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ABSTRACT OF THE DISSERTATION

New models of Streptococcal disease for investigating bacterial and host factors
involved in bacterial penetration of the blood-brain barrier

by

Bryan Matthew Hancock

Doctor of Philosophy in Biology

University of California, San Diego, 2017
San Diego State University, 2017
Professor Kelly Doran, Chair

Bacterial meningitis is a serious and life threatening disease caused by
infection of the meningeal tissue surrounding the brain. Bacterial infection leads
to a sustained pro-inflammatory response and the corresponding infiltration of
the by dendritic cells can damage the tissue. Before bacteria can penetrate into
the central nervous system they must first persist in the blood long enough to
interact and cross with the blood-brain-barrier (BBB). To study the complex
interactions between host and microbe that occur during bacterial meningitis we
utilize the model organism Group B Streptococcus (GBS). GBS is the causative
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organism of neonatal meningitis. During pregnancy neonates can become
infected with GBS through vertical transmission either in utero or during the
process of birth. Current treatment of GBS disease relies on prophylactic
antibiotics as there is no vaccine available. Little is known about the underlying
mechanisms that lead to GBS disease progression and meningitis. For this
dissertation I worked to adapt larval zebrafish into an in vivo model of GBS
infection to better understand host-pathogen factors that contribute to disease. I
helped to identify a novel mechanism by which GBS activation of a specific
transcription factor leads to BBB dysfunction, further I sought to identify which
bacterial proteins contribute to this mechanism and in doing so I have identified
a candidate series of proteins. Lastly I investigated and characterized new
commercially available immortalized human cell line for its usage to model GBS
disease in vitro. Overall my dissertation research has increased our
understanding of the mechanisms underlying BBB disruption during GBS
infection, potential GBS proteins implicated in this phenomenon, and new
models to study streptococcal disease.
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CHAPTER 1
INTRODUCTION

Group B Streptococcus
Group B Streptococcus (GBS) also known as Streptococcus agalactiae
is a Gram-positive, chain forming, cocci, that colonizes 20-30% of healthy
human adults in the gastrointestinal and urogenital tract1,2. Initially GBS was
isolated from cows exhibiting inflammation of the udder, or mastitis; this
condition left the cows unable to produce milk, hence conferring the name
“agalactiae”3. Originally GBS was classified as belonging in the Lancefield
group B series based on the composition of its carbohydrate capsule, ability to
be isolated from the human vaginal tract, and specific biochemical activity
including hydrolysis of sodium hippurate4. The first human cases of specific
GBS infection were initially reported in neonates, and the immunecompromised5. Ten antigenically distinct serotypes of GBS exist due to variation
in the surface capsular polysaccharide (CPS); of the ten serotypes 1a, 1b, II, III,
and V are more commonly associated with invasive disease6. More recently
GBS has been classified using multi-local sequence typing (MLST) based allelic
variation of seven unique loci in the GBS genome7. Four of the MLST groups,
ST-1, ST-17, ST-19, and ST-23, are commonly isolated from humans, whereas
ST-17 and ST-23 makeup the majority of cases attributed to invasive disease7.
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2
GBS disease typically manifests in neonates who acquire the infection
through vertical transmission from the mother. Colonized women can pass GBS
to the neonate through a variety of scenarios including ascension to the fetus in
utero resulting in the aspiration of infected fluid or during the birthing process
where direct contact between the neonate and colonized tissues can occur8.
GBS disease is broadly categorized into two distinct clinical manifestations early
onset disease (EOD), and late onset disease (LOD). EOD typically results from
an infection that occurs either in utero or within the first week post-partum and is
marked by either sepsis or pneumonia2, 9. Aspiration of infected fluids into the
respiratory tract of the neonate can result in direct lung injury that can facilitate
interaction between GBS and the circulatory system thereby leading to
pneumonia2. Multiple factors are associated with an increased risk of GBS EOD
including, socioeconomic status, ethnicity, delivery route, and birthing
environment9, In contrast to EOD, LOD occurs after the first week of life and
within the first six months2,10. Clinical manifestations of LOD can occur as
bacteremia that leads to sepsis, and subsequently to meningitis that can be
fatal2. Routine screening for GBS colonization is advised for pregnant women in
their 35-37th week during pregnancy, and positive carriers are treated with
intrapartum antibiotic prophylaxis (IAP)2,11. Disappointingly IAP has not had the
same affect on LOD and GBS meningitis, which remains unchanged12,14. LOD
is thought to occur from either an undiagnosed asymptomatic GBS infection or
by acquisition of GBS from the environment15. A hallmark of LOD is bacteremia,
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or blood infection of GBS16. To persist in the blood GBS must evade the host
immune system and avoid immune cell activation, while also replicating9. GBS
has an intrinsic tropism for the central nervous system (CNS) and is able to
cross the blood-brain barrier (BBB) to infect and persist in the cerebral spinal
fluid, leading to immune cell infiltration, inflammation and subsequently
meningitis9. Currently there is no vaccine available to prevent GBS disease17.
Recently

Novartis

has

produced

vaccine

candidate

based

on

the

polysaccharide that has entered clinical trails, however it is many years away
from becoming a commercially available preventative strategy18. To this end
more biomedical research needs to be conducted into the mechanisms that
underlie GBS infection, colonization and persistence in humans.
Bacterial Meningitis
Bacterial meningitis is a common and extremely severe infection of the
central nervous system. Clinically it is defined as the inflammation of the
meningeal tissue surrounding the brain, and it is a major cause of death and
disease worldwide and disproportionally affects children19,20,21.

Bacterial

meningitis is often fatal and can have a morbidity rate as high as 10%22. Over
half of the survivors of bacterial meningitis develop lifelong neurological
sequelae such as increased intra-cranial pressure, stroke, development of
cerebral palsy, blindness, deafness, epilepsy, and educational deficits in later
life23,24,25.
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Multiple pathogens are classically associated with bacterial meningitis,
these include; Streptococcus pneumonia, Neisseria meningitidis, Haemophilus
influenza type B (Hib), and Streptococcus agalactiae (Group B streptococcus,
GBS)26–30. In addition to GBS the bacterial pathogens Escherichia coli K1 and
Listeria monocytogenes have a propensity to infect infants leading to neonatal
meningitis31. The varieties of microorganisms that can cause bacterial
meningitis are members of the human microbiome and represent asymptomatic
colonizers of the gut, mucous membranes, and skin of healthy humans32.
Although often commensal these bacteria can employ a diverse set of virulence
factors that enable them to efficiently penetrate epithelial and endothelial
barriers leading to invasive disease. Prior to infection of the CNS meningeal
pathogens must first persist within the bloodstream, in order to gain access to
the brain endothelium. It has been shown that bacteremia is important as a
precursory step to the development of meningitis, and pathogens that can
survive in the blood stream have an elevated rate of penetration into the brain
endothelium33. Interaction and translocation across the BBB is a hallmark of
bacterial meningitis21. Many meningeal pathogens produce specific virulence
factors that increase their ability to colonize, interact, and disrupt the BBB21.
Upon translocation bacterial interaction with the brain endothelium at the
molecular level stimulates host inflammatory pathways leading to the
recruitment of primary leukocytes including a robust neutrophil infiltrate31,34.
Sustained activation of the pro-inflammatory response leading to meningeal
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inflammation is the primary culprit behind the CNS injury associated with
meningeal infection31,35.
The Pathogenesis of Group B Streptococcal Meningitis
Worldwide GBS remains the leading cause of sepsis and meningitis
within infants during the first 90 days of life36. GBS has ten antigenically distinct
capsular serotypes, however of the ten serotypes 90% of infant disease is
attributable to only five (Ia, Ib, II, III, and V)14,36. Isolates of type III MLST-17
GBS are referred to as hypervirulent, because they are the most frequently
isolated GBS strain from patients with meningitis37. GBS meningitis develops as
a result of invasion of bacterium across epithelial cells and into the blood
vasculature38. Similar to Gram negative bacteria GBS expresses pili that can
facilitate adherence and colonization on epithelial and endothelial barriers39.
Furthermore expression of genes such as FbsB, ScpB, Srr, SfbA and Lmb
which bind fibronectin, fibrinogen, and other components of the extracellular
matrix (ECM), are critical for cytoskeleton rearrangements that facilitate efficient
invasion and uptake into epithelial/endothelial cells40. Upon entering the blood
stream GBS must persist until the bacterium is able to interact with the BBB and
translocate into the CNS tissue. Blood survival is a key component to the
development of bacteremia. Upon entering the blood GBS activates the host
phagocytic cell response that includes macrophages and neutrophils. Clearance
of GBS by these actively phagocytic cell types requires detection through
opsonization with antibodies or activation of the serum compliment cascade40.
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GBS is able to subvert phagocytosis by host leukocytes through expression of a
polysaccharide capsule, the capsule can be made up various sugar monomers
and linkages thus giving rise to the ten different GBS serotypes, however all
GBS capsules possess a terminal sialic acid bound to galactose40. Numerous
capsule components inhibit complement deposition resulting a decrease in
complement cascade activation41,42. Additionally GBS expresses a cell surface
protease, CspA that cleaves fibrinogen effectively coating the capsule with fibrin
like peptides that protect GBS from opsonophagocytic clearance40,43. In some
cases GBS may still be phagocytosed and internalized into leukocytes, however
in this environment GBS can utilize other virulence factors, to persist in the
phagosome. The two component regulatory system composed of the sensor
histidine kinase CovS and the response regulator CovR (CovS/R) is required for
survival within the phagosome of macrophages44. Additionally the CiaR/H
system is vital or GBS survival within macrophages and brain endothelial cells
and promotes resistance to killing by neutrophils45. Deletion of two genes
regulated by CiaR resulted in impaired invasion and adherence to human brain
endothelial cells46.
GBS can persist within the blood and subvert the host immune response
allowing it to cycle within the bloodstream until it can directly interact with the
blood-brain barrier (BBB). The BBB functions to separate the CNS from the
circulatory system by excluding large molecules, pathogens, and other blood
based macromolecules from the CNS. The BBB is made of specialized brain
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microvascular endothelial cells (BMEC) that form a tight linked network of
vasculature within the brain. Specifically GBS is able to adhere and invade
BMEC47. Efficient invasion of endothelial cells by GBS is dependent on
numerous host and bacterial factors.
GBS possesses numerous bacterial factors that can facilitate the initial
interaction between the microbe and BMEC cells. As mentioned above pili are
crucial to GBS’ ability to invade and persist in BMEC. The pili of GBS are
composed of a pilus backbone, PilB, and two support proteins, PilA and PilC
that depend on functional SrtA, a sortase, required for assembly48,49
Interestingly all clinical isolates of GBS have one of three variable pilus
islands48,50. The PilA protein encoded by pillus island 2a induces cytokine and
chemokine release from BMEC as well as neutrophil migration51 Of note is that
PilA binds collagen leading to an activation of the α2β1 integrin on the surface
of BMEC, activation of α2β1 led to an increase in disease progression both in
vitro and in vivo51. As mentioned above other GBS proteins important for
crossing epithelial barriers such as FbsB, ScpB, and Lmb also play a role during
endothelial cell invasion40,52,53. Another surface protein, the hyper-virulent GBS
adhesin (HvgA) is required for transmission across the gut epithelial barrier and
the BBB in vitro. HvgA is also implicated as being important for late onset
disease, as it is present only in MLST-17 strains of GBS, a strain enriched in
LOD cases54.
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GBS

is

able

to

activate

PI3-kinase

resulting

in

cytoskeletal

rearrangement and uptake into endothelial cells51,55,56. Additionally GBS
dependent phosphorylation of the focal adhesion kinase (FAK) promotes actin
rearrangement leading to paxillin associated GBS uptake into endothelial
cells56. GBS is hypothesized to traffic through the endocytic pathway, and
recent research utilizing a dendritic cell assay has demonstrated that GBS is
able to hijack a variety of mechanisms associated with internalization via
endocytosis

