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ABSTRACT
Niemann-Pick disease (NPD) types A and B are rare autosomal recessive
diseases that are characterized by having decreased sphingomyelin
phosphodiesterase 1 (SMPD1) activity. Patients suffering from this
disease are unable to metabolize sphingomyelin and thus have a lack of
ceramide. Ceramides are potent activators of p38a MAPK and are
involved in cell signalling with bacterial infections. Increased susceptibility
to respiratory bacterial infection is a known phenotype of Niemann-Pick
disease types A and B, and therefore we want to elucidate how a
decrease in SMPD1 activity may contribute to this disease. The overall
goal of this project aims to explore SMPD1’s role in defence against
bacterial infection via activation of p38a MAPK by bacterial stimulation
with Pseudomonas aeruginosa diffusible material (PsaDM). The scientific
approach to examine this involves several methods, performed in human
airway epithelial cells (AEC) exposed to bacterial stimuli. Stable AECs
expressing a short-hairpin RNA (shRNA) against SMPD1 have been
generated. The effects of SMPD1 knockdown using shRNA can be seen
by comparison to cells without SMPD1 knocked down with respect to p38a
MAPK phosphorylation and cytokine production. The basal level of
activated p38a MAPK is elevated in AEC when SMPD1 is knocked down.
Furthermore, various cytokines, in particular IL-8, have higher mRNA
expression levels in SMPD1 knocked-down AECs. Finally, identification of
potential binding partners was done by tandem affinity purification followed
by mass spectrometry analysis. Understanding the role of SMPD1 in host
defence mechanisms of the lungs is crucial to develop novel therapies

aimed at improving the quality of life of patients suffering from NPD.



ABREGE

Les maladies héréditaires Niemann-Pick de type A et type B sont causées
par une perte de la fonction de I'enzyme sphingomyélinase acide
(SMPD1). Ce sont de maladies rares mais graves, et les infections
pulmonaires contribuaient grandement a la morbidité et la mortalité des
personnes atteintes. SMPD1 est une enzyme impliquée dans la
conversion de la sphingomyéline en céramide dans les membranes
cellulaires. La défense des voies aériennes contre l'infection bactérienne
implique souvent l'activation de la protéine kinase p38a MAPK, une
enzyme essentielle au systéme de défense immunitaire inné. Ce projet de
recherche vise a comprendre le réle de SMPD1 dans la réponse
immunitaire innée des voies respiratoires aux infections bactériennes,
stimulée par Pseudomonas aeruginosa (PsaDM). Nous examinons la
réponse des cellules épithéliales aériennes (CEA) en mesurant I'activation
de la MAPK p38a. Le niveau de base de p38a MAPK activé est élevé a
CEA stables sans SMPD1. En plus, la voie MAPK p38a est impliquée
dans la régulation de la synthése des cytokines pro-inflammatoires.
Diverses cytokines, notamment ['IL-8, ont des niveaux plus élevés
d'expression de I'ARN messagers dans les CEAs sans SMPD1. Enfin,
l'identification de partenaires de liaison potentiels a été réalisée par
purification d'affinité en tandem suivie d'une analyse par spectrométrie de
masse. Donc en mesurant I'effet de SMPD1 sur la phosphorylation de
MAPK p38a et la production de cytokines pro-inflammatoire ca aidera a

mieux comprendre son réle face d’une infection.



CHAPTER 1: INTRODUCTION

1.1. Pertinent Respiratory Diseases

1.1.1. Niemann-Pick Disease and SMPD1:

Niemann-Pick Disease (NPD) is classified into 3 types: Type A,
Type B, and Type C. Niemann-Pick disease types A and B are rare
autosomal recessive diseases that are characterized by having decreased
sphingomyelin phosphodiestase (SMPD)-1 activity (also known as acid
sphingomyelinase, ASM), due to mutations in SPMD1 gene'2. Type C is
classified by mutations in the Niemann-Pick C (NPC) 1 and NPCZ2 genes'.
For the purpose of this thesis, we focus on SMPD1 and thus only Types A
and B will be referred to when discussing NPD. This disease has a
frequency of approximately 1 in 100,000 births and is more prevalent
among the Askenazi Jewish population34. While defects in SMPD1 lead to
a systemic disease, children who suffer from this disease are more
susceptible to respiratory infections which is the major cause of morbidity
and mortality*5. SMPD1 is a lysosomal enzyme that converts
sphingomyelin to ceramide at the cell membrane. In NPD, SMPD1 is non-
functional and this results in an accumulation of sphingomyelin within the
cells. Under conditions of stress SMPD1 translocates from the lysoszome
to the outer leaflet of the membrane resulting in production of ceramide’.
This reaction involves cleavage of the phosphodiester bond of
sphingomyelin and the release of phosphocholine in order to generate
ceramide, an important molecule involved in several signalling cascades.
Upon stimulation by bacteria, SMPD1 rapidly translocates to the outer

