, we developed a transgenic zebrafish that expresses an 

inducible dominant negative form of Snail1. To our knowledge this is the first time 

that this gene has been manipulated in a transgenic animal. Upon heat shock 

induction this transgenic fish exhibited more tight junction expression, as well as 

was significantly rescued after infection with GBS, suggesting that more tight 

junctions were protective (Chapter 2)16.  
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Figure 5.1 Schematic of dissertation findings. Summary of Chapter 1 findings 
(left) show GBS activating Snail1 repressor that functions to disrupt tight 
junctions. Summary of Chapter 4 findings (right) GBS induced ceramide 
platforms contribute to GBS invasion and IL-8 secretion.  
 

Identifying the bacterial factor responsible for Snail1 induction would be an 

important step in understanding the molecular mechanisms governing this 

process as well as defining new therapeutic targets. Interestingly, examination of 

known GBS mutants that are attenuated in the development of meningitis 

phenotype show no difference in GBS induced Snail1 expression (Figure 5.2A-

B). However in Chapter 2 we attempted to stimulate Snail1 expression using 

killed GBS. We found that dead (formalin fixed) bacteria, is able to stimulate 

Snail1 expression at levels similar to WT live GBS16. These findings suggest that 
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the bacterial factor does not need to be actively secreted for induction, and were 

confirmed by the observation that cell wall extracts isolated from GBS were 

sufficient to induce Snail1. Given that TLR2 had a role in activating Snail1 

expression, we then hypothesized that the lipoteichoic acid (LTA) of GBS may be 

stimulating expression since they are ligands of TLR2. Crude LTA extracts from 

GBS seemed to also induce Snail1 expression (data not shown), however further 

purification would be necessary to determine how involved the GBS LTA is with 

Snail1 induction.  

 

Figure 5.2 Snail1 expression with GBS mutants is unchanged. qPCR results 
from infected and control hBMEC examining Snail1 expression. No mutants show 
a difference in Snail1 expression as detected by qPCR. Experiments were 
performed at least three times. Data was analyzed using ANOVA, * p < 0.05, ** p 
< 0.01.  
 

In Chapter 4 we examine the roles of surface expressed ceramides during 

GBS infection. Ceramides are an interesting aspect of cell biology as they are 

able to coordinate the accumulation of surface receptors as well as promote 
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functional signal transduction19. Interestingly, we found that GBS is able to induce 

surface ceramides on the brain endothelial cells in culture (Chapter 4, and Figure 

1). Furthermore pharmacological inhibition of the enzyme responsible for the 

generation of ceramides, ASMase, results in less GBS induced surface ceramide 

as well as less bacterial invasion, and less IL-8 secretion (Chapter 4, and Figure 

1). The data produced here suggest that the ceramide induced membrane 

depressions may be critical for bacterial internalization, as well as the signaling 

cascades involved with immune activation. These findings are consistent with a 

previous study showing that another meningeal pathogen Neisseria meningitidis, 

is able to induce ceramide platforms on BMEC with the result of promoting 

bacterial internalization20. Excitingly, the pharmacological drug we used in our 

studies, Amitriptyline, is FDA approved, and currently used as an antidepressant. 

Utilization of Amitriptyline in our murine model of GBS meningitis resulted in a 

modest decrease of GBS penetration into the brain. These exciting results, 

though preliminary, suggest a potential role of repurposing a known 

antidepressant for maintaining BBB integrity during GBS infection.  

Future Studies 
	  
 There are numerous follow-up studies that arise from the data generated 

in this dissertation. Understanding the BBB response is crucial to the generation 

of novel therapeutic interventions. This dissertation begins to understand the host 

brain endothelial cellular response to meningeal pathogens that could lead to 
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future discovery. While elucidating the mechanisms for brain endothelial 

response to these pathogens is a critical first step, it is also important to consider 

the other cells that comprise the neurovascular unit. As discussed above, there 

are many different cells that function to promote neurovascular function from the 

endothelial cells, to astrocytes, pericytes, microglia, and neurons. Future work 

should be aimed at examining the response of the neurovascular unit as a whole 

instead of a single cell approach. Recently, advances in in vitro technologies 

have allowed researchers to model the cells of the NVU21. Specifically, there 

have been breakthroughs in stem cell biology that have allowed researchers to 

better model exhibiting better tight junction and transporter ability than the current 

immortalized in vitro models21,22. Application and examination of these new 

models to infectious disease have yet to be conducted.  

 Specifically, future studies involving Snail1 and the BBB have great 

interest as follow-up work to this dissertation. First, as discussed above, the 

specific bacterial factor responsible for BBB activation of Snail1 should be 

identified. We have attempted to take a biochemical approach isolating LTA from 

the cell wall extracts of GBS, however a more robust method is required. The 

specificity of the LTA may be important as another Gram-positive bacterium, 

Staphylococcus aureus, does not induce Snail1, and neither does the 

commercially available Staphylococcus LTA (data not shown). Isolation of pure 

GBS LTA may be required to confirm its specificity of action on Snail1 activation. 
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Interestingly there have been a few key differences found between S. aureus 

LTA vs GBS LTA. Henneke et. al. 2005 found that GBS LTA contains a relatively 

short glycerophosphatate repeat compared to S. aureus, as well as only D-

alanine in the polyglycerophosphate backbone compared to D-alanine and N-

acetyl-glucosamine found in S. aureus and other Streptococcus species23. 