47,57

. Little is known about the steps that occur after GBS invasion

of BMEC cells. Preliminary work has shown that macroautophagy is activated in
BMEC cells infected with GBS58. Macroautophagy is a highly conserved
degradation process that functions to recycle damaged cytoplasmic proteins
and organelles59. Future studies aimed at elucidating the mechanisms by which
GBS is able to invade BMEC will need to be conducted.
Upon crossing the BBB GBS initiates a cellular immune response. Along
with the pili and polysaccharide capsule GBS express a β-hemolysin/cytolysin
(β-h/c) toxin that induces lysis in eukaryotic cells, and promotes migration
across the endothelial barrier35,60. Mutants deficient in the GBS β-h/c toxin are
attenuated in vitro and in murine models of GBS disease35. Expression of the βh/c toxin has also been linked to placental inflammation and pre-term birth60.
Meningitis is an inflammatory disease, expression of the β-h/c toxin can induce
a neutrophil recruitment response by increasing the expression of factors such
as IL-8, Groα, Groβ, ICAM-1, and GM-CSF35. Expression of these chemokines
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directs the migration of neutrophils into the brain endothelium leading to the
inflammation and disease progression61. The β-h/c toxin is a paradoxical
virulence factor whose expression can lead to eukaryotic cell lysis thereby
enhancing GBS colonization and penetration into the BBB, yet its expression
also stimulates a robust immune response.
Taken together GBS possesses a multitude of virulence factors that are
used to subvert the host immune response, persist within the blood, interact
with and cross the BBB, and over stimulate inflammation. There are many GBS
proteins that contribute to its pathogenicity, however more research must be
conducted to elucidate the mechanisms by which GBS can cause disease. The
exact mechanism(s) by which GBS is able to cross the BBB is still unknown.
Models of the Blood Brain Barrier and the Neurovascular Unit
To study the interactions that occur between the host and microbe in
vitro and in vivo tools, assays, and models must be developed. In a living
system the BBB is refers to the central nervous system microvasculature that
functions to coordinate the movement of molecules and cells between the CNS
and blood62. The BBB is primarily made up highly specialized endothelial cells
that have unique properties relating to their function. For instance Endothelial
cells of the BBB form large intercellular protein complexes known as tight
junctions (TJs) that limit paracellular flow of molecules from the blood63,64.
Compared to the peripheral endothelium, endothelial cells in the BBB have very
low rates of vesicle mediated transcytosis, combined with TJs these two factors
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efficiently coordinate paracellular and transcellular flux across the BBB65.
Coupling these two properties creates two distinct sides of the endothelial cells,
the luminal (blood) and abluminal (CNS), thus a specific cell polarity arises that
links transport across the BBB66. Endothelial cells of the BBB express efflux
transporters that pump out molecules into the blood such as lipophilic
compounds may normally diffuse across other cell membranes67. Additionally
these cells possess highly specific nutrient and waste transporters, compared to
other endothelial barriers the BBB expresses low levels of leukocyte adhesion
molecules which limits immune cell infiltration into the CNS68,69.
The unique properties of the BBB are mostly attributed to the intrinsic
properties of the endothelial cells, however there are additional cell types that
play key roles in the function of BBB homeostasis. These cell types include,
mural cells, neural cells, and glial cells, taken together with endothelial cells
they form what is known as the neurovascular unit (Figure 1.1)70. Mural cells
include smooth muscle cells that surrounds the microvasculature and the
pericytes (PCs), they are critical for BBB structural development and
maintenance71,72. Astrocytes are star shaped glial cells that extend and wrap
their end-processes around the endothelial cells73. Astrocytes regulate many
endothelial cell functions such as contraction/dilation, and act as a critical link
between neuronal activity and blood flow by facilitating interaction with
neurons74. The numerous cell types of the neurovascular unit function in a
concerted effort to maintain BBB homeostasis.
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Figure 1.1: Diagram of the neurovascular unit
The blood vessel is encased by endothelial cells whose tight junctions restrict
paracellular transport iout of the lumen. Mural cells such as pericytes surround
the endothelial cells an interact with glial cells such as the astrocytes.
Astrocytes function to regulate endothelial cells and act as a go between for the
blood vessel and CNS tissue. Astrocytic end-processes connect astrocytes,
endothelial cells, and neurons in a vast regulatory network.
Disruption of homeostasis by pathogens such as GBS can lead to rapid
disease progression, therefore, it is important to model the BBB in order to
study the underlying mechanisms that lead to BBB disruption. To study GBS
disease in vivo we have in the past relied upon a murine model of
hematogenous meningitis. In this model GBS is introduced via intravenous
injection into the tail vein, mice are then observed until meningitis-like
phenotypes develop, at which point the mice are sacrificed and a necropsy is
performed; tissues can either be harvested for immunohistochemistry or
analyzed for GBS colonization35. The use of mice in research has broad ethical
concerns, however utilization of the three R’s, replacement, reduction, and
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refinement, as first described by Russel and Burch in 1959 has mitigated this to
some effect75. The use of mice to model host-pathogen interactions also has
numerous practical concerns, such as the need for specialized training and
space, cost, and relatively small group sizes. The zebrafish, Danio rerio, has
begun to emerge as a viable option to study a multitude human diseases such
as cancers, aging, and diabetes76–78. Zebrafish are an attractive model
organism because they are genetically tractable which leads to a relative ease
of creating transgenic animals, additionally zebrafish larvae are transparent and
can be imaged live in real time. Adult zebrafish have already been used to
examine host-pathogen interactions with streptococcal species79. One of the
aims of this dissertation is to investigate and assess the viability of using larval
zebrafish as a model for GBS disease.
In the lab we have access to a human brain microvascular endothelial
cell (hBMEC) line that has been immortalized using the SV-40 large T-antigen
which disrupts tumor suppressor genes80,81. The hBMEC cell line has been
widely used as an in vitro model to study the BBB in the context of physiology
and host-pathogen interactions47,81. GBS adheres to and invades hBMEC
cells47. Recently another cell line, human cerebral brain microvascular
endothelial cells (hCMEC/D3), has been characterized for use in modeling BBB
integrity82. To date the hCMEC/D3 has not been characterized in the context of
GBS infection. One of the aims of this dissertation is to assess the hCMEC/D3
cell line as a potential in vitro model for GBS disease.
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SPECIFIC AIMS

This dissertation seeks to understand the molecular interactions between
the host microvascular endothelium and GBS that lead to disruption of
the BBB and occurrence of inflammatory disease.
I hypothesize that breakdown of the BBB is due to bacterial agonized host
signaling events that result in the activation of Snail1, a global transcriptional
repressor of tight junctions. Specifically I seek to understand what host signaling
pathways interact with the molecular patterns of GBS to induce the localized
induction of the Snail1 transcription factor in the brain endothelium. Snail1 can
directly bind to the promoters of various tight junction components, and
effectively silence their expression. Activation of Snail1 by GBS and the
corresponding loss of tight junction proteins contribute to a loss of BBB integrity,
leading to an inflammatory response. In order to characterize the importance of
Snail1 and to investigate the host factors responsible for its induction upon
infection, I seek to develop a novel zebrafish (danio rerio) model of GBS
infection. I hypothesize that zebrafish larvae will make a suitable model for GBS
infection and that this model will have intrinsic benefits over murine models of
hematogenous meningitis. To gain an understanding of the host molecular
signaling mechanism underlying Snail1 induction and GBS BBB penetration I
will use in vitro BBB models and animal models (mouse and zebrafish) of GBS
infection to address the following aims:
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Aim 1: Characterize the susceptibility of larval zebrafish to GBS infection
1a: Identify a methodology of GBS infection of larval zebrafish
1b: Evaluate GBS infection of larval zebrafish
1c: Investigate the host response to GBS infection
Aim 2: Characterize the host and bacterial factors responsible for BBB
disruption during GBS infection.
2a: Characterize Snail1 activation during GBS infection
2b: Identify a GBS mutant and/or strain that differentially activates Snail1
during infection
2c: Utilize mass spectrometry on samples with differential Snail1
activation to specifically identify the bacterial proteins involved in its
induction
Aim 3: Develop and Investigate alternative in vitro models of the bloodbrain-barrier
3a: Investigate the use of hCMEC/D3 as an alternative model to hBMEC
cells for in vitro GBS infection studies
3b: Establish an in vitro co-culture method to study GBS host-pathogen
interactions and investigate contribution of astrocytes to GBS infection
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PREFACE

The work in chapter two focuses on the adaptation of larval zebrafish into
a model for the study of GBS host-pathogen interactions. Specifically this
chapter addresses Aim 1: Characterize the susceptibility of larval zebrafish
to GBS infection. Larval zebrafish work was performed in the lab of Dr. David
Traver at UCSD. Based off of literature and empirical work a larval zebrafish
infection model was established utilizing by micro-injecting 1nL of GBS near the
heart into three day post-fertilization fish. Work to create a reproducible
methodology of infection directly addresses sub-aim 1a: Identify a methodology
of GBS infection of larval zebrafish. Further work in analyzing GBS infection
through dose titrations and infection with various serotypes and mutants of GBS
satisfies sub-aim 1b: Evaluate GBS infection of larval zebrafish. Additional work
to investigate the immune response and other interactions between GBS and
the brain endothelium were guided by sub-aim 1c: Investigate the host
response to GBS infection. Portions of the work described in this chapter were
published in the Journal of Microbial Pathogenesis. The work depicted in this
chapter represents a novel description for the use of larval zebrafish as a model
for GBS infection to study host-pathogen interactions.
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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. Pooling of GBS outside of the
vasculature was not due to direct endothelial cell apoptosis, ad demonstrated
by TUNEL staining of infected fish. 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 earlyonset 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 longterm 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
microorganisms4. Previously we, and others, have described a number of
bacterial factors that promote GBS virulence and BBB penetration including the
polysaccharide capsule, pili, HvgA, serine rich repeat (Srr) proteins, lipoteichoic
acid (LTA), β-hemolysin/cytolysin (β-h/c), and fibronectin binding proteins
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(SfbA)5–13. 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
disease limitations exist in live imaging and tracking of disease progression in
real time6,7,9–13. 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 brain18. 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.
MATERIALS AND METHODS
Bacterial strains
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The Streptococcus agalactiae (GBS) highly virulent clinical isolate COH1
(serotype III, sequence type (ST)-17), NCTC10/84 (V), and A909 (Ia) were
used. GBS mutants on the COH1 background are deficient in anchored LTA,
COH1 Δiag, capsule, HY106, and β-h/c production, COH1ΔcylE10,11,19–22.
Generation of GFP expressing GBS, COH1-GFP, was described previously.
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 described23,24. 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 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
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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 manufacturer’s
instructions. Primer sequences for IL-1β (il1b), CXCL-8 (cxcl8a)23, and
elongation

factor

1

alpha

(ef1a)24

are

as

follows:

il1b,

F-

5’AGAATGAAGCACATCAAACC3’, R-5’AATCCACCACGTTCACTTC3’; cxcl8a,
F-5’GTCGCTGCATTGAAACAGAA3’,
ef1a,

R-5’CTTAACCCATGGAGCAGAGG3’;

F-5’GAGAAGTTCGAGAAGGAAGC3’,

R-

5’CGTAGTATTTGCTGGTCTCG3’. 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).
TUNEL assay
Was performed as described in Espin et. Al 201325. Briefly, larvae were
fixed overnight at 4C in 4% PFA before subsequent washing and dehydration
with methanol. After washing and equilibration larvae were incubated with TdT
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reaction mix overnight and then washed with PBT before labeling with
strepavidine-Alexa-Fluor-488.
Detection of globin
o-Dianisidine staining was used to study the expression of globin, do examine
larvae for potential sites of hemorrhaging. Non-fixed larvae were stained for 30
min in the dark in o-dianisidine (0.6 mg/ml), 0.01 M sodium acetate (pH 4.5),
0.65% H202, and 40% (vol/vol) ethanol. Stained larvae were cleared with
benzyl benzoate/benzyl alcohol.
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. 2.1A). 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).
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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. 2.1B). 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), the
b-h/c toxin (ΔcylE), and properly anchored LTA (Δiag)5,10,11. We observed that
all of these mutants were attenuated in zebrafish larvae (Fig. 2.1C). 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
bloodstream5,18. 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
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interleukin-1b and CXCL8 by real time qPCR at 48 h post infection (hpi). IL-1b
and CXCL-8 transcript were significapantly induced compared to PBS-infected
controls (Fig. 2.1D). These results suggest that zebrafish larvae respond
similarly to mice during disease progression in response to GBS infection.
Figure
1
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Figure 2.1: 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
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Figure 2.2: 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 colocalize 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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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. 2.2 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.
During larval infections the fluorescent level of RFP attributed to the brain
vasculature within the fish seemed to decrease relative to the uninfected group
(Figure 2). I hypothesized that this could potentially be due to the specific lysis
of endothelial cells. GBS is know to possess a β-hemolysin/cytolysin (β-h/c)
toxin11. If lysis occurs within the vasculature than it is possible that the loss of
fluorescence is attributable to cell death. To investigate this further we infected
Tg(flk1:ras-cherry)s896 fish with GBS strain COH1, serotype III, ST-17 and
performed Terminal deoxynucleotidyl transferase dUTP nick-end labeling to
detect apoptotic cells during GBS infection. Additionally based on our
observations it appeared that GBS is able to accumulate outside of the brain
vasculature (Figure 2.2). This leads to the question of whether or not the
vasculature itself was damaged within these fish. Cerebral hemorrhage in
patients in response to GBS infection has been reported in the literature28. If
damage to the brain vasculature occurs then it is possible that blood would

35
hemorrhage into the surrounding tissue. To detect potential sites of hemorrhage
zebrafish were stained with o-dianidenisine which binds to globin, and can be
used to detect blood in zebrafish29.
Three day post fertilization larval zebrafish expressing Tg(flk1:rascherry)s896 were injected with 1nL of GBS of with PBS mock infection vehicle
control. GBS infection was allowed to proceed for 6, 12, and 26 hours. After
each time point larvae were sacrificed and TUNEL-labeled. Apoptotic cells were
labeled with green strepavidine-Alexafluor-488 (Green, Figure 2.3).
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Figure 2.3: Colocalization of apoptotic cells with vascular endothelium
3dpf zebrafish expressing Tg(flk1:ras-cherry)s896 were infected with GBS and
labeled using TUNEL. A-B) 6 hour post infection (hpi) C-D) 12 hpi and E-F) 26
hpi. Apoptotic endothelial cells were indentified by colocalization of RFP and
alexa-fluor 488. The number of apoptotic endothelial cells were counted and
detailed in Figure 4.
Colocalization between apoptotic cells and the brain endothelium was
determined by colocalization between the vasculature and TUNEL-labeled cells
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(yellow, Figure 2.3). There was no significant difference between the number of
apoptotic cells that colocalized in the brain endothelium between GBS infected
and mock infected control fish (Figure 2.4). To elucidate whether hemorrhaging
occurs in response to GBS infection 3dpf zebrafish were stained with odianisidine (Figure 2.5). The observed loss of fluorescence in Tg(flk1:rascherry)s896 zebrafish infected with GBS did not correlate with an observed
increase in apoptosis of endothelial cells. It is still possible that GBS does cause
apoptosis in larval endothelial cells, however, the current experiments did not
demonstrate an increase in the number of apoptotic endothelial cells relative to
the control. Future studies should attempt to colocalize GBS, apoptotic cells,
and the brain endothelium. Additionally infection with GBS did not result in
hemorrhaging of blood into tissues surrounding the vasculature. There was no
detection of pooled globin stained with o-dianisidine within infected zebrafish
larvae. Taken together both of these results suggest that GBS does not
translocate across the BBB by direct assault of the endothelial cells, future
experiments should investigate whether this relationship remains true at
different doses of GBS, and over a range of times to obtain a more complete
course of infection. 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 zebrafish18,26. 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 2.4: Enumeration of apoptotic endothelial cells
The number of apoptotic endothelial cells were enumerated. There is no
significant different between the number of apoptotic endothelial cells in the
brain between PBS mock infection control (white) and GBS infected (black) fish.

Figure 2.5: Globin detection and visualization of hemorrhaging in GBS
infected zebrafish larvae
The number of apoptotic endothelial cells were enumerated. There is no
significant different between the number of apoptotic endothelial cells in the
brain between PBS mock infection control (white) and GBS infected (black) fish.

39
ACKNOWLEDGEMENTS
Chapter 2, contains portions of reprinted material as in: Kim, B.J.,
Hancock, B.M., Bermudez, A., Del Cid, N., Reyes, E., van Sorge, N.M., Lauth,
X., Smurthwaite, C.A., Hilton, B.J., Stotland, A., Banerjee, A., Buchanan, J.,
Wolkowicz, R., Traver, D., Doran, K.S. 2015. Bacterial induction of Snail1
contributes to blood-brain barrier disruption. J Clin Invest. 125(6):2473-2483.
The dissertation author was the primary investigator for the portions included.
I would like to thank Dr. David Traver for his guidance and generous use
of his lab equipment and space. I would also like to thank BK, NDC, ER, RE,
and AB, for their help on numerous aspects of this project without them this
work would not have been possible. Thank you to my mentor KD who helped
shape this research project and for all of the support through the years.