leaflet of the cell membrane to initiate this conversion?.8. Figure 1



demonstrates this process of membrane translocation of SMPD1. This
process is mediated by exocytosis of lysosomes, which is dependent on
intracellular Ca2* levels”-9. As a consequence of being a lysosomal protein,
SMPD1 has an optimal pH of approximately 4.5'0. Additionally, SMPD1 is
recycled back into the cell through endocytosis via the mannose-6
phosphate receptor as demonstrated by the requirement of mannose-6-
phosphate lysosomal targeting of the enzyme 7.9
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Figure 1: Translocation of SMPD1 from Lysosome to Outer-
leaflet of Membrane to Produce Ceramide (Adapted?).

In mammalian cells, infection triggers SMPD1 activation, along with
calcium influx, leading to the subsequent translocation of SMPD1 to the
extracellular leaflet of the cell membrane, where SMPD1 is able to convert
sphingomyelin to ceramide, resulting in ceramide micro-domains.

Caz+
< smep1

Patients with NPD have an accumulation of sphingomyelin in their
tissues as a result of a dysfunctional SMPD1''. Type A is categorized by
severe neurological degeneration as well as delayed psychomotor
development, and results in early childhood death of around 2 to 3 years
of age'2. Type B manifests differently; it is a slow progressing visceral

form with pulmonary involvement and non-neurological degeneration,
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resulting in a longer survival time to adolescence or adulthood'2. Very little
is known about the pulmonary implications of NPD.

Genetic mutations of NPD are constantly being revealed!12.13,
Many patients show intermediate phenotypes of both Type A and B2
SMPD1 is a 75 kDa prepropolypepeptide, and is processed into a 72 kDa
form which is in turn cleaved into either its 57 kDa or 70 kDa form. The 70
kDa form is the functional enzyme, and the smaller form has no enzymatic
activity'4. Furthermore, both the mature form as well as it precursors have
6 potential N-glycosylation sites, as seen in Figure 2. It has been
demonstrated that at least 5 of these are important for proper folding,

protection against proteolysis and enzymatic activity'4.15.

#¢ N-glycosylation

o = . .S AR

EPraline-rich

Figure 2: Graphical Representation of Potential Glycosylation
Sites (adapted'd)

Representation of important domains and sites on SMPD1 protein for
activity and proper functioning.

Ceramide itself is a key signalling molecule, and its absence will
clearly result in many downstream effects. Additionally, having a decrease
in SMPD1 activity has been linked to higher susceptibility to bacterial
infection’® which is most likely due to dysregulation of the host’'s defense
system and ability to fight off infection'”. Another important aspect of
ceramide is that it directly affects membrane rigidity. This is an important
aspect for membrane turnover as well, in particular the generation of an
acidic microenvironment that aids the enzyme in proper functioning’s.

Acidic microenvironments exist not only in lysosomes but also in domains



on the outer leaflet of the plasma membrane’®. It is important to note that
SMPD1 activity results in the formation of these microenvironments which
are critical for the internalization of bacteria, such as Pseudomonas (P.)
aeruginosa, into the cells as well releasing inflammatory cytokines®.

Finally, research has also been conducted on ASMKO mice
(SPMD1 knockout mice)10.2021 There are two different mouse models that
were established at the same time, but independently of one another2!.22,
Both of these mouse models exhibit phenotypes of NPD, however, they do
vary to a certain degree in survival, as well as onset of symptoms10.
Nevertheless, this research has demonstrated that the death of ASM
deficient mice was caused by an exaggerated release of cytokines upon
P. aeruginosa infection22.23, Specifically, the infection of epithelial cells
with P. aeruginosa triggers release of several pro-inflammatory cytokines,
including 1L-12324¢ and IL-8 which results in increased neutrophils
recruited?3.25. This amplifies the inflammatory response leading to disease.
Additionally, SMPD1 knockout mice were found to be resistant to several
types of stress-induced apoptosis®. Furthermore, it is suggested that
altering the sphingomyelin metabolism pathway causes a dysfunctional
host response to bacteria, leading to chronic infection, and this is
suggested to be due to effects on cell survival pathways'’. In terms of
pulmonary studies done on these mice, the research is fairly limited. There
is evidence that SMPD1 is important to surfactant clearance in the lungs
as total levels of surfactant lipid and protein were elevate in SMPD1
knockout mice?26.