Further structural analysis could provide evidence of how Snail1 is being 

activated by GBS LTA. While our evidence suggesting GBS LTA contributes to 

Snail1 induction is compelling, it seems slightly circumstantial as the Δiag mutant 

still produces LTA, however does not anchor it properly9. A different biochemical 

approach we could utilize to determine the specific factor, would be to collect the 

cell wall extracts of the Δiag mutant and the WT and do differential proteomics to 

discover any proteins that are present in the WT extract vs the Δiag extract. We 

could then utilize mass spectrometry protein sequencing to find which protein is 

differentially present. To determine if a different GBS factor may play a role, we 

could also take a genetic approach to discover the bacterial factor responsible for 

Snail1 induction. We are currently in the process of generating a BMEC reporter 

cell line that will fluoresce green when the Snail1 promoter is activated. Using this 

cell line we will be able to screen previously generated GBS transposon mutant 

libraries for mutants that fail to turn these reporter cells green. We could then 

identify which gene was disrupted by the transposon and examine the role for 

Snail1 induction.  
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 Toll-like receptor 2 (TLR2) is a common pattern recognition receptor found 

on many cell types of the host. It is known for detecting Gram-positive bacteria by 

recognizing the LTA on the bacterial surface24. Interestingly, as mentioned 

above, other pathogenic Gram-positive bacteria such as Staphylococcus fail to 

activate Snail1 in brain endothelial cells. Future work determining the signaling 

events specific to GBS infection down stream of TLR2 may be of interest to 

understand the mechanism behind this differential effect. Not all bacteria that 

survive in the bloodstream are capable of crossing the BBB and causing 

meningitis, therefore it would be interesting to understand if this differential 

regulation of host pathways may contribute to CNS tropism of different 

pathogens.  

 Other stimuli may also contribute to tight junction disruption and Snail1 

expression. We show that Snail1 expression is necessary and sufficient for tight 

junction disruption in the brain endothelium during infection. Interestingly there 

are other stimuli that may contribute to this Snail1 expression independent of 

TLR2. Of interest the collagen receptor discoidin domain receptor 2 (DDR2) 

seems to also signal through the MEK/Erk MAPK pathway to activate Snail1 

expression in other cell types25. Interestingly this receptor happens to also by 

upregulated by BMEC during GBS infection as seen by our microarray data (data 

not shown). Follow up studies involving this interesting receptor may provide 
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insight to a different signaling pathway responsible for activating and stabilizing 

Snail1 expression in BMEC.  

 Further confirmation of the role of Snail1 in vivo using  our murine model 

may prove to be useful to examine the potential modulation of Snail1 during 

infection.. Interestingly, since we have developed our zebrafish model, new tools 

have been developed that may be useful for studying a gene such as Snail1. 

Jackson Laboratories has constructed a Snail1 floxed mouse that is commercially 

available26. Furthermore, some labs in the USA have imported the tamoxofin 

inducible endothelial specific Cre expressing mouse27. Crossing these strains 

and inducing with tamoxofin after development would drive Cre excision of the 

Snail1 allele in the endothelial cells. These mice would be expected to have 

tighter tight junctions during infection, and likely greater BBB barrier function. An 

alternative to generating the specific knockout would be to use adeno-associated 

virues (AAV) vectors. Recently, peptide modified AAVs have been developed to 

deliver specific genes to the BBB of mice28. Utilizing these vectors and the 

delivery of specific genes has been shown to have a rescue effect on certain 

lysosomal disorders in mice29. Re-engineering these vectors could be utilized to 

deliver specific shRNA or CRISPR guiding RNAs to knockdown/out the Snail1 

allele in the brain endothelial cells of mice. This technique has the advantage as 

these vectors could be administered after development and there would be no 

breeding of mice. Each of these techniques has its advantages or disadvantages, 
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however collectively they would confirm our results in our mouse model of 

meningitis. These follow up studies would be also important to determine if the 

modulation of Snail1 in vivo could have rescue effects during infection.  

 In Chapter 4, I propose a role for surface ceramides in GBS penetration of 

the BBB. It appears that GBS is able to promote ceramide production on the 

surface of hBMEC, and that blocking this effect blocks GBS invasion and IL-8 

secretion. While it is known that ceramide platforms can aggregate receptors on 

the surface of cells promoting functional signal transduction, we have yet to 

identify the specific receptor that GBS can interact with. Identifying the specific 

receptor will open up new opportunities in blocking GBS meningitis, as blocking 

this interaction could prevent GBS invasion of the BBB as suggested in Chapter 

4. We could begin to discover which receptor is critical for these interactions by 

isolating ceramide platforms and interrogating which receptors are present. 

However to date, there hasnʼt been an efficient way of isolating ceramide 

platforms reliably. Alternatively, we could take an alternative approach to isolate 

intracellular vesicles from infected cells, and sort for the ones containing GBS. 

These GBS positive vesicles should be enriched for the receptors that GBS is 

interacting with, and therefore signaling to invade. Furthermore, other directions 

should be aimed at identifying how GBS is activating the ASMase responsible for 

the generation of these ceramides. Again, blocking this interaction could prevent 
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further GBS interaction with the BBB. These findings highlight new interactions 

between GBS and the brain endothelium.  