40
REFERENCES
1.
Maisey, H. C., Doran, K. S. & Nizet, V. Recent advances in
understanding the molecular basis of group B Streptococcus virulence. Expert
Rev. Mol. Med. 10, e27 (2008).
2.
Edwards, M. S. Group B streptococcal infections. Pediatr. Infect. Dis. J.
9, 778–781 (1990).
3.
Johri, A. K. et al. Group B Streptococcus: global incidence and vaccine
development. Nat. Rev. Microbiol. 4, 932–942 (2006).
4.
van Sorge, N. M. & Doran, K. S. Defense at the border: the blood-brain
barrier versus bacterial foreigners. Future Microbiol. 7, 383–394 (2012).
5.
Rubens, C. E., Wessels, M. R., Heggen, L. M. & Kasper, D. L.
Transposon mutagenesis of type III group B Streptococcus: correlation of
capsule expression with virulence. Proc. Natl. Acad. Sci. U. S. A. 84, 7208–
7212 (1987).
6.
Maisey, H. C., Hensler, M., Nizet, V. & Doran, K. S. Group B
streptococcal pilus proteins contribute to adherence to and invasion of brain
microvascular endothelial cells. J. Bacteriol. 189, 1464–1467 (2007).
7.
Tazi, A. et al. The surface protein HvgA mediates group B streptococcus
hypervirulence and meningeal tropism in neonates. J. Exp. Med. 207, 2313–
2322 (2010).
8.
Seo, H. S., Mu, R., Kim, B. J., Doran, K. S. & Sullam, P. M. Binding of
glycoprotein Srr1 of Streptococcus agalactiae to fibrinogen promotes
attachment to brain endothelium and the development of meningitis. PLoS
Pathog. 8, e1002947 (2012).
9.
van Sorge, N. M. et al. The group B streptococcal serine-rich repeat 1
glycoprotein mediates penetration of the blood-brain barrier. J. Infect. Dis. 199,
1479–1487 (2009).
10.
Doran, K. S. et al. Blood-brain barrier invasion by group B Streptococcus
depends upon proper cell-surface anchoring of lipoteichoic acid. J. Clin. Invest.
115, 2499–2507 (2005).
11.
Doran, K. S., Liu, G. Y. & Nizet, V. Group B streptococcal betahemolysin/cytolysin activates neutrophil signaling pathways in brain

41
endothelium and contributes to development of meningitis. J. Clin. Invest. 112,
736–744 (2003).
12.
Mu, R. et al. Identification of CiaR Regulated Genes That Promote Group
B Streptococcal Virulence and Interaction with Brain Endothelial Cells. PloS
One 11, e0153891 (2016).
13.
Banerjee, A. et al. Bacterial Pili exploit integrin machinery to promote
immune activation and efficient blood-brain barrier penetration. Nat. Commun.
2, 462 (2011).
14.
Neely, M. N., Pfeifer, J. D. & Caparon, M. Streptococcus-zebrafish model
of bacterial pathogenesis. Infect. Immun. 70, 3904–3914 (2002).
15.
van der Sar, A. M. et al. MyD88 innate immune function in a zebrafish
embryo infection model. Infect. Immun. 74, 2436–2441 (2006).
16.
Sullivan, C. & Kim, C. H. Zebrafish as a model for infectious disease and
immune function. Fish Shellfish Immunol. 25, 341–350 (2008).
17.
Yoder, J. A., Nielsen, M. E., Amemiya, C. T. & Litman, G. W. Zebrafish
as an immunological model system. Microbes Infect. 4, 1469–1478 (2002).
18.
Patterson, H. et al. Adult zebrafish model of bacterial meningitis in
Streptococcus agalactiae infection. Dev. Comp. Immunol. 38, 447–455 (2012).
19.Wessels, M. R., Haft, R. F., Heggen, L. M. & Rubens, C. E. Identification of a
genetic locus essential for capsule sialylation in type III group B streptococci.
Infect. Immun. 60, 392–400 (1992).
20.
Wilkinson, H. W. Nontypable group B streptococci isolated from human
sources. J. Clin. Microbiol. 6, 183–184 (1977).
21.
Madoff, L. C., Michel, J. L. & Kasper, D. L. A monoclonal antibody
identifies a protective C-protein alpha-antigen epitope in group B streptococci.
Infect. Immun. 59, 204–210 (1991).
22.
Yim, H. H., Nittayarin, A. & Rubens, C. E. Analysis of the capsule
synthesis locus, a virulence factor in group B streptococci. Adv. Exp. Med. Biol.
418, 995–997 (1997).
23.
de Oliveira, S. et al. Cxcl8 (IL-8) mediates neutrophil recruitment and
behavior in the zebrafish inflammatory response. J. Immunol. Baltim. Md 1950
190, 4349–4359 (2013).

42

24.
Page, D. M. et al. An evolutionarily conserved program of B-cell
development and activation in zebrafish. Blood 122, e1-11 (2013).
25.
Espín, R. et al. TNF receptors regulate vascular homeostasis in zebrafish
through a caspase-8, caspase-2 and P53 apoptotic program that bypasses
caspase-3. Dis. Model. Mech. 6, 383–396 (2013).
26.
Berardi, A. et al. Group B streptococcus late-onset disease: 2003-2010.
Pediatrics 131, e361-368 (2013).
27.
Kim, B. J. et al. Streptococcus agalactiae infection in zebrafish larvae.
Microb. Pathog. 79, 57–60 (2015).
28.
Takahashi, W. et al. Streptococcus agalactiae Infective Endocarditis with
Multiple Cerebral Hemorrhages: A Case Report. J. Neuroimaging Off. J. Am.
Soc. Neuroimaging 25, 507–509 (2015).
29.
Detrich, H. W. et al. Intraembryonic hematopoietic cell migration during
vertebrate development. Proc. Natl. Acad. Sci. U. S. A. 92, 10713–10717
(1995).

CHAPTER 3
Characterization the host and bacterial factors responsible for activating Snail1
in response to GBS infection.
Bryan M. Hancock1, Brandon J. Kim1, Andres Bermudez1, Natasha Del Cid2,
Efren Reyes1,2, Nina M. van Sorge3, Xavier Lauth4, Cameron Smurthwaite1,
Brett Hilton1, Aleksandr Stotland1, Anirban Banerjee1,5 John Buchanan4, Roland
Wolkowicz1, John Lapek2, David Gonzalez3 David Traver2, Kelly S. Doran1,6*

1

Department of Biology and Center for Microbial Sciences, San Diego State
University, San Diego, CA, 92182, USA.

2

Department of Cellular and Molecular Medicine, University of California at San
Diego, La Jolla, CA, 92093 USA.

3

Medical Microbiology, University Medical Center Utrecht, 3584 CX Utrecht, The
Netherlands.
4

5

Center for Aquaculture Technologies Inc, San Diego, CA, USA.

Current Address: Department of Biosciences & Bioengineering, IIT-Bombay,
Mumbai, 400076, INDIA.
6

Department of Pediatrics, University of California San Diego School of
Medicine, La Jolla, CA, 92093, USA.

43

44
PREFACE
The work in chapter three addresses the specific bacterial factors that
lead the upregulation of the transcription factor Snail1 within endothelial cells
during infection with GBS.

Specifically Chapter 3 addresses Aim 2:

Characterize the pathogen and host factors responsible for activating Snail1 in
response to GBS infection. Snail1 activation in endothelial cells was assayed in
numerous experiments with a variety of GBS serotypes, mutants, and
conditions. Eventually a sample preparation made from the cell wall extract of
GBS serotype III, ST-17 containing the HY106 polysaccharide capsule deletion
and ΔiagA mutation was identified for its impaired activation of Snail1. The work
described in this chapter addresses the sub-aims2a: Characterize Snail1
activation during GBS infection. 2b: Identify a GBS mutant and/or strain that
differentially activates Snail1

during infection. 2c: Utilize mass spectrometry

on samples with differential Snail1 activation to specifically identify the bacterial
proteins involved in its induction. Mass spectrometry analysis has revealed a
candidate list of potential proteins that are differentially expressed from wild
type GBS and a sample that does not efficiently activate Snail1. Portions of this
work have been published in the Journal of Clinical Investigation, and only
experiments from which the author made a singular or principal contribution to
are included.
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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. 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. Additionally we have
conducted mass spectrometry analysis of cell wall extracts of GBS deficient in
their ability to activate Snail1. Differential protein expression between these
samples has created a candidate list of GBS proteins implicated in activating
Snail1. Additional proteomic analysis of GBS has been conducted to investigate
the contribution of the Δiag mutant to Snail1 activation. Taken together our data
suggests a novel mechanism of BBB disruption and penetration by GBS and
provide a candidate list of the GBS proteins that should be investigated for their
contribution to Snail1 activation.
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INTRODUCTION
Streptococcus agalactiae (Group B Streptococcus, GBS) is a Grampositive pathogen that can cause bacteremia, sepsis, and meningitis1. Globally
GBS is the leading cause of neonatal sepsis and meningitis that occurs within
first 90 days of life2. GBS is a commensal colonizer and found in the
gastrointestinal and urogenital tracts of 20-30% of healthy adult men and
women3. GBS can be transmitted vertically from colonized mothers to the
developing infant either in utero or during the process of birth4. Infants can
acquire GBS through a variety of transmission routes, including ascending
uterine infection, aspiration of GBS infected fluids, direct interaction between
GBS colonized tissue and the neonate, as well as from the environment2–4 .
GBS disease has two separate clinical manifestations. Early onset disease
(EOD) occurs within the first seven days of life3. Often GBS EOD presents as
mild bacteraemia without a focus leading to symptoms such as jaundice,
lethargy, and cardiovascular issues5,6. Nearly 10% of GBS EOD is diagnosed
from neonates with pneumonia and in cases with significant GBS burden there
is an elevated risk for severe lung injury5. Late onset disease (LOD) is clinically
defined as occurring between the first seven and 90 days of life, nearly 50% of
LOD cases arise from vertical colonization at birth7. Late onset disease (LOD)
typically presents as bactaermia, or blood infection, and can rapidly progress to
meningitis7. Over 40% of neonates diagnosed with GBS LOD develop
permanent neurological sequelae such as seizures, hydrocephalus, hearing
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loss, and cerebal palsy8,9. In response to the potential severity of GBS infection
pregnant women are typically screened for GBS colonization 35-37 weeks into
their pregnancy10. Women who screen positive for GBS are treated with
intrapartum antibiotics prophylactics (IAP)11. Since routine GBS screening and
IAP there has been a reduction in reported EOD cases, however this has not
been observed for LOD whose rate has remained unchaged12,13. Additionally
there are no vaccines for GBS disease, and thus GBS research is vital to
understanding this pathogen in order to establish better treatment modalities.
In order to cause disease GBS must penetrate into the blood stream and
persist long enough to interact with the blood-brain-barrier (BBB)14. The BBB is
made up brain microvascular endothelial cells (bMEC) that have a variety of
unique specializations that coordinately function to create a tightly regulated
and highly selective barrier between the central nervous system and blood15.
BMEC express intercellular protein complexes known as tight junctions (TJs)
that fasten adjacent cell membranes together to effectively abrogate free
paracellular transport across the BBB16. TJ’s are mainly made up of the claudin,
occludin, and zonals-occludin family proteins. The main components of the TJ
are cytoplasmically linked transmembrane proteins belonging to the claudin
family17. Occludin proteins were the first TJ component described, they form
transmembrane scaffolds that anchor other TJ proteins18,19. In the brain
endothelium occludins function mainly for signaling and endothelial cell
regulation20,21. The zona-occludins (ZO) are cytoplasmic and function as an
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anchor for the claudins, occludins, and other junctional adhesion molecules
(JAMs)22. Interestingly the tight junction components claudin-5, occludin, and
ZO-1 can be directly downregulated by the first time that infection of brain
endothelium with GBS and other meningeal pathogens induces expression of
the host transcription factor Snail1 (SNAI1), a global repressor of tight junction
gene expression, resulting in increased bacterial BBB penetration23,24.
Additionally by using a proteomics based mass spectrometry approach we have
identified a candidate list of GBS gene products that are implicated in the
activation of Snail1expression of the transcription factor Snail123–26.
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,
along with other GBS serotypes, NCTC10/84 (V) , 515 (Ia) and NEM316 (III,
ST-23)27–30.