Sphingolipids are clearly important with regard to cellular signalling

in response to bacterial infections, which is why understanding the role of



SMPD1 and its link to innate immunity, in particularly host inflammation, is

of significance.

1.1.2. Cystic Fibrosis:

Cystic Fibrosis (CF) is a hereditary disease whereby chronic
respiratory bacterial infections lead to the major aspects of morbidity and
mortality of the patients. This is an autosomal recessive disease, having a
rate of incidence of 1/2913 births among the Caucasian population?”.
Preliminary research in the early 1980s demonstrated that in CF, epithelial
cells have a defect in ion transport, in particular chloride ion transport28.
Nine years later, the gene responsible for CF was discovered29:30,
Furthermore, the most common mutant allele was identified as the
deletion of the 508" codon (AF508), resulting in deletion of a
phenylalanine at that position, causing a malfunctioning of the intracellular
processing of the CFTR protein0. In airway epithelium, having a defective
CFTR protein leads to mucus hyper-secretion and chronic
inflammation31.32, Moreover, in CF patients, the lungs contain higher levels
of pro-inflammatory cytokines, while simultaneously, lower levels of anti-
inflammatory cytokines33. Altogether the defects of CF lead to chronic lung
infection, due to hyper-inflammation, which consequently results in tissue
damage. Eventually the outcome and overall impaired lung function can
lead to death due to cardio-respiratory complications34.

Numerous bacterial species are relevant to CF, however chronic P.
aeruginosa infection is most prevalent, especially in older patients3536, A
defect in CFTR facilitates the ability for bacteria to colonize and thrive, due
to dehydrated mucous secretions which results in a thicker mucous layer

in the lungs of CF patients, as well as a lower airway surface pH37-38.1t is
7



estimated that chronic infection with P. aeruginosa occurs in up to 85% of
patients by the time they reach adolescence36. This is extremely
significant since this is highly associated with the hyper-inflammatory
response and subsequent lung tissue damage.

Ceramide levels are increased in the lungs of CF patients3940. As
discussed previously, ceramide is a key regulator in the inflammatory
response. There are higher levels of IL-1 and IL-8 in the lungs of CF
patients*'. The accumulation of ceramide has been linked to this, in
addition to increased neutrophils and macrophages in the lung#%. Several
of the characteristic symptoms of CF are coupled to increased ceramide
concentrations. These include not only chronic pulmonary inflammation
and infections of P. aeruginosa but also death of epithelial cells#0. This
has led to the possibility of treating CF by normalizing the levels of
ceramide in patients by inhibition of SMPD1. It has been demonstrated in
mice that long-term inhibition of SMPD1 corrects ceramide levels in CF
mice, as well as minimizing inflammation and these mice are no longer
more susceptible to pulmonary bacterial infection42. A possible method to
achieve ceramide normalization in the lung is by use of small molecule
inhibitors directed to SMPD1. In particular two drugs have been used to
inhibit SMPD1 in hopes of normalizing ceramide levels and therefore
diminishing CF symptoms and patients’ susceptibility to respiratory
bacterial infection to prevent mortality. The first of these molecules is
amitriptyline; this was developed as a tricyclic antidepressant and was
recently thought to be a safe and well tolerated treatment for CF patients,
but is only effective in some patients43. In another study, amitriptyline

treatment restored normal ceramide levels as well as decreased



inflammation in the lungs, but there were widespread side effects
associated with this treatment, such as undesirable effects on the
cholinergic and histaminergic systems39. Amitriptyline indirectly inhibits the
functional mechanism of SMPD1, as it is able to insert into the inner leaf of
the lysosomal membrane and subsequently cause membrane-associated
enzymes, like SMPD1, to detach#4. The second drug is perhexiline, which
also inhibits SMPD1 indirectly, but has not been tested in humans.
Perhexiline is a calcium channel blocker, and calcium is needed to signal
the translocation of SMPD1 from lysosome to outer-leaflet of membrane?s.
However, calcium is required for numerous other cellular processes, and
therefore the specificity of this drug is called into question.