 In conclusion, it is clear that GBS possesses many factors that allow for 

colonization, blood stream survival, and BBB interaction. In understanding 

bacterial meningitis, it is equally important to discover the host factors that may 

also contribute to disease. The data generated in this dissertation focuses on the 

host brain endothelial cellular response to GBS. We have identified two 

interesting effects; Snail1 induction leading to tight junction disruption, and 

surface ceramide display leading to bacterial invasion and IL-8 secretion. These 

two host cellular effects epitomize bacterial meningitis as they lead to; BBB 

disruption during infection, and the innate immune activation through chemokines 

induction. Further investigation of the exact mechanisms of how these cellular 

changes contribute to disease progression will be necessary to further our 

understanding of BBB destruction during bacterial meningitis.  
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Appendix A: Blood Brain Barrier Signaling Response to Streptococcus  

pneumoniae 
 

 

The following data was collected while following up on Group B streptococcus 

PilA mediated activation of the blood brain barrier (BBB). 

 

Introduction 
	  
 Streptococcus pneumoniae (SPN) is a Gram-positive non-spore forming 

colonizer of the upper respiratory tract and nasal pharynx of humans. Like GBS, 

SPN can transition from a colonization state, to an invasive state presenting with 

diseases such as pneumonia, sepsis, and meningitis. Since SPN is a meningeal 

pathogen, it also possesses virulence factors that promote its adherence, and 

invasion of the blood brain barrier1. It has been shown that SPN has pili and 

other factors that promote interaction with the extra-cellular matrix that may 

contribute to adherence to the brain endothelium2-4. We have previously shown 

that GBS pili component PilA, binds collagen to bridge to the α2β1 integrin on the 

surface of human brain microvascular endothelial cells (hBMEC), and that this 

interaction also occurs in vivo using our murine model5. This interaction results in 
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downstream FAK – MAPK signaling that results in IL-8 secretion, neutrophil 

recruitment, and neutrophil dependent destruction of the BBB5. Here we test if 

SPN may also induce a similar signaling cascade in hBMEC to promote BBB 

disruption, as well as test if blocking these signaling pathways may contribute to 

less bacterial passage to the brain.  

Materials and Methods 
	  
Bacterial strains and growth.  

Streptococcus pneumoniae serotype 2 strain D39 were used for these 

experiments. SPN cultures were grown in TBY broth (Todd-Hewitt broth 

supplemented with 1.5% yeast extract). Cultures were grown at in 37°C at 5% 

CO2
6.  

Cell based assays.  

Briefly, hBMEC, hBMEC FAK and hBMEC FRNK monolayers were grown 

to confluence in RPMI 1640 (Gibco) supplemented with 10% FBS (Atlanta 

Biologicals), and 10% Nuserum (Corning). Monolayers were infected with SPN at 

an MOI of 10. For invasion assays, after 2 hours incubation with SPN, cells are 

washed and placed into media containing 25μg/ml gentamicin and 5μg/ml 

penicillin. After a second 2 hour incubation cells are washed, lysed, and 

enumerated by plating. For ELISA, cells are infected for 4 hours, and 

supernatants were collected and frozen for ELISA. Inhibitors U0126, SR11302, 

PDTC, are added at concentrations listed 20 min prior to infection with SPN.  
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ELISA.  

All ELISAs were performed per standard protocols. ELISA kits were 

purchased from RD systems for both KC and IL-8.  

Generation of hBMEC-AP1-GFP.  

To generate the AP-1 reporter cell line, we utilized a lentivirus produced by 

our collaborators in the Wolkowicz lab. Cells were infected by lentiviruses by spin 

infecting them at 1500 x G for 80min at 30°C. Once infected, the cells were 

stimulated with TNFα at 40ng/ml. Green cells were then sorted by flow cytometry, 

and cells sorted were used as the reporter cell line.  

Mouse experiments.  

Mouse experiments were performed as described previously. Mice were 

injected 2 hours prior to infection, and 6 hours after infection with 2mg/kg of 

U0126 or a DMSO control i.p. 18 hours after injection i.v. with 106 CFU SPN, 

mice were sacrificed and tissues were collected for bacterial enumeration.  

Results 
	  
FAK contributes to SPN invasion of hBMEC.  

To determine if FAK is involved with SPN invasion of hBMEC, we utilized 

a hBMEC FAK dominant negative cell line that overexpresses the focal adhesion 

related non-kinase. This cell line has been shown to have decreased FAK 

signaling, and therefore has become a useful tool in examining downstream FAK 

related events5. When infected with SPN and compared to a FAK competent cell 
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line, the FRNK cell line exhibited decreased intracellular SPN as detected by an 

antibiotic protection assay (Figure 1). This result suggests that FAK signaling, in 

some way, contributes to SPN invasion of hBMEC.  

 

Figure A1 Invasion of SPN to hBMEC FAK/FRNK. Pneumococcal invasion of 
hBMEC with and without FAK signaling. We observe a significant reduction in 
SPN invasion with FRNK cell lines. Experiments were performed at least three 
times. A representative experiment is shown. * p < 0.05.  
 
MAPK is activated by SPN and contributes to immune activation.  

It has been shown previously that MAPK signaling is involved with SPN 

mediated activation of hBMEC6. To re-examine this, we tested different inhibitors 

of the MEK/Erk MAPK pathway, as well as its down stream transcription factor 

AP-1. We also included an NFκB inhibitor to confirm that NFκB has little 

contribution. Treatment with the MEK/Erk MAPK inhibitor U0126 or the AP-1 

inhibitor SR11302 resulted in much less IL-8 secretion when compared to the 
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NFkB inhibitors (Figure 2). These results confirm that MAPK plays a significant 

role in SPN induced activation of hBMEC, as well as suggesting that the AP-1 

transcription factor also contributes.  