Other bacteria were used and propagated as described

Streptococcus pneumoniae (SPN)

H. influenza type B (HiB), and Bacillus

anthracis sterne strain ΔpXO131–33. GBS mutants used include COH1 Δiag,
NCTC10/84 ΔpilA, and NCTC10/84 ΔcylE34–36. Cell wall extracts were prepared
as previously described (28). 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
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(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 previously14,34,35. Immortalized
mouse brain endothelial cells (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 45 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.
Quantitative PCR (qPCR).
Bacterial infection, RNA isolation, cDNA preparation, microarray analysis
and qPCR were performed as described31,37. Heat killed experiments were
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performed as described38. For qRT-PCR primer sequences used have been
published for human SNAI1, human ZO-1 (TJP1) , human OCLN human
GAPDH , murine CLDN5, SNAI1 and GAPDH , murine OCLN (Forward 5’GATGCAGGTCTGCAGGAGTATAA-3’,

Reverse

5’-

ATCCTTAATTGGAGTGTTCAGCC-3’), zebrafish occludin (oclna), gapdh, and
E-Cadherin (cdh1) 39–44. 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
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DAPI containing Vectashield (Vector labs) and visualized with a Zeiss florescent
microscope.
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 previously35,37. Briefly 6-8
week old male CD-1 mice were injected intravenously with 6-7x107 CFU of WT
GBS or 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).
Statistics.
GraphPad Prism version 5.0a was used for statistical analysis. Twotailed Students t test and one-way ANOVA with Bonferroni’s 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.
Protein Digestion and TMT Labeling.
Organ homogenates were lysed in a buffer composed of 75 mM NaCl
(Sigma), 3% sodium dodecyl sulfate (SDS, Fisher), 1 mM NaF (Sigma), 1 mM
beta-glycerophosphate (Sigma), 1 mM sodium orthovanadate (Sigma), 10 mM
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sodium pyrophosphate (Sigma), 1 mM phenylmethylsulfonyl fluoride (PMSF,
Sigma), and 1X Complete Mini EDTA free protease inhibitors (Roche) in 50 mM
HEPES (Sigma), pH 8.545. To ensure full lysis, homogenates were passed
through a 21-gauge syringe 20 times. Insoluble debris was then pelleted by
centrifugation for 5 minutes at 14,000 rpm. Supernatants were transferred to
new tubes and an equal volume of 8 M urea in 50 mM HEPES, pH 8.5 was
added to each sample. Samples were then vortexed and sonicated for 5
minutes in a sonicating water bath to ensure protein denaturation. Proteins were
reduced with dithiothreitol (DTT, Sigma) and alkylated with iodoacetamide
(Sigma) as previously described46. Proteins were precipitated via methanolchloroform precipitation47. Precipitated proteins were re-solubilized in 300 μL of
1 M urea (Fisher) in 50 mM HEPES, pH 8.5. Vortexing, sonicating and manual
grinding were used to aid solubility. Proteins were digested in a two-step
digestion process. First, 3 μg of LysC (Wako) was added to each sample, and
samples were digested overnight at room temperature. Next, 3 μg of trypsin
was added, and samples were digested for six hours at 37 ºC. Digests were
acidified with trifluoroacetic acid (TFA, Pierce) to quench the digestion
reaction. Peptides were desalted with C18 Sep-Paks (Waters) as previously
described48. Concentration of desalted peptides was determined with a BCA
assay (Thermo Scientific), and peptides were aliquoted into 50 μg portions.
Aliquots were dried under vacuum and stored at -80 ºC until they were labeled
with TMT reagents.
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Peptides were labeled with 10-plex TMT reagents (Thermo Scientific) as
previously described49,50,51. TMT reagents were reconstituted in dry acetonitrile
(Sigma) at 20 μg/μL. Dried peptides were re-suspended in 30% dry acetonitrile
in 200 mM HEPES, pH 8.5, and 7 μL of the appropriate TMT reagent was
added to peptides. Reagents 126 and 131 (Thermo Scientific) were used to
bridge between mass spec runs. Remaining reagents were used to label
samples in random order. Labeling was carried out for 1 hour at room
temperature, and was quenched by adding 8 μL of 5% hydroxylamine (Sigma).
Labeled samples were acidified by adding 50 μL of 1% TFA and then pooled
into appropriate 10-plex TMT samples, with pooled standard samples labeled
with 126 and 131. Pooled samples were desalted with C18 Sep-Paks.
Basic pH Reverse-Phase Liquid Chromatography Sample Fractionation.
Sample fractionation was performed by basic pH reverse-phase liquid
chromatography with concatenated fractions as previously described50. Briefly,
samples were re-suspended in 5% formic acid/5% acetonitrile and separated
over a 4.6 mm x 250 mm C18 column (Thermo Scientific) on an Ultimate 3000
HPLC fitted with a fraction collector, degasser and variable wavelength
detector. The separation was performed over a 22% to 35%, 60-minute linear
gradient of acetonitrile in 10 mM ammonium bicarbonate (Fisher) at 0.5 mL/min.
The resulting 96 fractions were combined as previously described(Wang et al.,
2011). Fractions were dried under vacuum and re-suspended in 5% formic
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acid/5% acetonitrile and analyzed by liquid chromatography (LC)-MS2/MS3 for
identification and quantitation.
LC-MS2/MS3 for Protein Identification and Quantitation.
All LC-MS2/MS3 experiments were carried out on an Orbitrap Fusion
(Thermo Fisher Scientific) with an in-line Easy-nLC 1000 (Thermo Fisher
Scientific) and chilled autosampler. Home-pulled, home-packed columns (100
μm ID x 30 cm, 360 μm OD) were used for analysis. Analytical columns were
triple-packed with 5 μm C4 resin, 3 μm C18 resin, and 1.8 μm C18 resin
(Sepax) to lengths of 0.5 cm, 0.5 cm, and 30 cm respectively. Peptides were
loaded at 500 bar and eluted with a linear gradient of 11% to 30% acetonitrile in
0.125% formic acid over 165 minutes at a flow rate of 300 nL/minute, with the
column heated to 60 ºC. Nano-electrospray ionization was performed by
applying 2000 V through a stainless-steel T-junction at the inlet of the
microcapillary column.
The mass spectrometer was run in data-dependent mode, where a
survey scan was performed over 500-1200 m/z at a resolution of 60,000 in the
Orbitrap. Automatic gain control (AGC) was set to 2x105 for MS1 with a
maximum ion injection time of 100 ms. The S-lens RF was set to 60 and
centroided data was collected. Top-N mode was used to select the most
abundant ions in the MS1 scan for MS2 and MS3 with N set to 10.
The decision tree option was used for MS2 analysis, using charge state
and m/z range as qualifiers. Ions carrying 2 charges were analyzed from the
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m/z range of 600-1200, and ions carrying 3 and 4 charges were selected from
the m/z range of 500-1200. An ion intensity threshold of 5x104 was used.
MS2 spectra were obtained using quadrupole isolation at a 0.5 Th window and
fragmented using Collision Induced Dissociation with a normalized collision
energy of 30%. Fragment ions were detected and centroided data collected in
the linear ion trap using rapid scan rate with an AGC target of 1x104 and
maximum ion injection time of 35 ms.
MS3 analysis was performed using synchronous precursor selection
(SPS) enabled to maximize TMT quantitation sensitivity49 A maximum of 10
MS2 precursors was specified for the SPS setting, which were simultaneously
isolated

and

fragmented

for

MS3 analysis.

Higher-Energy

Collisional

Dissociation fragmentation was used for MS3 analysis with a normalized
collision energy of 55%. Resultant fragment ions (MS3) were detected in the
Orbitrap at a resolution of 60,000 with a low mass cut-off of 110 m/z. AGC for
MS3 spectra was set to 1x105 with a maximum ion injection time of 100 ms.
Centroided data were collected, and MS2 ions between the range of 40 m/z
below and 15 m/z above the precursor m/z were excluded by SPS.
Data Processing and Analysis.
Data were processed using Proteome Discover 2.1 (Thermo Fisher
Scientific). MS2 data were searched against concatenated Uniprot Human,
Group A Streptococcus and Group B Streptococcus databases (downloaded
11-28-16) respectively using the Sequest algorithm52. A decoy search was also
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conducted with sequences in reverse order53–55. A precursor mass tolerance of
50 ppm was specified and 0.6 Da tolerance for MS2 fragments. Static
modification of TMT 10-plex tags on lysine and peptide n-termini (+229.162932
Da) and carbamidomethylation of cysteines (+57.02146 Da) were specified.
Variable oxidation of methionine (+15.99492 Da) was also included in search
parameters56,57. Data were filtered to 1% peptide and protein level false
discovery rates with the target-decoy strategy through Percolator58,59
TMT reporter ion intensities were extracted from MS3 spectra for
quantitative analysis, and signal-to-noise values were used for quantitation.
Spectra were used if the average signal-to-noise was greater than 10 across
samples and if isolation interference was less than 25%. Protein quantitation
values were calculated by summing signal to noise values for all peptides per
given protein meeting these filters. Data were normalized in a multi-step
process, whereby they were first normalized to the pooled standards (TMT-126
and -131) for each protein, and then to the median signal across the pooled
standards from all experiments. An average of these normalizations was used
for the next step. To account for slight differences in amounts of protein labeled,
these values were then normalized to the median of the entire dataset and
reported as final normalized summed signal-to-noise ratios per protein per
sample.
Study Approval.
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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.
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 and GBS infection of hBMEC,
and a partial list of affected genes in hBMEC in response to S.
pneumoniae31,32,34,37. Data analysis of these experiments using a statistical
algorithm developed for high-density oligonucleotide arrays revealed that
infection with all pathogens, with the exception of HIB, resulted in a significant
induction of Snail1 (Figure 3.1A)60. Snail1 is a global transcriptional repressor of
tight junctions, and plays an important role in the epithelial to mesenchymal
transition during development24,61. 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
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Type (ST)-17, serotype III). qPCR analysis revealed that SNAI1 transcript was
significantly increased in infected cells compared to uninfected control cells
(Figure 3.1B,C). SNAI1 induction occurred following infection with three different
GBS clinical serotypes (Figure 3.1D). We further analyzed protein expression
by western blot analysis and found that Snail1 protein levels were significantly
induced during GBS infection (Figure 3.1E,F). To examine if SNAI1 is induced
by GBS in vivo we utilized an established murine model of hematogenous
meningitis34. 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 3.1G). 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 3.1H-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 3.1: 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 proteins23,24. 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 3.2A-H), and
VE-cadherin. 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 3.2I). Further, we
observed no difference in cell monolayer density or cell viability as measured by
Trypan Blue staining during infection (data not shown) 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 3.2J 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 3.2: 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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Contribution of bacterial factors and host signaling pathways to Snail1
induction
To investigate the potential for various GBS mutants to induce SNAI1 we
treated hBMEC with assorted mutants (Table 3.1). All GBS mutants induced
Snail1 transcript expression to similar levels as their serotype control (Figure
3.3A-C). Interestingly the HY106 ΔiagA had the lowest increase the expression
of the SNAI1 transcript in hBMEC.
Table 3.1: GBS Mutants assayed for Snail1 Induction
Gene Mutation

Serotype,
(Parent
Strain)

Location of Mutation

1

pilA

V, (NCTC)

Pilus A protein

2

cylE

V, (NCTC)

Beta hemolysin/cytolysin
toxin gene

3

srtA

III, (COH1)

Sortase A gene

3

iagA

III, (COH1)

4

Hy106

III, (COH1)

5

Hy106, iagA

III, (COH1)

Invasion associated
gene A
Unknown mutation in
capsule gene
Unknown mutation in
capsule gene and
Invasion associated
gene A

in vitro
Phenotype
Decreased
immune activation
and diminished
collagen binding
Decreased
immune activation
Inability to anchor
LPXTG proteins to
cell wall
Reduced invasion
No capsule
production
No capsule
production and
reduced invasion
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Figure 3.3: other GBS mutants to activate Snail1
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.
To determine if live bacterial challenge was required for SNAI1 induction,
we treated hBMEC with either live, heat killed (HK), or formalin fixed GBS.
Neither HK nor formalin fixed GBS had viable bacteria present as determined
by CFU enumeration on THA plates. Interestingly, HK GBS did not induce
SNAI1, however formalin fixed GBS did result in the induction of SNAI1
transcript comparable to infection with live bacteria (Figure 3.4A). Coupled with
the observation that HY106 ΔiagA double mutant did not activate induce
SNAI1To the same degree as other mutants this result suggests that a 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 that contains
components attached to the bacterial cell surface62. Strikingly, GBS cell wall
extract greatly induced SNAI1 transcript levels when compared to the control
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(Figure 3.4B). Taken together these data suggest that GBS expresses a surface
factor that is induces SNAI1 in hBMEC.

Figure 3.4: 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

To identify if the GBS surface factor responsible for activating Snail1 is a
protein or peptide we pretreated CWE extracts with either proteinase K or
trypsin. Pretreatment of the CWE with either protease resulted in a significant
reduction in SNAI1 activation relative to wild type (Figure 3.5A). To further
investigate if a surface factor of GBS was responsible for the SNAI1 induction
cell wall extracts were made of WT GBS, ΔiagA, and HY106 ΔiagA. CWE made
from ΔiagA and HY106 ΔiagA exhibited a significantly reduced ability to
upregulate the SNAI1 transcript in vitro (Figure 3.5B). Taken together these
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results further suggest that the surface factor of GBS that activates SNAI1 on
endothelial cells is proteinacious or dependent on a protein linkage for SNAI1
activation.

Figure 3.5: Cell Wall Extracts Activate Snail1
Treatment of CWE with trypsin or proteinase results in significantly less SNAI1
expression (A)Treatment of hBMEC with extracts from ΔiagA or HY106 ΔiagA
results in significantly less SNAI1 expression (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 < 0.05, ** p < 0.01, *** p < 0.001.

Mass Spectrometry Analysis of GBS Cell Wall Extracts and Proteomic
Analysis of the GBS mutant Δiag
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Upregulation of the SNAI1 transcript was not dependent on live GBS,
indeed when GBS was heat killed SNAI1 activation was abrogated, similarly
SNAI1 induction was lost when CWE of GBS were incubated with protease
(Figure 3.4A, 3.5A). These results suggest that the GBS factor responsible for
induction of SNAI is likely a protein, peptide, or dependent on a protein for
surface display. To investigate whether of not differentially expressed proteins
are responsible for SNAI1 activation we prepared multiple comparisons for
spectrometry analysis as follows 1) WT versus ΔiagA, whole bacteria 2) WT
versus ΔiagA, CWE, and 3) HY106 versus HY106Δiag, CWE. In an effort to
fully understand the differential protein expression between WT GBS and ΔiagA
we undertook a comprehensive proteomic analysis of whole bacteria, utilizing
the ΔiagA single mutant versus the parental WT GBS (Figure 3.6A). This
approach identified 48 proteins significantly different between the two samples.
Of these proteins 44 were more abundant in the ΔiagA mutant and only four
were more highly expressed in the parental WT GBS. The ΔiagA mutant was
originally created by allelic exchange removing a single glycosyltransferase
dubbed the ‘invasion associated gene’ because it was first identified in
transposon mutagenesis studies screening for GBS deficient in hBMEC
invasion35. The differential protein expression between ΔiagA and WT GBS is
enriched for proteins associated with the cell surface such as CspA a serine
protease capable of inactivating chemokines (Table 3.2)63. Other cell-wall
associate proteins that have not been characterized are more highly expressed
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in the ΔiagA mutant including a subtilase family protease, hydrolase, a cell wall
associated adhesin, and CAMP factor, (Table 3.2). In an effort to broaden our
analysis we repeated the mass spectrometry of CWE this time comparing CWE
isolated from the ΔiagA single mutant to WT GBS. This analysis resulted in a
much smaller data set. Only six proteins were identified as significant in their
differential expression, and all were more highly expressed in the ΔiagA CWE
than in WT, and of the six, four have unknown functions (Figure 3.6B and Table
3.3). The other two proteins belong to the protease and metallophosphatase
families. Between CWE of the double mutant HY106\ΔiagA and its parental
strain 31 differentially expressed proteins were identified (Figure 3.6C). Of these
proteins 12 were more highly expressed in the HY106, whereas 19 proteins
were significantly more abundant in the double mutant (Table 3.4). Proteins
enriched in the CWE of the double mutant include biofilm regulatory protein A
(BrpA), a virulence factor characterized in Streptococcus mutans but as yet not
described in GBS64. Many of the remaining differentially expressed proteins
have roles in metabolism and sugar utilization, HY106\ΔiagA has a mutation in
its capsular polysaccharide that may explain why the CWE has so many
enzymes related to sugar utilization. This data is the first proteomic analysis of
GBS serotype III, sequence type (ST)-17, and is currently being analyzed for
proteins that may be of interest for future research.
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Figure 3.6: Differential protein expression whole bacteria and cell wall
extracts of GBS
A) 50mL of OD600=1.0 whole bacterial cultures of WT COH1 or ΔiagA GBS were
pelleted and prepared for mass spectrometry and analyzed as outlined above.
Data was plotted as the log2 protein fold change in mutant relative to wild-type
versus the –log of the p-value. B) Triplicate biological isolates of COH1 WT
GBS or ΔiagA CWEs were prepared for mass spectrometry and analyzed as
outlined above. Data was plotted as the log2 protein fold change in mutant
relative to wild-type versus the –log of the p-value. C) Triplicate biological
isolates of HY106 and the double mutant HY106 ΔiagA CWEs were prepared
for mass spectrometry and analyzed as outlined above. Data was plotted as the
log2 protein fold change in mutant relative to wild-type versus the –log of the pvalue.
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Table 3.2: Differential Expressed Proteins Between Parent and ΔiagA
Proteins identified as significant in their differential expression. Statistics were
performed as indicated in materials and methods, p<0.05.
Protein