Both CF and NPD are two fatal diseases involving genetic
mutations causing imbalances in ceramide levels and metabolism. As a
result patients have increased susceptibility to respiratory bacterial
infections. Developing novel means to normalize ceramide levels in
diseases like NPD and CF is a venue that is currently being explored.
Therefore understanding the role played by SMPD1 in host defense
mechanisms of the lungs is crucial to develop novel therapies aimed at

improving the quality of life of patients suffering from CF and NPD.

1.2. Cell Signalling

1.2.1. Mitogen Activated Protein Kinases:

Mitogen Activated Protein Kinases (MAPK) are evolutionarily
conserved protein kinases that play an essential role in the innate immune
system reponse46-48. MAPKs are a group of serine/threonine protein

kinases and are involved in various vital cellular processes. These
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processes include: proliferation, cell differentiation, stress response,
apoptosis, and immune defense49:50, Additionally, MAPKs contain a dual
phosphorylation motif, Thr-xxx-Tyr , which is a distinctive property46.51,
Dual phosphorylation of MAPK kinases (MKKs) can be activated by
stress*6.

In mammalian cells, there are three major defined MAPK pathways.
The first is the extracellular signal-related kinase (ERK) pathway. This
pathway is mainly activated upon mitogens and growth factors and
therefore is a key regulator in cell proliferation5253. The second is c-Jun
amino-terminal kinases (JNK) pathway. JNKs are activated by a variety of
stimuli, such as cytokines and growth factors, and once activated lead to
the consequent activation of multiple transcription factors52:53, Finally,
there is the p38 pathway, of which there are 4 isoforms involved: a, B, v,
and §. Activation of p38 is highly linked to both inflammatory cytokines and
environmental stresses46:52, |t is suggested that once activated, p38 can
translocate to the nucleus, as well as phosphorylate transcription factor
and cytoplasmic targets®2. MAPK pathways are activated by a cascade of

sequential phosphorylations (Figure 3).

. . . . Transcription

stimulus | == | MAPKKK |==>| MAPKK |=—> mingsg?m/z'q factors

Figure 3: Simplistic View of the Cascade of Sequential
Phosphorylations in MAPK Pathway

The phosphorylation of MAPKs results in the ability to
phosphorylate downstream targets, like transcription factors, which allows
for the regulation of genes involved in various cellular processes such as

inflammation. Figure 4 below, shows that transforming growth factor 3
10



activated kinase 1 (TAK1), a MAPKKK, is an important component of
intracellular signalling in the host response to inflammation. TAK1 is able
to be activated by cytokines and stress signals® and leads to nuclear
factor kappa-light-chain-enhancer of activated B cells (NFkB) activation
through lipopolysaccharide (LPS) stimulation®s. Furthermore, it is also
involved in activating p38a and JNK in the presence of LPS and other pro-
inflammatory stimuli%s.

Stimulation of pattern recognition receptors (PRR) activates MAPKs
involved in the induction of inflammatory genes®’. It is important to note
that certain pathogens have developed ways to alter activation of the
MAPK pathway. For example, the release of proteases that are able to
degrade factors that are required for signalling®2. Overall, MAPK signalling

is a highly interactive and complex network involving numerous molecules.
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Gene transcription regulation

Figure 4: Activation of MAPK Signalling Pathway?57
Toll-like receptor (TLR) signalling, by dimerization of TLRs leading to
activation of MAPKs and NFxB is MyD88 dependent. Activation leads to
regulation of gene transcription.

1.2.2. Airway Epithelial Cells:

Airway epithelial cells (AECs) function as a physical barrier
between the external environment and the inner lung components. They
play an essential role to protect the lungs both in a physical aspect as well

as an immunological aspect. The airway epithelium is a complex structure
12



lined by a continuous layer of epithelial cells®®. Figure 5 depicts the
various cell types that can be found in the airways. The pseudostratified
epithelium consists of basal cells, globlet cells, and ciliated cells58:59, Each
major cell type has a distinct histology as well8. Furthermore, This is a
very dynamic tissue in that it is constantly being renewed®0. It is important
to note that both epithelial and innate immune cells are crucial

components involved in the pathogenesis of respiratory diseases®!.