 

Figure A2 IL-8 secretion is dependent on MEK/Erk MAPK signaling through 
AP-1. hBMEC treated with inhibitors for NFκB, MEK/Erk, or AP-1, then infected 
with SPN. IL-8 secretion was measured by ELISA. Inhibition of MEK/Erk (U0126) 
and AP-1 (SR11302) had a more robust effect on IL-8 secretion than inhibition of 
NFκB (PDTC).  
 
Downstream AP1 transcription factor is turned on in response to SPN in hBMEC.  

 To determine if the AP-1 transcription factor is, indeed, activated upon 

SPN infection, we generated an hBMEC-AP1-GFP reporter cell line that 

responds to AP-1 activation by expressing green florescent protein. To 

accomplish this we utilized a generous gift from the Wolkowicz lab, and infected 

our hBMEC with a lentivirus that had the construct already constructed. The 
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resulting cell line responded to SPN infection by increasing the green florescence 

by almost two-fold (Figure 3). These results support our data suggesting that 

SPN will activate the AP-1 transcription factor through MEK/Erk MAPK.  

 

Figure A3 SPN activates AP-1 transcription factor. hBMEC carrying a reporter 
cassette for AP-1 transcription results in reporter gene activation (GFP) upon 
SPN infection. Results are measured by flow cytometery. Histogram on the left, 
and MFI plotted on the right.  
 
Blocking MAPK signaling blocks IL-8 secretion and bacterial penetration into the 

brain.  

To examine our findings in vivo, we employed our in vivo model of 

hematogenous meningitis. Mice were treated with the MEK/Erk inhibitor U0126 or 

a DMSO control and infected with SPN. Mice were sacrificed at 18 hours post 

infection, and brain, blood, and lung were taken to examine bacterial loads. Blood 

and lung showed no difference in bacterial loads (data not shown), however there 

was a significant reduction in the amount of SPN recovered from brain tissue 
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(Figure 4A). In support of these findings, ELISA was performed on the brain 

lysates from these mice, and we found significantly less KC chemokine in the 

brains of mice treated with U0126. These results suggest that U0126 is able to 

block excess chemokine production in the brains if mice in vivo, and that this 

effect is able to promote BBB integrity and prevent bacterial penetration into the 

brain.  

 

Figure A4 Blocking MEK/Erk signaling results in less bacteria and 
chemokines found in the brain. Mice were treated with the MEK/Erk inhibitor 
U0126 followed by infection with SPN. Mice receiving the inhibitor treatment 
exhibited less bacteria in the brain (A), as well as less chemokine KC (B). ** p > 
0.01.  
  

Conclusions  
	  
 Streptococcus pneumoniae (Pneumococcus, SPN) represents a 

significant burden of bacterial meningitis cases worldwide1. Understanding the 

molecular mechanisms by which SPN is able to cross the BBB, and activate the 

innate immune responses is critical to understanding the disease. Here we show 
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that SPN is able to activate the MEK/Erk MAPK pathway and the downstream 

AP-1 transcription factor to promote chemokine secretion. We have previously 

shown that this chemokine secretion is important for recruiting neutrophils to the 

site of infection, and that this recruitment also contributes to BBB destruction5. 

Currently, it is believed that interaction with laminin receptor on the brain 

endothelial surface is sufficient to promote BBB entry of SPN. Furthermore, 

current knowledge supports the idea that bacterial Choline binding protein is 

responsible for this interaction4. Interestingly, however it is not known that laminin 

receptor is able to signal through MAPK. More recently, a bacterial expressed 

neuraminidase (NanA), that has typically been shown to promote colonization, 

has been suggested to contribute to BBB interaction as well as activation of the 

brain endothelium6,7. These factors together may represent the mechanisms by 

which SPN is able to interact with, and activate the BBB progressing disease.  
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Appendix B: Contribution of Pneumococcal Neuraminidase NanA to Blood  

Brain Barrier Activation 
 

The following data was collected while following up on Group B streptococcus 

PilA mediated activation of the blood brain barrier (BBB).  

 

Introduction 
	  
 Streptococcus pneumoniae (Pneumococcus, SPN) is a leading cause of 

bacterial meningitis worldwide, representing roughly 50% of all cases1,2. To 

cause meningitis, SPN must interact with, and penetrate the BBB; as well as 

activate the innate immune response resulting in influx of immune cells. 

Previously it has been shown that Choline Binding Protein (CbpA) interaction with 

laminin receptor was a critical step for penetration of the BBB3. The 

pneumococcal neuraminidase NanA is surface expressed enzyme that is 

responsible for cleaving terminal sialic acid residues off of host glycoproteins with 

the intention of exposing other receptors to promote adherence and successful 

colonization4. More recently, it has been discovered that NanA may also play a 

duel role and has the ability to promote interaction with the BBB. NanA is a multi-

domain protein that contains an enzymatically active neuraminidase domain, and 
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a laminin G – like domain5,6. Based on previous data, it was suggested that the 

laminin G – like domain was primarily responsible for interaction and activation of 

the brain endothelium5. Since laminin is an important component of the 

extracellular matrix, we hypothesized that extracellular matrix binding integrin 

receptors may contribute to this interaction. We have shown previously that 

Streptococcus agalactiae indirectly binds integrins through its pili, which results in 

activation of the brain endothelium7. Here we test the role of different NanA 

domains using purified proteins, and examine the functional role of integrin and 

integrin related signaling to the pneumococcal NanA.  

Materials and Methods 
	  
Cells, bacterial strains and growth.  

Streptococcus pneumoniae serotype 2 strain D39 and its isogenic mutant 

ΔnanA were used as described5,6. SPN cultures were grown in THY at 37°C at 

5% CO2. hBMEC, hBMEC FRNK, and hBMEC shβ1 cells were used as 

described before7.  