CAJ66796.1
CDN67319.1
CDN66601.1
EAO76642.1
EAO75520.1
CDN66295.1

EAO75356.1
WP_001033956
.1
WP_000037656
.1
EAO75020.1
WP_000268757
.1
CDN67028.1
WP_000418430
.1
CDN67352.1
CDN66580.1
CDN66163.1
EAO76826.1
EAO75386.1
CDN65469.1
WP_001080261
.1
WP_000721136
.1
CDN65990.1
EAO74973.1

Description
putative cell-wall anchored
surface adhesin
cell surface serine endopeptidase
CspA
protein of unknown function
bacteriocin transport accessory
protein, putative
ribosomal protein L34
protein of unknown function
/lipoprotein,putative
ribose ABC transporter,
periplasmic D-ribose-binding
protein

p-value

Log2
COH1/
ΔiagA

(-) Log p

1.275E-04

-2.595

3.894

3.850E-04
5.532E-03

-2.234
-2.197

3.415
2.257

6.352E-03
1.401E-02

-2.061
-2.017

2.197
1.853

3.503E-06

-1.926

5.456

2.002E-02

-1.895

1.699

alpha/beta hydrolase
amino acid ABC transporter
substrate-binding protein
streptococcal histidine triad
protein domain protein

1.452E-02

-1.874

1.838

4.764E-03

-1.850

2.322

6.571E-04

-1.820

3.182

30S ribosomal protein S16
A /G-specific adenine glycosylase
DNA-directed RNA polymerase
subunit delta
hypothetical protein
GBSCOH1_1886
oxidoreductase, short chain
dehydrogenase /reductase family
cell wall surface anchor family
protein
serine protease, subtilase family
ribosomal protein L33
diacylglycerol kinase catalytic
domain protein,putative

1.567E-02
4.087E-02

-1.814
-1.803

1.805
1.389

2.415E-03

-1.779

2.617

6.372E-03

-1.770

2.196

1.225E-03

-1.732

2.912

1.552E-04
2.759E-02
3.645E-02

-1.727
-1.721
-1.719

3.809
1.559
1.438

3.990E-02

-1.703

1.399

membrane protein
peptidyl-prolyl cis-trans
isomerase
flavodoxin
IS861, transposase OrfA

7.989E-03

-1.670

2.098

4.015E-02
2.092E-02
1.051E-02

-1.643
-1.635
-1.599

1.396
1.680
1.978
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Table 3.2: Differential Expressed Proteins Between Parent and ΔiagA
continued
Protein
EAO74535.1
CDN65867.1
WP_000717326
.1
WP_001223113
.1
EAO75270.1
EAO76613.1
CDN66712.1
CDN66009.1
EAO76693.1
EAO75768.1
WP_000048058
.1
CDN65939.1
EAO75761.1
CDN66978.1
WP_000722379
.1
WP_000594351
.1
CDN66696.1
CDN66569.1
WP_000823931
.1
EAO76495.1
CDN67000.1
CDN66742.1
WP_000203492
.1
CDN66193.1
WP_001203826

Description

p-value

Log2
COH1/
ΔiagA

(-) Log p

ribosomal protein L28
hypothetical protein
GBSCOH1_0401
glycine cleavage system protein
H
Rossman fold protein,
TIGR00730 family
conserved hypothetical protein
2',3'-cyclic-nucleotide 2'phosphodiesterase
cell wall surface anchor family
protein
hydrolase, haloacid
dehalogenase-like family
Unknown
protein of unknown
function/lipoprotein, putative

3.018E-02

-1.582

1.520

1.151E-02

-1.578

1.939

8.362E-03

-1.554

2.078

2.488E-03
1.578E-02

-1.522
-1.518

2.604
1.802

5.704E-03

-1.510

2.244

4.555E-03

-1.500

2.342

2.924E-03
3.978E-02

-1.495
-1.476

2.534
1.400

7.762E-04

-1.455

3.110

30S ribosomal protein S21
conserved hypothetical protein
copper-transporter protein CopZrelated protein
conserved hypothetical protein
TIGR00488
glutamine ABC transporter
substrate-binding protein
peptide ABC transporter
permease
Protein of unknown function
(DUF464) superfamily
hyaluronate lyase

4.612E-03
1.751E-02

-1.429
-1.425

2.336
1.757

4.286E-02

-1.415

1.368

4.930E-02

-1.399

1.307

2.757E-02

-1.394

1.560

6.461E-03

-1.392

2.190

7.811E-05
1.119E-03

-1.388
-1.359

4.107
2.951

endonuclease
CAMP factor
N-acetylmuramoyl-L-alanine
amidase, family 4
sortase, putative

5.108E-03
2.978E-05

-1.341
-1.339

2.292
4.526

3.069E-02
1.451E-02

-1.337
1.317

1.513
1.838

carbohydrate degradation protein
glutathione S-transferase family
protein
transketolase

1.344E-02

1.363

1.872

1.788E-02
6.490E-03

1.454
1.600

1.748
2.188
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Table 3.3: Differentially Expressed Proteins in the CWE Between Parent
and ΔiagA
Proteins identified as significant in their differential expression. Statistics were
performed as indicated in materials and methods, p<0.05.
Protein

Description

EAO76826.1
EAO75768.1
WP_000726928
.1
EAO76670.1
CDN65814.1
CDN66295.1

serine protease, subtilase family
protein of unknown
function/lipoprotein, putative
bifunctional
metallophosphatase/5'nucleotidase
Unknown
protein of unknown function
protein of unknown function
/lipoprotein,putative

p-value

Log2
COH1/
IagA

(-) log p

2.99E-03

-3.579

2.525

4.14E-02

-2.211

1.383

1.33E-02
2.89E-02
1.95E-02

-1.954
-1.921
-1.904

1.877
1.539
1.710

3.24E-02

-1.771

1.489

Table 3.4: Differentially Expressed Proteins Between Parent and
HY106ΔiagA
Proteins identified as significant in their differential expression. Statistics were
performed as indicated in materials and methods, p<0.05.
Protein
721332450
446375427
445995585
447144951
721333651
721334078
445970289
446682365
447065072
446645301
446123423
721333239
721332549

Description
N-acetylglucosamine-6-phosphate
deacetylase
dihydroxyacetone kinase subunit L
inosine-5-monophosphate
dehydrogenase
ribosomal large subunit
pseudouridine synthase B
phosphoserine transaminase
bacteriocin
acetoin reductase
pyridine nucleotide-disulfide
oxidoreductase
30S ribosomal protein S12
dihydroxyacetone kinase subunit
DhaK
ribosome biogenesis GTPase A
formate--tetrahydrofolate ligase
family protein
biofilm regulatory protein A BrpA

p-value

Log2
COH1/
IagA

(-) log p

1.04E-03
2.00E-03

-0.378
-0.872

2.983
2.699

2.56E-03

-0.501

2.591

2.89E-03
4.65E-03
5.08E-03
5.33E-03

0.523
-1.166
-0.413
-0.688

2.539
2.332
2.294
2.273

6.29E-03
6.34E-03

-0.338
0.344

2.201
2.198

9.21E-03
1.37E-02

-0.470
0.347

2.036
1.864

2.00E-02
2.40E-02

-0.782
1.691

1.699
1.620
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Table 3.4: Differentially Expressed Proteins Between Parent and
HY106ΔiagA continued
Protein
446061303
721332722
446763442
447074517
446253642
446675100
721333010
446115383
721333126
721333375
446869074
446698385
721332597
445970203
721332283
721333380
721333094
721333052

Description

p-value

dTDP-4-dehydrorhamnose 3,5epimerase
hypothetical protein W903_0611
ribose-phosphate
pyrophosphokinase 2
30S ribosomal protein S6
50S ribosomal protein L17
dipeptidase A
ribonucleotide reductase, small
chain family protein
heme ABC transporter ATP-binding
protein
putative NADH oxidase
glucose-1-phosphate
thymidylyltransferase
PhoU family transcriptional regulator
50S ribosomal protein L29
translation initiation factor IF-2
30S ribosomal protein S21
ribosomal protein L30
adenine phosphoribosyltransferase
nucleoside diphosphate kinase
ATP synthase F1, alpha subunit

Log2
COH1/
IagA

(-) log p

2.50E-02
2.57E-02

-0.153
-0.801

1.602
1.590

2.85E-02
2.89E-02
2.94E-02
2.99E-02

-0.162
0.311
0.434
-0.398

1.545
1.539
1.531
1.524

3.06E-02

-0.319

1.515

3.16E-02
3.44E-02

-0.656
0.307

1.500
1.464

3.54E-02
3.59E-02
3.71E-02
3.88E-02
4.18E-02
4.30E-02
4.71E-02
4.78E-02
4.87E-02

-0.248
-0.433
0.560
0.103
0.323
1.294
0.594
-0.585
-0.233

1.451
1.445
1.430
1.411
1.379
1.367
1.327
1.320
1.312

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 pathogens65. However, the majority of
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 BBB66. It is not completely understood how blood-
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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 polarity67. Disruption of tight junctions results in the loss of
cell polarity68. Several studies have demonstrated that meningeal pathogens
degrade tight junction proteins or remodel the junctional complexes. In this
study we 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
metastasis69–72. 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 Occludin23,73. Snail1 binds to an E-box motif of
promoters, repressing transcription23,74. However, Snail1 can also downregulate
Claudin-1 and ZO-1, without affecting their transcription24. Notably, Snail1
epression can also disrupt apical-basal polarity complexes in epithelial cells75.
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 cells76. Utilizing a murine model of hematogenous meningitis,
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we observed a significant increase in SNAI1 transcript in whole brain
homogenate and purified endothelial cells. To our knowledge, this is the first
characterization of the role of Snail1 in the pathogenesis of bacterial infection in
vivo. GBS fixed with paraformaldhyde retained the ability to induce SNAI1
whereas HK bacteria did not. Interestingly a preparation of CWE from WT GBS
induced SNAI1 transcript over ten-fold more than live WT GBS. Suggesting that
the bacterial factor responsible for SNAI1 activation is possibly enriched in the
CWE. CWE from the GBS mutant Δiag, and the HY106ΔiagA double mutant
were significantly reduced in their ability to induce SNAI1 transcript. In response
to this a proteomic analysis was conducted comparing the CWE made from
HY106 to the HY106 Δiag double mutant. Mass spectrometry analysis of the
CWEs resulted in a candidate list of proteins, to be investigated for their ability
to activate SNAI1. Additionally we conducted mass spectrometry analysis of
whole bacteria comparing the ΔiagA mutant with WT GBS. Interestingly the
majority of differentially expressed proteins were present in the ΔiagA versus
the WT and included protein proteins such as CspA a known virulence factor,
as well as CAMP factor, surface adhesins, proteases, and other cell wall
associated proteins63br. Mass spectrometry was also used to compare the
CWE of ΔiagA and its parental strain, interestingly this dataset proved to be
much smaller and only six proteins were identified as significantly different
between the samples and all were enriched in the ΔiagA mutant (Figure 3.6B
and Table 3.3). Four of these proteins have unknown functions. The other two
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included a protease and a metallophosphatase. Lastly a comparison between
the CWE made from HY106ΔiagA and its parent were analyzed by mass
spectrometry. 31 proteins of interest were identified, including BrpA a protein
important for virulence in Streptococcus mutans, as well many proteins
associated with sugar metabolism (Figure 3.6C and Table 4)64. Initially the goal
of the proteomic approach using mass spectrometry was to identify GBS
proteins responsible for the upregulation of Snail1. Utilizing whole bacteria and
CWEs we have identified many proteins that are significant in their differential
expression between GBS samples that activate Snail1 to different levels. Future
experiments will seek to further determine the mechanism of SNAI1 activation,
and which specific proteins of GBS may play a role based off of the data from
this chapter. Infection by GBS and subsequent loss of tight junctions in
response to infection 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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PREFACE
The data within chapter forms the basis of a research article that will be
published evaluating the use of the hCMEC/D3 cell line and alternative in vitro
models of the blood-brain-barrier (BBB) for GBS infection. This chapter
addresses Aim 3: Develop and Investigate alternative in vitro models of
the blood-brain-barrier. Specifically this work is intended to concentrate on the
sub-aims, 3a: Investigate the use of the newly available hCMEC/D3 cell line as
an alternative in vitro model to study GBS interaction with brain endothelium
and 3b: 3b: Establish an in vitro co-culture method to study GBS host-pathogen
interactions and investigate contribution of astrocytes to GBS infection
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ABSTRACT
Streptococcus agalactiae (Group B Streptococcus, GBS) is an invasive
human pathogen and a leading cause of neonatal central nervous system
(CNS) infections worldwide. Late onset GBS infections can progress to
meningitis, which is characterized as infection and inflammation of the tissues
surrounding the brain. In order to cause disease GBS must translocate the
blood-brain-barrier (BBB). The BBB functions to restrict paracellular and
transcellular transport between the blood and CNS, it is made up of multiple cell
types including, endothelial cells, mural cells, glial cells, and neurons
collectively referred to as the neurovascular unit (NVU). A few models exist to
study GBS BBB interactions in vitro, including an immortalized line of human
brain microvascular endothelial cells (hBMEC), which has been used to study
multiple meningeal pathogens. More recently a newly characterized human
cerebral microvascular endothelical cell line has become commercially available
(hCMEC/D3)1. This chapter aims to characterize the hCMEC/D3 response to
GBS infection and compare it to that of hBMEC. Additionally a preliminary
astrocyte-endothelial co-culture model to examine host-pathogen interactions in
vitro is described.
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INTRODUCTION
Streptococcus agalactiae is Gram-positive, non-motile cocci, that
asymptomatically colonizes 20-30% of adults in the gastrointestinal and
urogenital tracts2,3. S. agalactiae is classified by it’s carbohydrate grouping so
offer referred to as Group B Streptococcus (GBS). GBS is a also a pathogen
and the prevailing cause of neonatal blood and central nervous system (CNS)
infections worldwide4. Typically GBS infection occurs either in neonates or in
immune-compromised individuals, such as the elderly5. Neonates can acquire
and GBS through vertical transmission from a colonized mother; infection can
occur either in utero or during the birthing process by interaction between the
neonate and GBS infected fluids2,3,6. GBS infections are split into two categories
based upon the time at which disease symptoms appear, early onset disease
(EOD) occurs between 0-6 days post birth, whereas late onset-disease (LOD)
occurs between 7-90 days after birth2,5,7. Recently the first case of ultra-late
onset recurring infection GBS infection was reported in a three year old child8.
GBS LOD is a sever bacterial infection typically presenting as bactaermia or
sepsis that can lead to meningitis, an infection of the tissue surrounding the
brain3. During GBS meningitis severe damage to the brain and CNS can occur
due to a sustained pro-inflammatory immune response; thus survivors of GBS
infection are often left with permanent sequelae such as stroke, blindness,
cerebal palsy, and others9–13.
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In order to cause meningitis GBS must enter the blood and persist long
enough to interact with the blood-brain-barrier (BBB)14. The BBB refers to the
microvasculature that penetrates the CNS, functionally the BBB coordinates the
movement and transport of molecules between the blood and CNS and acts as
barrier between the two15. Although primarily composed of brain microvascular
endothelial cells (BMEC), the BBB is regulated by a variety of cell types such as
pericytes, astrocytes, and neurons that collectively make up the neurovascular
unit (NVU); coordinated function of the NVU its required to maintain BBB
homeostasis (Figure 4.1)16.