Mucous Layer ] Airway Surface

. Liquid
Apical Perciliary Layer
‘ ‘ ‘ ‘ ........ W AR, W > Tight Junction
pe===eeeee D Ciliated Cell
O O ...... .@,.,.@. ..... 0 ................... O ................. > Globlet Cell
\0 INAUANLU)

Basal - = d -
.................. } Serous Cell

Figure 5: Pseudostratified Airway Epithelium 59.62,

Inflammation in the airways can be detrimental. Macrophages,
epithelial cells and smooth muscle cells in the airways secrete various
cytokines, in particular IL-1 and IL-8, in an acute inflammatory response®3.
However, what is of great importance with respect to NPD and CF is
chronic inflammation in the airways, which is a more complex process.
Constant release of cytokines leads to increased number of neutrophils at
the site of infection®. This along with activation of T lymphocytes and
eosinophil recruitment can lead to epithelial cell damage®. Another
important function of AECs is the clearance of environmental agents. This
process is dependent on the thin mucous layer and its ability to clear
particles by movement out of the lungss8. Mucociliary clearance is aided
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by the presence of surfactant as well as mucins, which are molecules that
are effective for trapping particles and binding bacteria®8. Effective
clearance is a vital process that is necessary for normal functioning of the
airway epithelium.

Having a properly functioning airway epithelium is essential to
generating a normal immune response to pathogens. Additionally, AECs
and immune cells act together to protect airways and prevent disease®'.
AECs are early responders to pathogens and therefore direct the
consequent immune response. As the first line of defence against
microbes, the airway epithelium has developed means by which to
recognize bacteria. AECs express a number of PRRs that are able to
recognize bacteria and respond to pathogen associated molecule patterns
(PAMPs), which consist of a variety of molecules and virulence factors.
One of the best-characterized classes of PRR that are expressed in AECs
are the Toll-like Receptors (TLR), which can recognize a number of

different PAMPs to initiate the innate immune response.

1.2.3. Innate Immune Response Through TLR Signalling:

Innate immunity is essential to defend the lungs against pathogens
and the TLRs are essential for recognition of PAMPs by the innate
immune system. When pathogens bind to TLRs, this initiates a
downstream signalling cascade that results in initiation of an inflammatory
response. Signalling through this pathway involves recruitment of adaptor
molecules, which in turn are able to generate the appropriate response.
TLRs are expressed not only in immune cells but also in non-immune

cells, such as epithelial cells®5. Currently there are 10 human TLRs, and
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TLRs 1, 2, 4, 5, 6, 9 are associated with response to bacteria®. TLR4 and
TLRS play a major role in controlling the replication of bacteria in the host
in response to P. aeruginosa infection®”. TLRs respond to bacterial
components to activate MAPKs and NFkB to induce cytokine production
and neutrophil recruitment®®. All these steps are tightly regulated to
necessitate an appropriate response to pathogens. Normal innate immune
system’s defense against bacterial infection involves activation of p38a
MAPK. Therefore, to illicit a proper response to bacterial infection, proper
activation of p38a MAPK is necessary®. p38a MAPK is involved in
directing cellular responses to a diverse array of stimuli, such as mitogens
or cytokines in order to regulate proliferation, gene expression,
differentiation, and mitosis. NFkB is a transcription factor involved in
regulation of genes responsible for inflammatory response. Our lab has
shown that p38a MAPK is activated in AEC by PsaDM stimulation, in
particular through activation of TLRS5%9. Figure 6 below shows a
generalized schema of an appropriate response brought about by
bacterial stimulation in AEC. The dimerization of TLRs leads to
recruitment of adaptor molecules, such as MyD88 which subsequently
results in the activation of four major signalling pathways: NFkB, ERK1/2,
JNK, p38a70. Additionally, there is a MyD88-independent pathway that is
beyond the scope of this thesis, however can affect p38a MAPK and

NFkB signalling®.
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Figure 6: Normal innate immune system’s defence against
bacterial infection involves activation of p38a MAPK through
TLRs (adapted from®8)

1.2.4. NFkB Signalling:

PRRs also activate NFkB pathways, and together with activation of
MAPKSs, a proper immune response is achievedS’. This pathway is highly
important in infections as it is considered a key modulator in the innate
immune response’!. Therefore, it is not surprising that this pathway and
the proteins associated with it are highly conserved’2. NFkB is a protein
complex, consisting of homodimers or heterodimers that are able to

regulate transcription. It has been established that there are five
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mammalian NFkB proteins: p65 (RelA), RelB, c-Rel, p105/p50 (NF-kB1),
and p100/52 (NF-kB2)73.74. They all share a conserved Rel Homology
Domain (RHD) which is essential for dimerization, as well as for DNA
binding, IkB associations, and finally translocation to the nucleus in order
to carry out its transcriptional regulation”4.