Infection assays.  

Monolayers of hBMEC or the variants were infected with SPN MOI 1. For 

western blot, after incubation cells were washed and lysates were taken and put 

into RIPA buffer with protease inhibitor cocktails (CalBiochem), and sodium 

orthovanadate . Standard western protocols were utilized to blot. For ELISA, after 

incubation times supernatants were collected and stored for ELISA. Standard 
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ELISA protocols were used using the IL-8 kit from RD systems. Invasion assays 

were performed as described6.  

Results 
	  
NanA does not effect activation of Erk1/2 activation.  

hBMEC were infected with either WT SPN, or the ΔnanA mutant. At early 

time points 0min, 15min, and 30min, we detected no difference in the activation 

state of the Erk1/2 MAPK pathway (Figure 1). Interestingly, these findings are 

different than what is suggested previously that the Erk1/2 pathway contributes to 

NanA dependent activation of hBMEC5. My results suggest that the Erk1/2 

pathway is activated in a NanA independent fashion.  

 

Figure B1 Erk signaling is the same in WT or mutant. hBMEC were treated 
with either WT or ΔnanA mutant. Lysates were collected at 0, 15, and 30min post 
infection. Western blots examining total Erk compared to phosphor Erk are 
shown. No apparent difference between WT and ΔnanA mutant are observed.  
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FAK signaling may contribute to SPN activation and invasion in a NanA 

independent fashion.  

As shown in Appendix A, FAK signaling can contribute to SPN invasion of 

hBMEC. It has been previously shown that activation of hBMEC is required for 

efficient SPN invasion5. To examine if FAK contributes to NanA mediated 

invasion of hBMEC, we utilized the hBMEC FRNK cell line that expresses the 

FAK related non-kinase7. We observed an expected decrease in the invasion 

rate of the WT SPN, however no difference was observed comparing the ΔnanA 

mutant on control vs FRNK cells (Figure 2A). These results suggest that FAK 

may contribute to NanA mediated invasion since the ΔnanA mutant was able to 

invade at similar rates regardless if FAK signaling was present or not. To 

determine if FAK was critical for the activation of hBMEC, we examined the 

supernatants for the presence of IL-8 by ELISA. Similar results were observed, 

however there was a slight, yet significant, decrease comparing the ΔnanA 

mutant on control hBMEC vs hBMEC FRNK. These results support previous data 

that NanA contributes to the activation of hBMEC, and this activation may be in 

an FAK dependent fashion, although the difference is modest compared to the 

highly significant difference observed with the WT strain (Figure 2B). 

Since these results were slightly contradictory, we decided to purify NanA 

as well as its truncated forms to examine how NanA was interacting with hBMEC. 

To do so we utilized constructs generated for complementation studies 
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previously5,6.  Full length NanA, an enzyme deficient version, and a laminin-G 

deleted version. Treating hBMEC with these different constructs, and analyzing 

the supernatants for IL-8 secretion yielded a surprising result. First of all, as 

expected, examining the control normal hBMEC treated with the NanA constructs 

we observed that the construct missing the laminin G like domain had much less 

IL-8 secretion (Figure 2C). These results support the previous studies suggesting 

that the laminin G like domain was primarily responsible for hBMEC interaction 

and activation. However, we did not observe a difference when we compared IL-

8 levels with the FRNK treated cells (Figure 2C). This result suggests that the 

laminin G like domain contributes to activation of hBMEC and promotes the 

secretion of IL-8, it also supports the hypothesis that the enzymatic activity of 

NanA does not play a significant role in activation. Interestingly, these results 

also suggest that FAK signaling is not required for NanA dependent activation of 

hBMEC.  
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Figure B2 FAK signaling and NanA. (A) Supporting data from appendix A it 
appears that FAK signaling contributes to SPN invasion, however the ΔnanA 
mutant is unaffected. (B) FAK signaling may contribute to IL-8 secretion using 
whole bacteria. (C) Recombinant NanA added to hBMEC support the hypothesis 
that the laminin G (LG) like domain contributes to activation, while the enzyme 
activity (enz) plays a lesser role. However FAK signaling appears to be not 
involved in recombinant NanA dependent activation. Experiments were 
performed at least three times. Students t test was used to analyze data. * p > 
0.05, ** p > 0.01, *** p > 0.001.   
 
Integrins may not contribute to NanA interaction with hBMEC.  

Since NanA contains a laminin G like domain, it is logical that integrins 

may contribute to interaction with the BBB. Integrins are heterodimeric receptors 

that bind components of the extracellular matrix8. Previous work has completed 

integrin profiling of our hBMEC9. We know that the laminin binding integrins 
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utilize a β1 integrin component based on these profiles and known integrin 

literature. To examine if the receptor for NanA could be an integrin we took two 

approaches. First, we blocked β1 integrins as previously described7, and 

performed our standard invasion assay. We however, did not observe any 

difference in WT or ΔnanA invasion using this antibody (Figure 3A). These 

results suggested that β1 integrins may not effect SPN interaction with the BBB. 

To confirm these results we generated a β1 integrin knockdown cell line as 

described previously. Using this cell line, we performed an invasion assay. 

Strikingly, we found that the WT SPN was significantly reduced in its ability to 

invade; however the ΔnanA mutant was unaffected (Figure 3B). This finding 

suggests that while integrins may contribute to SPN invasion of the BBB, it does 

not appear that it is in a NanA dependent fashion.  