Figure 4.1: Diagram of the neurovascular unit.
The blood vessel is encased by endothelial cells whose tight junctions restrict
paracellular transport out of the lumen. Mural cells such as pericytes surround
the endothelial cells and interact with glial cells such as the astrocytes.
Astrocytes function to regulate endothelial cells and act as bridge for the blood
vessel and CNS tissue. Astrocytic end-processes connect astrocytes,
endothelial cells, and neurons in a vast regulatory network.
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BMEC are the primary cell type of the BBB, they have highly specialized
features which aid in their function to separate blood and CNS16,17. One such
feature are the tight junctions (TJs), TJs are large protein complexes that ‘seal’
the endothelium together by decreasing the intercellular space between
adjacent endothelial cells17. Tight junctions are mainly composed of claudin-5,
occludin, and zonula-uccludens18. ZO-1, also known as tight-junction protein-1,
is the principle cytoplasmic component of the tight junction and functions to
anchor the other transmembrane proteins19,20. In BMEC claudin-5 is expressed
nearly 100 fold higher than any other claudin and is vital in sealing the BBB21.
Occludin is an integral TJ membrane protein that interacts directly with ZO-1
forming a transmembrane scaffold22,23.. Occludin is thought to function primarily
for the modulation of TJ signaling24. Recent research in our lab has identified
that infection of endothelial cells in vitro and in vivo results in the upregulation of
a transcription factor Snail1; Snail1 is a global repressor of tight junction
proteins and its upregulation is necessary and sufficient to disrupt BBB integrity
demonstrated through a loss of tight junction components25–27.
Perivascular end-processes from astrocytes surround the endothelial
cells within the NVU, the astrocytes regulate BMEC cell functions and act as a
link between the vasculature and the CNS28,29. Astrocytes can facilitate the
upregulation of several features of the BBB through their interaction with BMEC
such as a increase in the barrier resistance, modulation of tight junctions,
increase in cAMP, and polarization of receptors such as PGP and GLUT1
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and28,30,31. Co-culture experiments with astrocytes and BMEC in vitro have
demonstrated enhanced barrier function when the two cell types interact,
suggesting the importance of astrocyte-BMEC interactions30. Recently our lab
has published research showing that astrocytes are susceptible to GBS
infection, and further GBS is able to persist within astrocytes and may function
to elicit a pro-inflammatory response32.
The immortalized human brain microvascular endothelial cell line
(hBMEC), retains the morphologic and functional traits of primary brain
microvascular endothelial cells and has been utilized in our lab for in vitro
infection

assays10,27,33,34.

Recently

the

human

cerebral

microvascular

endothelial cell line (hCMEC/D3), enriched for cells expressing classic
endothelial markers including CD31, von Wilebrand factor, Claudin-5 and VEcadherin has been made available for research use1. Interesting hCMEC/D3
(hCMEC) cells isolated from the cerebral vasculature exhibit contact inhibition in
monoculture, a feature not observed in the hBMEC line to date, additionally
hCMEC express abundant detectable Claudin-5, whereas Claudin-5 protein is
not detectable in hBMEC1,27. However, hCMEC have not been used to study
GBS – endothelial cell interactions. A portion of this dissertation is aimed at
investigating hCMEC as a possible alternative for BMEC in vitro. Due to the
prominent interactions between astrocytes and endothelial cells another goal of
this dissertation is sub-aim 3b: to establish an in vitro co-culture method to
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study GBS host-pathogen interactions and investigate contribution of astrocytes
to GBS infection.
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 experiments35.
GBS mutants used include COH1 Δiag, ΔbspC, HY10636,37 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 previously38–40.

Immortalized human cerebral microvascular

endothelial cells (hCMEC/D3) were obtained from EMD/Millipore and cultured in
Endogro-MV

Complete

Medium

supplemented

with

1ng/mL

FGF-2

(EMD/Millipore). The human astrocyte cell line, SVG-A was generously provided
by Dr. Walter J. Atwood (Brown University, Providence, RI). Cells were cultured
in DMEM/F12 medium (DMEM/Ham’s F12 50/50) (Mediatech Inc.) and
supplemented with 10% fetal bovine serum (FBS)32.
Infection assays.
hBMEC or hCMEC were grown to confluency on collagenized 24 well
plates (Corning). GBS or other bacteria were then incubated with mammalian
cells for 4-5 hours: following infection protein, RNA, inhibitor assays, or staining
were done following procedures below. Bacteria were then washed and used to
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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. Adherence and invasion assays were performed as
previously described10,36. Co-culture experiments were carried out in ECIS
8w10E PET disposable arrays (ECIS) coated with 1% RTC. Briefly, hCMEC
were seeded directly on to electrodes at 1x103 cells/µL and allowed attach for
one hour at 37C, 5% CO2. Astrocytes were added into the surrounding area at
3x103 cells/µL. Cells were grown in co-culture for 60 hours prior to GBS
infection. Barrier impedance and capacitance were measured using multifrequency scan mode on the and ECIS ZΘ (Applied Biophysics).
Quantitative PCR.
Bacterial infection, RNA isolation, cDNA preparation, microarray analysis
and qPCR were performed as described41,42. For qRT-PCR primer sequences
used have been published for human SNAI1, human ZO-1 (TJP1) , human
OCLN, and human GAPDH. Fold change was calculated by the ΔΔCT
method27.
Statistics.
GraphPad Prism version 6.0 was used for statistical analysis. Two-tailed
Students t test for statistical analysis. Data are represented as mean ± SEM.
Statistical significance was accepted at p<0.05.
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RESULTS
hCMEC

have

been

extensively

characterized

for

a

brain

microvasculature endothelial cell phenotype, and expression of key endothelial
and tight junction components such as PECAM-1, von Wilebrand factor,
claudin-5, occludin, and ZO-11. Additionally the hCMEC line was show to exhibit
contact inhibition during in vitro cell growth. To assess the suitability of using
hCMEC to study GBS disease and host-pathogen interactions a series of
comparisons to the hBMEC cell line, and published literature were performed.
The highly encapsulated hypervirulent serotype III ST-17 strain of GBS was
chosen because of its disproportionate isolation from clinical manifestations of
GBS disease, and availability of published information43. GBS was able to
adhere to hCMEC in a similar manner as the hBMEC line at all multiplicities of
infection tested (Figure 4.2A). Interestingly there was no significant difference in
GBS invasion between the hCMEC and hBMEC cell line (Figure 4.2B).
Adherence and invasion of endothelial cells are the most critical factors for GBS
disease progression; the results in Figure 4.2 suggest GBS may be interacting
with these cell lines in a similar fashion.
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F
igure 4.2: Adherence and Invasion of GBS in hCMEC/D3
hBMEC of hCMEC/D3 were infected with GBS, serotype III ST-17, at various
MOIs and incubated for five hours at 37C, 5% CO2. For adherence following
incubation cells were washed and dissociated with trypsin then serial dilutions
were plated on THA. For invasion endothelial cells were washed after 30
minutes and incubated with gentamicin to non-internalized GBS. A) There is no
significant difference in adherence of GBS between hBMEC and hCMEC. B)
There is no significant difference in invasion of GBS between hBMEC or
hCMEC.

To further investigate the ability of GBS to adhere to and invade hCMEC
cells a panel of GBS mutants was chosen for their documented interactions with
hBMEC. The Δiag mutant has a reported deficiency in its ability to invade
hBMEC but not in its adherence36. Infection of hCMEC with Δiag showed no
difference in adherence, however invasion of hCMEC by Δiag was significantly
impaired (Figure 4.3A-B). Further ΔbspC and a GBS isolate with a mutation in a
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capsular gene (HY106) showed no difference in adherence and invasion of
hCMEC cells (Figure 4.3A-B).

Figure 4.3: Adherence and Invasion of GBS Mutants in hCMEC/D3
hBMEC of hCMEC/D3 were infected with GBS, serotype III ST-17, Δiag, ΔbspC,
or HY106 at an MOI of 10 and incubated for five hours at 37C, 5% CO2. For
adherence following incubation cells were washed and dissociated with trypsin
then serial dilutions were plated on THA. For invasion endothelial cells were
washed after 30 minutes and incubated with gentamicin to non-internalized
GBS. A) There is no significant difference of adherence between GBS mutants.
B) Δiag is deficient in its ability to invade hCMEC cells.*** p< 0.001.

Recently we have shown that in vitro and in vivo infection of endothelial
cells results in an activation of the Snail1 transcript (SNAI1), upregulation of
Snail1 was found to be necessary and sufficient in disrupting tight-junctions27.
To identify if Snail1 activation occurs in hCMEC during GBS infection, qRT-PCR
was performed for the SNAI1 transcript, and Snail1 levels in infected hCMEC
were compared to hBMEC. Infection of hCMEC by GBS resulted in a significant
induction of SNAI1 at both an MOI of 10 and 50, further corroborating the robust
Snail1 induction by GBS in endothelial cells. In hBMEC Snail1 upregulation
results in a corresponding down regulation of tight junction components27. To
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investigate whether or not tight junction components were down regulated in
hCMEC during GBS infection qRT-PCR for claudin-5, occludin, and ZO-1 was
performed. Figure 4.5A-D shows that GBS infection significantly upregulates
Snail-1 leading to a significant reduction in both claudin-5 and occludin
transcripts however ZO-1 levels only trended down. Collectively GBS is able to
adhere and invade hCMEC as well as activate Snail-1, resulting in loss of tight
junction components in a similar manner as hBMEC.

Figure 4.4: Infection of hCMEC results in SNAI1 activation
hBMEC or hCMEC/D3 were infected with serotype III, ST-17 GBS at indicated
MOI, and incubated at 37C, 5% CO2 for five hours. After incubation RNAisolation was performed as described and cDNA was synthesized. qRT-PCR for
the Snail1 transcript was performed. Snail1 is induced to similar levels during
GBS infection of both hBMEC and hCMEC* p< 0.05, ** p < 0.01, *** p< 0.001.
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Figure 4.5: Expression of Tight Junction Components is decreased in
hCMEC during GBS infection
hBMEC or hCMEC/D3 were infected with serotype III, ST-17 GBS at indicated
MOI, and incubated at 37C, 5% CO2 for five hours. After incubation RNAisolation was performed as described and cDNA was synthesized. qRT-PCR for
the Snail1, Claudin-5, Occludin, or ZO-1 transcripts was performed. A) Snail1
transcript is elevated in hCMEC during GBS infection while transcripts for B)
Claudin-5, C) Occludin and D) ZO-1 were reduced. * p< 0.05, ** p < 0.01, ***
p< 0.001.
After preliminary characterization of GBS-hCMEC interactions we
decided to develop a co-culture model using SVG-A astrocytes and hCMEC. To
analyze interactions between SVG-A and hCMEC we collaborated with Applied
Biophysics to utilize the Electrical Cell Impedance Sensing (ECIS) technology.
ECIS is a system that measures the barrier permeability of a monolayer of cells
in real time by measuring trans-endothelial electrical resistance (TEER) and
capacitance across the cellular barrier. TEER values have been shown to
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correspond to barrier permeability with lower TEER being associated with
higher permeability44. The ECIS system is a powerful tool for monitoring in vitro
barrier function however it proved very difficult to obtain a concise and
reproducible co-culture conditions. Many variations of arrays, transwells,
seeding densities, and infection methods were analyzed and a reproducible
method was developed as depicted in Figure 4.6. In this model endothelial cells
are seeded directly on to the ECIS sensor and allowed to adhere, subsequently
SVG-A cells are added to the well and interpolate with the endothelial cells,
after incubation the co-culture wells are then infected with GBS. GBS co-culture
infections produced a surprising result, hCMEC alone (dark-red, Figure 4.7)
consistently had a higher barrier impedance than the co-culture wells. Wells
containing a co-culture of hCMEC and SVG-A had a reduced response to GBS
infection compared to hCMEC cells alone (green/light-green vs. red/dark-red,
Figure 4.7). This observation suggests that the co-cultured endothelial cells are
more resistant to barrier disruption caused by GBS infection. Additionally
impedance/capacitance of astrocytes did not change in response to GBS
infection. Together these results, although preliminary, suggests that a coculture of astrocytes and endothelial cells may act synergistically during GBS
infection thereby mediating the effect of GBS on barrier integrity.
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Figure 4.6: Diagram of hCMEC-Astrocyte co-culture
1x104 hCMEC were seeded directly onto the sensor area of the area. After
attachment 3x104 SVG-A cells were added and allowed to grow in co-culture
media consisting of 50:50 Endogro-TM and DMEM/F-12.
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Figure 4.7: GBS infection of co-cultured hCMEC and SVG-A
ECIS arrays wells were prepared as described above and seeded with either
hCMEC, SVG-A, or a co-culture containing both. After 60 hours, wells were
infected with GBS at an MOI of 50 and monitored until 120 hours. A)
Impedance changes during co-culture infections with GBS. B) Capacitance
change during GBS infection.
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DISCUSSION
The hCMEC/D3 cell line is now commercially available for research use,
however they have not been evaluated in the context of GBS infection. The
experiments conducted demonstrate that GBS is able to adhere and invade
hCMEC in a similar fashion as hBMEC, and further a mutant deficient in its
ability to invade hBMEC also exhibited reduced invasion into hCMEC. GBS
infection results in the upregulation of Snail1, a transcription factor implicated in
the loss of tight junctions. Additionally GBS infection of hCMEC also resulted in
a decrease in the transcription of tight junction components claudin-5 and
occludin. Preliminary co-culture experiments have been conducted using
hCMEC and SVG-A cells. Infection of the co-culture with GBS hints at in
increased in barrier resiliency to infection. However these results are
preliminary due to the complexity of growing the cell types in co-culture. Future
experiments should aim to further characterize the hCMEC response to
infection looking at the production of pro-inflammatory cytokines, and other
parameters that have been evaluated for hBMEC. Future co-culture work should
continue by attempting to utilize trans-well inserts and the ECIS system, in an
effort to obtain a reproducible in vitro co-culture infection model.
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CHAPTER 5