The canonical pathway provides sufficient means for understanding
NFkB signalling. The heterodimer involved in the canonical pathway is
p65/p50 and is associated with the inhibitor of NFkB proteins (IkBs),
IkBa73 . The role of IkBa is to sequester p65/p50 in the cytosol. Once the
pathway is activated, for instance by an environmental stress such as
bacterial pathogens, the IkB kinase (IKK) complex becomes activated?3.75.
IKK is an upstream kinase that phosphorylates IkB a at 2 sites, Ser32 and
Ser36, leading to degradation of the inhibitor by the proteosome as a
result of polyubiquitination7476. This allows translocation of NFkB into the
nucleus where it is able to induce transcription. Once activated in the
nucleus by phosphorylation, NFkB binds to DNA with kB-elements and
regulates the transcription of various genes involved in an array of
functions such as inflammation, immune response, proliferation and
apopotis?s.

Deregulation of NFKB signalling has been associated with various
diseases. In CF, IL-8, a neutrophil recruitment cytokine, has been shown
to be elevated as a result of deregulation of NFkB signalling””
Furthermore, inhibition of NFkB signalling by IKK inhibitors, resulted in
decreased number of neutrophils in the airways’8. Only one study, 20
years ago, has published on NFkB signalling in the context of NPD79. It

was shown that NPD type A fibroblasts were still able to induce IL-8
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expression through the NFkB pathway, by stimulation with IL-1 and
TNFa’. This would indicate that SMPD1 activity is not essential for

inducting IL-8 expression via the NFkB pathway.

Stimulus

Regulation of gene
transcription

Figure 7: Canonical NFkB Signalling Pathway (adapted from?73)

1.2.5. Ceramide/Sphingolipid Pathway:

Lipids are organized in the cell membrane rather than being
inserted in random formation. Sphingolipds are the major component of
eukaryotic cellular membrane, in which sphingomyelin is the most
abundant sphingolipid80. Ceramide is a ubiquitously expressed second

messenger, which is implicated in numerous signalling pathways that are
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particularly sensitive to stress. Inflammation is strongly associated with
ceramide concentration. Both ceramide and sphingomyelin concentrations
have the tendency to be elevated in inflamed tissues'!. In the lungs, it is
primarily C24 and C16 ceramides present, however the roles of these
different ceramides has not specifically be explored®!. Ceramide is
generated from the hydrolysis of sphingomyelin or de novo, as seen below
in Figure 8. The generation of bioactive ceramide from sphingomyelin is
through the salvage pathway'481. Ceramide formed via the salvage
pathway is by the activation of PKCd. Phosphorylation of SMPD1 at serine
508 by PKCd in the lysosome leads to its translocation to the cell

membranes?.

Salvage Pathway
sphingomyelin

SMPD1

ceramide «——— de novo Pathway
(cell death)

ceramidase

sphingosine
(cell death)

sphingosine kinase

Sphingosine-1-phosphate

(cell survival)

Figure 8: Sphingomyelin/Ceramide Pathway
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This signalling pathway is vital for cells, as it has been shown that
ceramide plays a key role in the induction of apoptosis from stress or from
bacterial infection, such as from P. aeruginosa?383. SMPD1 is a known
initiator of the sphingomyeline/ceramide signalling pathway with respect to
stress stimuli'0. Stress activates the rapid translocation of SMPD1 to the
outer leaflet of the cell membrane to produce ceramide®. This results in
the rapid production of ceramide, while the de novo pathway requires
more time.

SMPD1 and ceramide have a crucial role in response to infection
and host-pathogen interactions. Ceramides have a pro-oxidative role in
inflammation and furthermore, ceramide is a known activator of p38a
MAPKS4, Therefore, ceramide is important in cell transduction signalling
involved in bacterial infection, such as for the internalization and
elimination of bacteria, particularly in lung epithelial cells. SMPD1
knockout mice have been shown to be resistant to radiation and
apoptosis®. Research has shown that when C16 ceramide was added to
SMPD1 knockout mice, this corrected defects seen in pathogen uptake,
and apoptosis83.

The generation of ceramide at the cell membrane, as a response to
infection, leads to the development of ceramide-rich microdomains, or lipid
rafts. These microdomains create changes in membrane structure and
ultimately generate a local environment on the membrane. Moreover,
these ceramide-rich microdomains are involved in the internalization of
pathogens, such as P. aeruginosa, and have also been shown to control
the release of cytokines in infected epithelial cells23. Another important

aspect of these microdomains is that they led to the reorganization of cell
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membranes. For instance, ceramide-rich microdomains result in the
clustering of receptors involved in apoptosis and therefore led to
amplification of the signal®. The formation of ceramide brings together
signalling proteins to trigger downstream changes, allowing these
ceramide-rich microdomains to trap and cluster receptor and signalling
molecules'®. Furthermore, they allow for enhanced density of signalling
proteins at the membrane promotes receptor dimerization and facilitating
protein-protein interactions®.