 

Figure B3 Integrins are not involved with NanA dependent invasion of 
hBMEC. (A) Blocking β1 integrins with an antibody does not change invasion 
rates of both the WT or the ΔnanA mutant. (B) Knockdown of the β1 integrin 
results in diminished invasion of the WT SPN, however the ΔnanA mutant 
remains unchanged. Experiments were performed at least three times. *** p > 
0.001.  
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Conclusions 
	  
 Pneumococcus, (SPN, Streptococcus pneumoniae) remains to be a 

significant health burden and a leading cause of bacterial meningitis1,2. Recent 

advances in vaccines have reduced the incidence of the most highly represented 

serotypes, however the vast numbers of serotypes make complete coverage 

difficult10. Here we examine a virulence factor shown to promote SPN interaction 

with the BBB. It is interesting that this neuraminidase seems to perform a duel 

role, in that it has enzymatic activity to cleave sialic acid from host glycoproteins, 

and also seems to function as an adhesin. I have explored some of the common 

mechanisms for which the brain endothelium responds to other pathogens, and 

found that NanA does not seem to significantly contribute to integrin – FAK – 

MAPK signaling resulting in BMEC activation. Of note however, I was able to 

confirm the thought that the laminin G like domain of NanA seems to be critical 

for the activation of BMEC.  

Of note, previous studies with GBS highlights that the pilus interacts 

directly with collagen to bridge to an integrin on hBMEC. The SPN pilus adhesins 

resemble GBS pilus adhesins by greater than 70%11. The WT SPN strain used in 

these experiments, D39, happens to be a non-piliated strain12. It would be 

interesting to repeat some of these signaling experiments with the piliated TIGR4 

strain of SPN to examine if the SPN pilus adhesin interacts with hBMEC in a 

similar fashion as the GBS pilus. Regardless of the strain being used, NanA is 
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found on every clinical isolate and therefore may be a more interesting target for 

vaccine development5,6. Future studies should be focused on the determination 

of the NanA receptor on the BBB, and what signaling events are responsible for 

NanA mediated activation. 
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Appendix C: Snail1a Overexpression In Zebrafish 
 

The data in this appendix was generated just after the dominant negative snail1a 

zebrafish, however was too late to be included in the Journal of Clinical 

Investigation submission in Chapter 2.  

 

Introduction  
	  

As outlined in Chapter 2 and 3, zebrafish have become an attractive 

model to study infectious disease1,2. We and others have specifically developed a 

zebrafish model of Group B Streptococcus infection using zebrafish larvae and 

adults2,3. Furthermore we have utilized this model to specifically examine the role 

of a host transcription factor Snail1 by generating a transgenic animal that 

overexpresses the dominant negative version of Snail11. As expected, repression 

of Snail1 resulted in greater expression of tight junction components, as well as a 

modest rescue from GBS challenge (Chapter 2). Here we examine the role of a 

transgenic zebrafish overexpressing Snail1.  

Materials and Methods 
	  

Snail1a full length constructs were PCR amplified out of zebrafish cDNA 

using primers FORWARD 5ʼ – AAAATAGGATCCATGCCTCGGTCTTTCCTGGT 
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-3ʼ and REVERSE 5ʼ – AAAATACTCGAGCTATTGGACATTGGCCGTGG – 3ʼ. 

These were cloned and the gateway system for zebrafish transgenesis was done 

per the same protocol as described in Chapter 2 which generated 

Tg(HSP:snail1a)1.  

Results 
	  

To determine if Snail1 was sufficient to downregulate tight junctions in vivo 

we generated a heat shock promoter controlled Snail1a overexpression 

transgenic zebrafish: Tg(HSP:snail1a). Zebrafish were heatshocked, and RNA 

was collected to determine expression of tight junction components. As shown in 

Figure 1, heat shock and overexpression of Snail1a resulted in significantly less 

tight junction expression of Occludin and E-cadherin. These results suggest that 

snail1a is sufficient to downregulate tight junctions in vivo.  

 

Figure C1 Snail1a expression represses tight junctions in vivo. 
Overexpression of Snail1 in vivo results in lower tight junction and adherence 
junction expression as determined by qPCR. (A) Occludin and (B) E-cadherin 
expression is lower after heatshock. Experiments were performed twice. * p > 
0.05, ** p > 0.01.  
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Conclusions 
	  
 Tight junctions are a critical component of the blood brain barrier that 

function to maintain barrier function. As discussed in Chapter 2, GBS is able to 

induce the expression of the transcriptional repressor of tight junctions, Snail11. 

Here we show for the first time that overexpression of Snail1 in vivo results in 

less tight junction expression. Future directions for this transgenic fish involve 

infection with GBS and examine if there is more susceptibility. Furthermore, we 

can use the adult model of zebrafish GBS infection to examine these dynamics in 

a whole infection model.  
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Appendix D: Development of a Tilapia Model of Streptococcus agalactiae  

Infection 
 

The data generated for this appendix was done in conjunction with the Center for 

Aquaculture Technologies at the same time we were developing our adult model 

of zebrafish infection 

Introduction 
	  

Streptococcois is a serious infection of fish in aquaculture and represents 

a significant economic burden. In the past, Streptococcus difficile has been 

implicated in roughly 80% of all streptococcois infections worldwide. Interestingly 

with the recent advances in genomic sequencing and analysis, Streptococcus 

difficile has been reclassified as GBS1. Effort has been made to develop 

immunization techniques or tilapia to promote resistance to GBS infection2-4. 