SUMMARY OF THE DISSERTATION

Bryan Hancock

Group B Streptococcus (GBS) also known as Streptococcus agalactiae
is a Gram-positive, chain forming, cocci, that colonizes 20-30% of healthy
human adults in the gastrointestinal and urogenital tract1,2. Globally GBS is the
leading cause of sepsis and meningitis in neonates within the first 90 days of
life3. Meningitis is an inflammatory disease that is universally fatal if left
untreated4,5. GBS is typically transmitted vertically from colonized mothers to
the neonate; infections can occur either by ascension in utero or by contact
between the neonate and infected fluids during the birthing process1,6. GBS
disease can be placed into one of two categories based on the time when
symptoms begin to manifest. Early onset disease when infection presents
between day 0-6 post partum, this presentation is often marked by sepsis and
pneoumonia2,3. GBS late onset disease occurs after the first week of life and
between the first 90 days2,7. Clinical manifestations of late onset disease can
occur as sepsis, and bacteremia leading to meningitis2. Over half of the
meningitis survivors develop lifelong neurological sequelae such as blindness,
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deafness, cerebral palsy, seizure disorders and stroke8. In response to the
potential severity of GBS disease and the associated complications, in many
countries, including the United States, women are screened for GBS
colonization at 35-37 weeks gestation. Positive carriers are treated with
intrapartum prophylactic antibiotics (IAP), which has directly contributed to a
decrease in the frequency of EOD from 1.7 in 1000 live births in 1993 to 1 in
4000 live births in 20109–11. Unfortunately IAP has had no effect on the
incidence rate of GBS LOD, which remains unchanged12. Further there is no
vaccine available for GBS disease prevention, several candidates are in
development however they are many years away from being a commercially
viable product13. It is critical to conduct research focused on the mechanisms
underlying GBS disease, and although a lot of work has already been done
there is still an incredible need for understanding GBS infection.
In order to cause disease GBS must persist in the blood and evade the
host immune response for long enough to interact with, and cross the bloodbrain-barrier (BBB)6,8. The BBB is comprised of specialized endothelial cells
that

functionally

restrict

paracellular

and

transcellular

transports

of

macromolecules, ions, nutrients, and pathogens into the central nervous system
(CNS)

14–16

. Little is known about the mechanisms by which GBS is able to

cross the BBB and cause disease. To model GBS infection in vivo we have
previously relied solely on murine models of GBS infection and although robust,
these models have numerous drawbacks and challenges, including need for
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specialized space, ethical concerns, and cost. Recently the zebrafish, Danio
rerio has emerged as a genetically tractable and viable in vivo model for
numerous human diseases17. An aim of this dissertation research is to
investigate the potential suitability of larval zebrafish for use as an in vivo model
organism to study GBS infection. Additionally we have identified a host
transcription factor that is upregulated during infection that results in
corresponding decrease in BBB function. My work has contributed to the
discovery of this transcription factor and further focused on the specific bacterial
factors responsible for its activation. The third goal of this dissertation was is to
evaluate another potential in vitro model of the BBB to study GBS infection, and
investigate the feasibility of utilizing a co-culture method with other cell types
important for BBB regulation.
Characterization of the susceptibility of larval zebrafish to GBS infection
As described in chapter two, I examined the potential use for three-day
post fertilization (3 dpf) larval zebrafish for use as a model organism to study
GBS disease in vivo.
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 at increasing doses. Mortality of the GBS
infected larvae proved to be dose-dependent and as expected fish injected with
GBS serotype III had the highest mortality rate (Fig. 2.1B). This confirms data
previously reported in the murine model of GBS hematogenous meningitis.
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Further of note is that the dose per-fish, 200 CFU/nL, is at the same
concentration used in the murine model (~2x109 CFU/uL). In a murine model of
haemotogenous meningitis we have observed that pro-inflammatory interleukin1β and the neutrophil recruiting chemokine CXCL8 are transcriptionally
activated during infection with GBS19,20. A similar observation was made in 3dpf
larval zebrafish IL-1β and CXCL-8 transcript were significantly induced
compared to vehicle controls. Taken together we show that larval zebrafish are
susceptible to GBS infection, and respond to infection in a similar way as mice.
GBS mutants attenuated in murine models of GBS disease are attenuated in
the zebrafish, and further work characterizing the immune response identified
activation of key immune components IL-1β and CXCL8, which were also
identified in the murine response to GBS. This work is the first to characterize
the susceptibility of larval zebrafish to GBS infection.
A benefit of larval zebrafish is their intrinsic characteristic to be optically
clear, leading to their ability to be imaged live by utilizing confocal microscopy21.
In GBS infected zebrafish larvae we observed several areas within the zebrafish
brain where GBS was located outside of the vasculature. Translocation across
the BBB is a hallmark of GBS disease1,8. Using our model we have described
the first observation of GBS translocation across the BBB in larval zebrafish.
One of the remaining questions that arose in response to the
development of this model was the loss of red fluorescence within the
vasculature of infected larvae. To that end we sought to investigate if specific
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lysis of endothelial cells was occurring in vivo. GBS is known to possess a βhemolysin/cytolysin (β-h/c) toxin22 that can cause lysis. If lysis occurs within the
vasculature than it is possible that the loss of fluorescence is attributable to cell
death, we sought to determine if apoptosis or tissue damage was occurring in
vasculature and if that co-localized with GBS. In our experiments there was no
difference in the number of apoptotic cells in within the larvae, nor did we detect
any sign of hemorrhaging. This result suggested that the decreased red
fluorescence is not the result of specific damage to endothelial cells by GBS.
Although these experiments were preliminary they suggest that translocation
across the endothelium in larval zebrafish may be due to a more specific
method than general trauma to the vasculature.
This work is the first report utilizing larval zebrafish as a model for GBS
disease, we demonstrated the susceptibility of GBS to various serotypes of
GBS and compared the mortality rates of various GBS mutants attenuated in
other in vivo models, additionally larval zebrafish mount a similar immune
response as do mice. Next we showed that GBS is able to cross the BBB in
larval zebrafish, and that this translocation is not do to apoptosis of endothelial
cells, general damage to the vasculature as detected by hemorrhaging.
Future studies should attempt characterize the larval zebrafish immune
response to GBS infection further. It has been widely reported that immune
infiltration into the CNS is a major contributing factor to meningitis disease
progression24. In preliminary observations we observed that neutrophils tended
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to migrate to the site of injection with larvae, and not with GBS. The ability to
live image and monitor the infection process in vivo makes the zebrafish larvae
a powerful model for studying host-GBS interactions. Additional experiments
should also examine BBB penetration of GBS utilizing transgenic fish with
genetic manipulations in genes that underlie the regulation of the BBB,
specifically tight junction expression. Based on the work in this dissertation GBS
infection can be modeled in zebrafish larvae and used as a tool for future
research to study host-pathogen interactions.

Characterization the host and bacterial factors responsible for activating
Snail1 in response to GBS infection
The initiation of bacterial meningitis occurs when blood-borne bacteria
penetrate the BBB, gaining access to the CNS. Snail1 is a zinc finger
transcription factor that has been extensively studied in the context of epithelial
to mesenchymal transition (EMT) and cancer metastasis25–27. In the context of
EMT accumulation of Snail1 alters the expression of tissue specific claudins,
notably Claudin-5 and Occludin28,29. In chapter three I describe the specific
activation of Snail1 by GBS and the corresponding decrease in tight junction
components in vitro and in vivo. Further I investigate the specific bacterial
factors of GBS that contribute to Snail1 activation.
GBS infection results in a robust Snail1 induction in numerous assay
conditions. Infection of immortalized human brain microvascular endothelial
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cells, as well as murine brain endothelial cells also resulted in Snail1 activation
in vitro. Utilizing a murine model of GBS haematogenous meningitis, we
observed a significant increase in SNAI1 transcript in whole brain homogenate
as well as purified endothelial cells. Additionally Snail1 co-localized specifically
with von Wilebrand factor, a canonical endothelial cell marker in stained brain
sections from infected mice. Our next step in understanding the effect of Snail1
on endothelial cells and the BBB was to demonstrate an increase in Snail1
transcript and protein resulted in a corresponding decrease in tight junction
proteins. Figure 3.2 A-K shows that activation of Snail1 in vitro and in our in vivo
murine haematogenous meningitis model BBB components such as ZO-1,
Claudin-5 and occludin are down regulated at the protein and transcript levels.
To our knowledge, this is the first characterization of the role of Snail1 in the
pathogenesis of bacterial infection in vivo. Full characterization of the effect of
Snail1 on tight junction was later completed showing that SNAIL1 is necessary
and sufficient to cause dysregulation of the BBB30.
For this dissertation I wanted to characterize the specific bacterial
factors that activate Snail1. I began by taking a panel of GBS isolates with
mutations in known virulence factors and infecting hBMEC in vitro. To my
surprise all mutants activated the transcription of Snail1 (Figure 3.3A-C).
Following this process we sought to identify if live GBS was required for Snail1
induction. GBS was either heat killed by boiling or formaldehyde fixation. Only
live GBS and fixed GBS retained the ability to induce SNAI1 whereas heat killed
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GBS did not. This observation led us to believe that the GBS factor responsible
for Snail1 activation is on the cell surface of GBS. To that end we purified a cell
wall extract (CWE) of wild type GBS. The CWE induced SNAI1 transcript to
levels over ten-fold higher than live GBS (Figure 3.5A). Pretreatment of the
CWEs with protease abrogated the Snail1 activation suggesting that the GBS
factor responsible is likely proteinacious. Next we examined if cell wall extracts
made from GBS with mutations that affect its outer surface were able to activate
Snail1. The mutant ΔiagA, which is deficient in its ability to invade endothelial
cells, lacks a key glycosyltransferase that creates the glycoplipid anchor for
Lipoteichoic acid (LTA). Additionally we used a HY106ΔiagA double mutant,
which contains another mutation in an unknown capsule gene resulting in GBS
that does not produce a polysaccharide capsule. CWE from either ΔiagA or
HY106ΔiagA were significantly reduced in their ability to induce SNAI1
transcript. This observation led us to believe that a proteomic approach to
identifying the proteins of GBS responsible for Snail1 activation would be the
appropriate route to take. To investigate whether of not differentially abundant
proteins are responsible for SNAI1 activation we prepared multiple comparisons
for spectrometry analysis. These comparisons were: 1) WT versus ΔiagA, 2)
WT versus ΔiagA CWE, and 3) HY106 versus HY106ΔiagA CWE.
In our first whole bacteria comparison of the ΔiagA mutant against WT
GBS we identified the majority of differentially abundant proteins are were
present in the ΔiagA mutant and included known virulence proteins such as
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CspA, a protease, and CAMP factor, as well as surface adhesins, putative
proteases, and other cell wall associated proteins31. Mass spectrometry was
then used to compare the CWE of ΔiagA and its parental strain, interestingly
this dataset proved to be much smaller and only six proteins were identified as
significantly different between the samples and all were enriched in the ΔiagA
mutant (Figure 3.6B and Table 3.3). Four of these proteins have unknown
functions. The other two are a protease and metallophosphatase. Lastly a
comparison between the CWE made from HY106ΔiagA and its parent were
analyzed by the same method. 31 proteins of interest were identified that
included biofilm regulatory protein A (BrpA) a protein important for virulence in
Streptococcus mutans, as well many proteins associated with sugar metabolism
(Figure 3.6C and Table 4)32. Initially the goal of the proteomic approach using
mass spectrometry was to identify GBS proteins responsible for the
upregulation of Snail1. Utilizing whole bacteria and CWEs we have identified
many proteins that are significantly different between GBS samples that may
activate Snail1 to different levels. Since CWE prepared from HY106ΔiagA
double mutant had the largest reduction of Snail1 activation I have begun to
characterize the differentially expressed proteins in the context of Snail1
activation. Future analysis should be aimed at utilizing the data produced by our
mass spectrometry analysis, with a focus on the proteins identified in the
HY106ΔiagA CWE comparison.

Assessment of this list by either creating

isogenic GBS mutants or by pharmacological inhibition of the protein function
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could identify the exact factors responsible for GBS activation of Snail 1. Since
BrpA was identified in our mass spectrometry screen between a CWE that
induced Snail1 and a CWE that was deficient in this activity future studies
should be aimed at examining the contribution of BrpA to Snail1 activation. In
chapter three we show that GBS infection of endothelial cells results in the
upregulation of the Snail1 transcription factor with a corresponding down
regulation in tight junction components at both the transcript and protein level.
Further in vitro assays infection assays that utilized GBS mutants, heat killing,
fixation, and the preparation of cell wall extracts demonstrated that the GBS
factor that activates Snail1 is likely to be a proteinacious in nature. Our mass
spectrometry analysis implicated several differentially expressed proteins that
may have roles in Snail1 activation. Infection by GBS and subsequent loss of
tight junctions in response to infection may represent the critical first step that
enables bacterial pathogens to engage host receptors and promote BBB
disruption and progression to meningitis.