SMPD1 is an essential regulatory enzyme in ceramide
homeostasis, demonstrated in Figure 8. The balance of these reactions
coincide with the balance of anti and pro inflammatory cytokines.
Ceramide accumulation is associated with cell death and induction of
apoptosis, sphingosine is an apoptotic mediator and sphingosine-1-
phosphate mediates transcriptional regulation of key targets for survival
and proliferation8”. The balance of the molecules involved in ceramide
metabolism play an important role in the determination of a cell’s fate in

the face of infection.

1.3. Signalling Involved with SMPD1 in Context of Innate
Immunity
1.3.1. p38a:

p38a MAPK is strongly activated by environmental stresses as well
as inflammatory cytokines, therefore this signalling pathway is important to
the regulation of the biosynthesis of inflammatory cytokines. Bacterial
infection and the subsequent inflammation involves an increase in

phosphorylation of the p38a MAPKB®9. Upon bacterial infection, epithelial
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cells send distress signals by secreting cytokines, which are involved in
neutrophil migration to the site of infections in a p38a MAPK-dependent
fashion®. MKK3 and MKK6 are selective for p38 MAPK 46, p38a MAPK is
a key mediator in the production of pro-inflammatory cytokines in AECs.
Our lab has shown that in a cystic fibrosis model cell line, both p38a and
ERK are hyper-activated following bacterial challenge by PsaDM, and this
results in higher IL-6 levels®8. Additional evidence demonstrates the role of
p38a in the biosynthesis of other cytokines such as IL-189, TNFa89, and IL-
8%, It has been shown that antioxidants block p38a activation®!. This is
indicative of a possible role of ROS on p38a, and subsequently on the
production of IL8. It has also been shown that ceramide microdomains
are critical in redox signalling to regulate apoptosis in alveolar
macrophages when challenged with Paeruginosa®?. However, SMPD1
was not required for p38a MAPK signalling in SMPD1 knockout murine
macrophages in response to TNFa stimulus®3.

The level of p38a MAPK activation in AECs is critical as this is what
determines the host's immune response. There is a threshold of p38a
activation necessary to prompt the host’s response as a results of PsaDM
stimulation®®. Since p38a MAPK is not an isolated component of the
MAPK signalling pathway, it is therefore under tight regulation. There are
many upstream signals that converge and result in activation of p38a%0. In
human fibroblasts that are SMPD1 deficient, phosphorylation of p38a
MAPK was no different compared to normal human fibroblasts®4, yet in
HelLa (Helen Larson cells, human uterine cervical carcinoma cells),

inhibition of SMPD1 reduced p38a MAPK activation®s.
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1.3.2. Cytokine Production:

Another signalling pathway, apoptosis signal-regulating kinase 1
(ASK1), is also important in innate immunity. AKS1 is an evolutionarily
conserved member of the MAPKKK family which is involves in JNK and
p38a MAPK activation%. Ceramide induces the ASK1-MAPK pathway?4.
Additionally, ASK1 activation is necessary for pro-inflammatory cytokine
production following activation of TLR49%. Protein phosphatase 2A is
activated by ceramide, which is involved in both NFkB and MAPK
signalling?’. One research group has shown that ceramide is believed to
play a role in down regulation of IL-8 expression, since |IL-8 expression
levels increased when protein phosphatase 2A was inhibited in respiratory
epithelial cells®. This results contradicts what is known about ceramide, in
that it activates pro-inflammatory cytokines; however it reinforces the idea
that the appropriate balance of ceramide and how it is formed, either de
novo or through the salvage pathway, is important in dictating its role and
consequently the signalling pathways implicated for a response.

Over-release of cytokines in SMPD1 KO mice after infection with P.
aeruginosa was the major cause of mortality2s. SMPD1 knockout mice
who were treated with C16 ceramide had their levels of cytokine release
corrected®3. The association between the death of SMPD1 KO mice from
over-production of cytokines in response to P. aeruginosa infection is not
yet fully understood. It is believed that in epithelial cells, apoptosis serves
to balance the local immune response and therefore prevent overshooting
release of cytokines23.