While many of the fish isolates are genetically different from human isolates, it 

has been recently shown that human isolates are able to readily infect tilapia5. 

Currently to our knowledge there is no model of GBS infection of tilapia. Here we 

demonstrate that we can effectively kill tilapia using our human GBS isolate. 
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Materials and Methods 
	  
Fish and bacterial strains.  

Wild type tilapia (Oreochromis noloticus) 6-9 months old were used for this 

study. Fish were grown using standard aquaculture methods at the Center for 

AquaCulture Technologies Inc. Wild type Streptococcus agalactiae COH1 was 

utilized. GBS was grown in standard THB at 37°C. All experiments were 

conduced at 28°C.  

Survival experiments.  

Groups of 10-15 tilapia were used per condition. Fish were anesthetized in 

tricane (MS-222; Sigma) and infected i.p. with 108 CFU or a PBS control. Fish 

were kept at 28°C and monitored every 12 hours for mortality.  

 

Results 
	  
GBS is able to readily kill tilapia.  

To determine if our WT GBS is able to kill tilapia in our model, we infected 

6-9 month old tilapia with GBS i.p. We observe a significant level of killing 

between 18-24 hours after infection (Figure 1). These results confirm that WT 

GBS via an i.p. injection, is able to kill tilapia in culture.  
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Figure D1 Tilapia Survival Curve. Tilapia injected i.p. with WT GBS or PBS 
controls. We observe efficient killing of Tilapia beginning at 18 hours post 
infection. Experiment was taken to 72 hours. Experiment was performed once.  
 

Conclusions 
	  
 GBS is becoming an emerging tilapia pathogen in aquaculture. Here we 

show that we can model tilapia disease by infection with GBS. This tool could be 

useful in understanding streptococcois to better prepare fish farms for infectious 

diseases. Future directions should be aimed at developing an emersion model of 

infection. Our infection route is very artificial, as we have to inject bacteria i.p. into 

each fish. Having a useful emersion model would better mimic conditions found 

in aquaculture.  
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Appendix E: Mfsd2a In Streptococcus agalactiae Infection of the Brain  

Endothelium 
 

The data generated in this appendix was in response to a talk observed at the 

2015 Cerebral Vascular Biology meeting in Paris.  

 

Introduction 
	  
 The blood brain barrier (BBB) is an extremely tight single cell barrier of 

highly specialized endothelial cells that separate the blood stream from the 

central nervous system1. These endothelial cells exhibit unique properties when 

compared to peripheral endothelial cells as they show little to no 

pino/endocytosis, as well as they display complex tight junctions2,3. Both of these 

attributes are critical for maintaining proper BBB function. Recently global 

transcriptome analysis comparing peripheral lung endothelial cells versus blood 

brain barrier endothelial cells revealed elevated expression of the gene mfsd2a4 

in the brain. The function of this gene has yet to be described, however mfsd2a 

knockout mice display a leaky BBB suggesting that this gene function likely 

promotes proper barrier properties. Electron microscopy studies suggested that 

the brain endothelial cells of mfsd2a knockout mice display more vesicle 
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trafficking, potentially promoting leakage of tracer molecules through the BBB4. 

Here we examine our current data to determine if mfsd2a could potentially 

promote GBS invasion of the BBB.  

 

Materials and Methods 
	  
Infection assays and qPCR analysis.  

hBMEC were cultured per standard protocols described above. hBMEC 

monolayers were infected with GBS for 5 hours at an MOI of 10. At the end of the 

incubation, RNA was collected. cDNA synthesis and qPCR was conducted by 

standard methods. Mfsd2a primers were as follows: 

 

Results 
	  
mfsd2a is upregulated in brain endothelium during GBS infection.  

To determine if mfsd2a may be downregulated during GBS infection, we 

first examined the microarray analysis done on infected hBMEC. Encouragingly 

we found that the gene mfsd2a was downregulated 0.81 fold compared to 

uninfected hBMEC. To confirm these microarray results, RNA was collected from 

infected and control hBMEC, and qPCR was performed. We observe a modest 

increase of mfsd2a during GBS infection (Figure 1). These results suggest that 

mfsd2a may be downregulated during GBS infection in the brain endothelium.  
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Figure E1 mfsd2a expression may be down during GBS infection. qPCR of 
mfsd2a expression on hBMEC during infection. There is a modest decrease of 
transcript during infection at levels that mimic the microarray. Experiment is a 
pilot and was performed once. Students t test was used to analyze data.  
 

Conclusions 
	  
 Given the notion that downregulation mfsd2a may contribute to higher 

levels of vesicle trafficking4, it is tempting to consider that this gene may also 

promote GBS invasion of hBMEC. We currently know that GBS can enter the 

brain endothelial cells, yet the exact mechanism of how bacteria are taken up are 

yet to be determined. Here we demonstrate preliminary data that suggests that 

the gene mfsd2a is downregulated during GBS infection. The increase of total 

general vesicles inside the cell may represent a method of how these bacteria 

may be regulating their own uptake into these highly specialized cells. Future 

studies should be aimed at confirming this finding, as well as applying 
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overexpression and knockdown experiments to determine if this gene has a 

functional effect on GBS invasion.  
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Appendix F: Streptococcus agalactiae May Disrupt the Cell Cycle of Brain  

Endothelial Cells 
 

 

The data generated for this appendix was in collaboration with Dr. Alexandra 

Schubert-Unkmeirʼs laboratory in Würzburg Germany in close association with 

Wilhelm Oosthuysen PhD.  