Development and Investigation of alternative in vitro models of the BloodBrain-Barrier
In Chapter 4 I assess the use of an alternative immortalized cell line as a
model for in vitro GBS disease. Previously we have relied on the immortalized
human brain microvascular endothelial cell line (hBMEC), that retains the
morphologic and functional traits of primary brain microvascular endothelial
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cells and has been utilized in our lab for in vitro infection assays33–36. The
human cerebral microvascular endothelial cell line, hCMEC/D3 (hCMEC) is now
available but to date has not been studied in the context of GBS infection. The
hCMEC line may prove to be a better cell model for in vitro based assays
because it was specifically characterized as expressing classic endothelial
markers including CD31, von Wilebrand factor, VE-cadherin, and importantly
Claudin-537. Another downside to using hBMEC is that the Claudin-5 protein is
not detectable36,37. Additionally unlike hBMEC the hCMEC line exhibits contact
inhibition when cultured.
Chapter 4 demonstrates that hCMEC can be used as a model for GBS
infection in vitro. Specifically GBS is able to adhere to and invade both hBMEC
and hCMEC to similar levels. GBS ΔiagA is deficient in its ability to invade
hBMEC, here I show that it is also exhibits a decreased ability to invade
hCMEC. In Chapter 2 we identified that Snail1 is activated in endothelial cells
during GBS infection, to corroborate this and compare Snail1 induction levels I
infected both hBMEC and hCMEC. Both cell lines exhibited similar Snail1
transcript activation. Additionally I wanted to characterize the loss of tight
junction components in hCMEC. Tight junction components are down regulated
in hCMEC during infection with GBS, this observation is in line with what was
demonstrated in Chapter two, and contributes to the robustness of Snail1
activation as well as indicating that hCMEC react similar to hBMEC during
infection with GBS.
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Although primarily composed of brain microvascular endothelial cells
(BMEC), the BBB is regulated by a variety of cell types such as pericytes,
astrocytes, and neurons that collectively make up the neurovascular unit (NVU);
coordinated function of the NVU its required to maintain BBB homeostasis38.
Astrocytes are an important cell type within the neurovascular unit that interact
directly with endothelial cells. The perivascular end-processes from astrocytes
surround the endothelial cells regulating their function and acting as a link
between the vasculature and the CNS39,40. Astrocytes can also facilitate the
upregulation of several features of the BBB through their interaction with BMEC
such as a increase in the barrier resistance, modulation of tight junctions,
increase in cAMP factor, and polarization of receptors such as PGP and GLUT1
and39,41,42. Experiments using with astrocytes and endothelial cells co-cultured
in vitro have demonstrated enhanced barrier function when the two cell types
interact41. Recently our lab has published research showing that astrocytes are
susceptible to GBS infection, and further GBS is able to persist within
astrocytes and may function to elicit a pro-inflammatory response43. Chapter 4
addresses the development and preliminary results utilizing a reproducible coculture model of astrocytes and hCMEC. Utilizing the Electrical Cell Impedance
Sensing (ECIS) system we were able to measure the trans-endothelial electrical
resistance to assess the tightness of the co-culture barrier, in vitro. We show
that co-cultured astrocytes and hCMEC are more resilient to GBS infection than
endothelial cells alone (Figure 4.7).
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Future experiments should seek to further characterize the hCMEC
response to GBS infection. Extensive characterization of the inflammatory
response between hBMEC and hCMEC has already been conducted however
not in the context of GBS disease44. Another aspect of co-culture that was not
included in this dissertation is the use of trans-wells for co-culturing hCMEC and
astrocytes, although this type of model has been reported a reproducible coculture model on trans-well inserts was not attainable. Thus future studies
should focus on developing this type of co-culture system. The ECIS is a
powerful system for monitoring co-culture and future experiments should utilize
this technology for a more comprehensive measurement of in vitro barrier
function.
In Summary
The results obtained and knowledge gained from the experimentation
performed as part of this dissertation have significantly contributed to our
understanding of the pathogenicity associated with Group B Streptococcus, as
well as health and human disease.
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Appendix A
Design of a Comprehensive Mass Spectrometry Analysis of GBS Infection

Recently we have conducted a novel mass spectrometry (mass spec)
analysis of Group B Streptococcus (GBS) to analyze the comprehensive
proteome (Chapter 4). In this context GBS was grown in vitro and then
concentrated via centrifugation prior to mass spec analysis, although incredibly
informative this method has a shortcoming, namely if GBS protein expression
changes during in vivo infection/disease then our previous analysis would miss
these proteins. To address this issue we have started a collaboration with Dr.
David Gonzalez’ group at UCSD to create a dual-mass spec of host and
pathogen protein expression. Recently RNA-Seq has been utilized to
simultaneously compare host and pathogen transcriptomes1. Additionally the
differential

protein

expression

of

another

bacterial

pathogen

Shigella

dysenteriae has already been characterized revealing numerous changes in
protein expression between in vitro and in vivo conditions2. Although preliminary
this work is a novel approach to simultaneously characterize protein expression
in both the host and pathogen during infection.
Experimental Design
Our initial experimental design was optimized to increase the ability to
characterize both the host and pathogen protein expression, as well as to
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compare between two serotypes of GBS that produce different GBS disease
phenotypes. Additionally we included the ΔcylE and ΔiagA mutants of GBS that
have been previously characterized as being attenuated in vivo3,4. Comparisons
mutants and their parental strain will create a more complete picture of hostpathogen interactions. To investigate the contribution of innate immune
response to host-pathogen protein expression we have incorporated Myd88
Null mice into our experiment. Myd88 is a critical adapter protein that
transduces signals through toll-like receptors (TLRs)5,6. TLRs are critical innate
immune sensors, they are evolutionarily conserved transmembrane proteins
that function to detect microbial structures and illicit the innate immune
response7.
MATERIALS AND METHODS
Bacterial strains and cell lines
The Streptococcus agalactiae (GBS) isolates, COH1 (serotype III,
sequence type (ST)-17) and NCTC10/84 (V) were chosen as parental strains8,9.
GBS mutants used include COH1 Δiag and NCTC10/84 ΔcylE4,10.
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 previously3,4. Briefly 6-8
week old male CD-1 mice were injected intravenously with 1-3x107 CFU of WT
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GBS or a DPBS vehicle control. At time points of morbidity or death, mice were
euthanized; blood and brain tissue was collected for analysis of GBS burden
mass spec. Myd88 Null mice (Myd88 tm1.1Defr/J) were obtained from The
Jackson Laboratory.
PRELIMINARY RESULTS
To survey the interactions between GBS and murine tissue three time
points relating to early, mid-, and late infection were chosen. CD-1 Mice infected
with serotype III, ST-17 GBS (COH1) or the mutant ΔiagA lost weight over the
course of infection (Figure A.1A). Mice sacrificed at both early and mid-infection
had similar levels of both WT COH1 and ΔiagA mutant in the brain (Figure
A.1B). Moribund mice had a significant difference in WT COH1 versus ΔiagA
GBS levels in the brain. Blood counts between WT COH1 and ΔiagA were only
significantly different during mid-infection (A.1C). Harvested tissues were flash
frozen and stored at -80° C until mass spec analysis can be performed.
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Figure A.1: Infection of CD-1 with serotype III, GBS and ΔiagA mutant
Mice were infected with 3x108 GBS via tail-vein injection. A) Over the course of
infection mice lost body weight. B) At each time point brain tissue was
harvested and GBS was enumerated on Todd-Hewitt (THA) agar plates. C) At
each time point blood was collected and plated on THA. Comparisons were
made using Mann-Whitney test.
Infection of CD-1 mice was repeated using serotype V (NCTC) GBS and
the ΔcylE mutant. Infected mice lost weight over the course of the experiment
(Figure A.2A). Interestingly there was a significant difference between WT
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NCTC and ΔcylE at every time point in both the blood and the brain (Figure
A.2B-C).

Figure A.2: Infection of CD-1 with serotype V, GBS and ΔcylE mutant
Mice were infected with 1x107 GBS via tail-vein injection. A) Over the course of
infection mice lost body weight. B) At each time point brain tissue was
harvested and GBS was enumerated on Todd-Hewitt (THA) agar plates. C) At
each time point blood was collected and plated on THA. Comparisons were
made using Mann-Whitney test.
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DISCUSSION
Although preliminary we have begun experiments with the goal of identifying
protein expression in both GBS and mice tissues during infection. Our approach
relies on mass spectrometry of infected tissues. This experiment was designed
so that multiple comparisons can be made such as 1) host-pathogen protein
expression over time, 2) host pathogen protein expression between different
GBS serotypes, 3) comparison between parent and attenuated mutant strains of
GBS 4) contribution of the innate immune response to host-pathogen protein
expression. This work is in progress, and will be completed soon. The
experiment discussed in this appendix will become the basis of a manuscript
studying the protein expression between host and pathogen in vivo.
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Appendix B

Creation of an inducible shMyd88 hBMEC cell line

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. We have recently
demonstrated that during infection with GBS Snail1 is activated in the brain
endothelium leading to disruption of the BBB1. Currently the mechanism of
Snail1 activation is unknown. Toll like receptor-2 (TLR2) is located on the
surface of brain microvascular endothelial cells and is responsible for detecting
various

components

of

microbial

pathogens

including,

peptidoglycan,

lipoteichoic acid, and other foreign lipoproteins2. TLR2 is part of a signal
transduction pathway that relies on the myeloid differentiation primary response
gene 88 (MYD88) to activate NF-κB, which stimulates the production of
proinflammatory cytokines3,4. Previous data has suggested that Snail1
activation may be a result of TLR2 signaling through the MEK/ERK pathway1. In
order to investigate the signalling cascade that leads to Snail1 activation I
sought to us short-hairpin RNA (shRNA) to abrogate the myd88 transcript. This
work was aimaed at creating a stable hBMEC cell line that upon incubation with
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doxycycline produces an myd88 targeted shRNA to silence Myd88 protein
expression.
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 experiments5–8.
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 previously9–11.
Creation of inducible shmyd88 hBMEC
Briefly lentiviruses were created for shRNA production in hBMEC. The
TRIPZ short hairpin lentiviral vector (Thermo Scientific) was used. Short
hairpins directed against the human myd88 transcript were purchased (Exon1:
TTCTATTGGATTTAGGGTC, and Exon2: TCAAGAACAGAGACAGGCG). Naïve
hBMEC were spin-infected as described, 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 GAGPOL, 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

132
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. Infected cells sorted
for mCherry florescence to create hBMEC-shMyd88 Exon1 and Exon2.
Infection assays.
hBMEC 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. RNA lysates were collected and prepared as
described below and qRT-PCR was done on samples to determine Snail1
expression levels.
Quantitative PCR (qPCR).
Bacterial infection, RNA isolation, cDNA preparation, microarray analysis
and qPCR were performed as described12,13. For qRT-PCR primer sequences
used have been published for human SNAI1, GAPDH14. Fold change was
calculated by the ΔΔCT method.
PRELIMINARY RESULTS
After infection with the shmyd88 lentivirus, hBMEC were incubated with
doxycycline and sorted using flow cytometry for a population of cells expressing
mCherry, indicating positive integration of the shmyd88 DNA construct (data not
shown). After mCherry fluorescence subsided cells were again incubated with
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doxycycline and sorted into an individual clonal population containing stable
integration of the doxycycline inducible shMyd88-mCherry, now referred to as
shMyd88-hBMEC. The shMyd88-hBMEC were incubated with doxycycline and
probed using RT-PCR for the myd88 transcript and SNAi1 transcript (Figure B.1
A-B). Addition of doxycycline did not seem to affect the transcripts of either
myd88 or Snai1, however the detection. It is possible that these transcripts are
very lowly expressed in the basal state of hBMEC, therefore I sought to
examine if transcript levels were altered during infection of hBMEC with GBS. In
shMyd88-hBMEC without doxycycline GBS infection results in a general
increase in the myd88 transcript (Figure B.2, A, left two columns). When
shMyd88-hBMEC are treated with doxycycline and infected with GBS the
myd88 transcript level is significantly reduced, indicated that the shRNA is
functioning properly (Figure B.2, A, right two columns). Interestingly GBS
infection of shMyd88-hBMEC treated with doxycycline does not result in an
activation of Snail1 at the transcript level (Figure B.2, B). Although more work
needs to be conducted to follow up with these results the data suggests that
Snail1 signaling my be dependent on Myd88 expression.
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Figure B.1: Expression of myd88 and Snai1 transcript in shmyd88hBMEC.
Cells were incubated with 1ug/mL of doxycycline (dox) for 24 hours and then
probed for transcript expression. A) Dox treatment does not alter expression of
myd88. B) Dox treatment does not alter the expression of Snai1.

Figure B.2: Infection of shmyd88-hBMEC with GBS.
Cells were incubated with or without 1ug/mL of doxycycline (dox) for 24 hours
and then infected with GBS, serotype III ST-17 at an MOI of 50:1 for five hours.
After infection RNA was purified and cDNA was created to probe for transcript
expression. A) Dox treatment and infection with GBS results in a down
regulation of the myd88 transcript. . B) Dox treatment and infection with GBS
results does not produce an upregulation of the Snai1 transcript.
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DISCUSSION
Addition of doxycycline to the shmyd88-hBMEC cell line did not directly
result in a decrease in the myd88 transcript (figure B.1 A), however the Snail1
transcript expression was also unaltered (Figure B.1 B). It is possible that the
basal expression of these two transcripts is generally low, however more
experimentation should be done to confirm this observation. Incubation of this
cell line with doxycycline and infection with GBS does result in a significant
down regulation of myd88 transcript relative to the no doxycycline control
(Figure B.2 A) this is interesting because it suggests that Myd88 transcript
levels are increased during GBS infection, however this is a preliminary result
and should be repeated. Although the myd88 transcript is diminished when
shmyd88-hBMEC is incubated with doxycycline and infected with GBS the
Snai1 transcript expression remains unchanged. This is a very exciting
observation because it suggests that Snail1 activation may be dependent on
Myd88 expression. Although preliminary this data is an important first step in
understanding the signaling cascade that leads to Snail1 activation in
endothelial cells.
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