 

Introduction 
	  
 The cell cycle is a highly conserved mechanism of eukaryotic cell 

proliferation that is tightly regulated. It is comprised of four phases; G1 for cell 

growth; S for the synthesis of a second copy of the chromosomes; G2 a second 

phase where cells prepare to divide; and M a mitosis phase where division 

occurs. Interestingly, many human pathogens have evolved to modulate the cell 

cycle for their benefit. In most cases, viruses exploit the cell cycle to either push 

or halt the host cell cycle in phases that are more advantageous for the virus1-3. 

With some of the more famous viruses causing loss of cell cycle control and the 

onset of some human cancers such as human papilloma virus1. While viruses 

may rely on certain replication machinery for their life cycle, bacteria typically are 
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self sufficient in their ability to replicate. Interestingly however, recent work has 

highlighted evidence that bacterial pathogens are able to modulate the cell cycle 

of the host as well4,5.  

 After meningeal pathogens interact with the brain endothelium, bacteria 

may alter the integrity of the blood brain barrier. In response to injury, a 

mechanism of repair may be replicative potential of the brain endothelial cells. In 

support of this hypothesis, a recent study of GBS infection of human brain 

astrocytes shows that astrocytes express vascular endothelial growth factor 

(VEGF) in response to these bacteria6. Furthermore, our collaborator has 

displayed evidence for the meningeal pathogen; Neisseria meningitidis is able to 

cause a cell cycle arrest of human brain endothelial cells7. Together these 

findings suggest that a repair mechanism for the brain endothelium may be 

disrupted by bacteria, and may contribute to BBB disruption during infection. 

Here we explore if GBS is able to disrupt the cell cycle of hBMEC and provide 

preliminary evidence for a cell cycle arrest.  

 

Materials and Methods 
	  
Bacterial strains and cell lines.  

WT Streptococcus agalactiae type III MLST17, COH1 was used for all 

studies seen below. Human brain microvascular endothelial cells were utilized as 

previously described.  
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Flow cytometry assay.  

Analysis was performed following the protocol previously described7 with a 

few modifications. hBMEC were seeded in a 6-well collogenized plate at 200,000 

cells per well, and allowed to grow for 24 hours (~400,000 cells after 24 hours). 

GBS was grown to an OD600 of 0.4, spun, washed and resuspended in PBS to 

OD600 0.4. 6-well plates of hBMEC were then infected at an MOI of 10 and 

allowed to incubate for 4 hours at 37°C and 5%CO2. After 4 hours cells were 

washed, and antibiotic containing media was added (penicillin 25μg/ml, 

gentamycin 200μg/ml) was added. Time points were collected at 8 and 24 hours 

for assessment of DNA content. At each time point, cells were washed with PBS, 

trypsinized for 5min, and placed into a microfuge tube. Cells were washed 1x in 

PBS then fixed in 4°C 70% ethanol at 4°C for at least 30min.  

 To measure the DNA content of the cells, the fixed cells were washed 

twice in PBS, and treated with 100μg/ml RNaseA (Life Technologies) dissolved in 

0.05% Triton X-100, with 100μg/ml PI (Sigma) for 30min. Cells were then ran on 

a FACSCanto (BD Biosciences) for analysis. Histograms were generated in 

FlowJo. To determine the proportion of cells in each stage of the cell cycle, cell 

cycle curve fitting analysis was used using the WEASEL v3.1 software package.  
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Results 
	  
Group B streptococcus induces a cell cycle arrest in human brain microvascular 

endothelial cells.  

To determine if the hBMEC cell cycle was altered during GBS infection, we 

infected hBMEC as described in the materials and methods. hBMEC were then 

stained for total DNA content and analyzed using flow cytometry. Interestingly, at 

8 hours post infection we observe an arrest in the G2/M phase shown by an 

increase of hBMEC in the G2/M phase and a cognate decrease in G1 (Figure 1A-

D). Conversely, at 24 hours post infection we observed an S phase cell cycle 

arrest showing a significant increase of hBMEC found in S (Figure 1E-H). These 

results support the hypothesis that, like other meningeal pathogens, GBS is able 

to induce a cell cycle arrest in these brain endothelial cells.  
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Figure F1 GBS induces cell cycle arrest. (A-D) hBMEC infected with GBS 
after 8 hours exhibit a G2 arrest. (E-F) hBMEC infected with GBS for 24 hours 
exhibit a S phase arrest. Experiments were performed three times, representative 
histograms shown (A and F). ** p < 0.01, *** p < 0.001. 
 

Conclusions 
	  
 It has been previously shown that bacterial pathogens may modulate the 

cell cycle, and more recently that Neisseria meningitidis is able to arrest the cell 

cycle of brain endothelial cells7. Our results suggest that GBS also may induce a 

cell cycle arrest at different stages. To our knowledge, this is the first time a 

bacterial pathogen has been shown to arrest cells at differential stages of the cell 

cycle. Further investigation should be done to examine these effects at these 

times. As suggested previously, following bacterial damage to endothelium, a 

response to proliferate may contribute to healing and repair of a damaged blood 
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vessel7. In conjunction with this, it was recently shown that GBS induces brain 

astrocytes to express VEGF, a molecule known to stimulate the repair of the 

endothelium6. However, future studies should confirm the crosstalk between the 

two cell types in this context. Taken all together, these findings suggest an 

interesting mechanism of BBB disruption, by preventing a potential repair 

mechanism. It is not known why GBS and other pathogens would halt the cell 

cycle in this manner, however it is likely that these bacteria have evolved to 

arrest the cell cycle of other cell types to promote their persistence in a 

colonization state.   
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