The role of SMPD1 in cytokine production has seldom been

investigated. One group developed SMPD1 inhibitors and showed that
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when SMPD1 was inhibited there was a decrease in IL-6° as well as
other cytokine levels'%. Furthermore, it has also been show that p38a
MAPK activation is involved not only in the production of IL-6 but also in its
transcript stability88. Finally, sphingolipids have been associated with the
regulation of cytokines like IL-6 and CCL5. IL-6 was shown to be
negatively regulated by SMPD195.

Cytokine regulation by SMPD1 in the literature has wide-ranging
results. In fact, the role of SMPD1 may very well be cell-type specifc?.
There are conflicting views on SMPD1 and p38a MAPK as well, and it is
suggested that depending on the pathway implicated to produce
ceramide, it can influence its effects on p38a MAPK signalling and
cytokine production. Therefore, it is important to comprehend SMPD1’s
role in the innate immune system with regard to MAPK signalling and
consequent cytokine production in response to bacterial challenge. In the
airways, the correct balance between pro and anti-inflammatory cytokines

is essential.

1.4. Rational and Objectives

Niemann-Pick disease (NPD) types A and B are rare autosomal
recessive diseases that are characterized by decreased sphingomyelin
phosphodiesterase 1 (SMPD1) activity, associated with mutations in the
SPMD1 gene. Patients suffering from NPD are unable to metabolize
sphingomyelin and thus lack ceramides. Ceramides play a role in cell
transduction signalling mechanisms involved in stress and inflammatory
responses. Increased susceptibility to respiratory bacterial infections is a
major contributor to morbidity and mortality of patients suffering from NPD.

Bacterial infection leads to an increase in phosphorylation of the p38a
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MAPK, an essential enzyme in the innate immune system’s response to
bacterial infections. Furthermore, upon bacterial infection by PsaDM,
epithelial cells send distress signals by secreting cytokines. Importantly,
ceramides are known agonists of p38a MAPK.

We hypothesize that SMPD1 plays a crucial role in regulation of the
defense against bacterial infection through signalling via the p38a MAPK
pathway. The objectives of my studies are three-fold: (1) to examine
whether SMPD1 is involved in the activation of p38a MAPK in response to
bacterial infections, (2) to understand the role of SMPD1 in the production
of cytokines, and (3) to explore the overall function of SMPD1 in innate
immunity. SMPD1 is known to have a role in uptake of pathogens,
induction of apoptosis and cytokine release upon infection with P.
aeruginasa, but the extent to which SMPD1 is involved is not yet that well
understood. Overall, this research will help to better understand the role
played by SMPD1 in host defense mechanisms of the lungs, which is
crucial to develop novel therapies aimed at improving the quality of life of

patients suffering from Niemann-Pick Type A and B disease.
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CHAPTER 2: Materials and Methods

2.1. Materials

For cell culture the following antibiotics used were: Penicillin-
Streptomycin, Hygromycin, Blasticidin,Zeocin and Genticin as described
and purchased from Invitrogen (Burlington, ON.). Additionally, Dulbecco’s
Modified Eagle Medium (DMEM) with 4.5 g/L D-glucose was purchased
from Invitrogen. Agonists used include: H202 (Sigma-Aldrich, Oakville,
ON.), Sphingosine-1-phosphate (provided by Dr. James Martin’s Lab
Meakins Christie Research Institute, Montreal), and PsaDM which is
produced in our laboratory. The inhibitors used include: 150mM
Amitriptyline (Sigma-Aldrich), 10mM Perhexiline (Sigma-Aldrich), and
BIRB0O796 (kindly provided by Professor Sir Philip Cohen University of
Dundee, UK). The plasmids that were used for transfections were
prepared in the lab and are as follows: WT-SMPD1_pCMV4a, L225P-
SMPD1_pCMV4a, WT-SMPD1_pcDNA5/FRT, L225P-
SMPD1_pcDNA5/FRT, shRNA-NT_pSingle-TTS, shRNA-
SMPD1_pSingle-TTS, and pFRET-HSP33. The reagents for transfections
needed were: PEI reagent, TurboFect (Thermo Scientific, Rockford, IL,
USA), and doxyxcycline to induce expression of sh-RNA (Clontech

(Mountain View, CA, USA)).

2.1.1. Preparation of P. aeruginosa diffusible material
P. aeruginosa diffusible material was prepared by growing
P.aeruginosa in 5 mL of desired media in 12 mL test tubes at 37°C for 72
hrs with shaking at 250 RPM. This was pelleted by centrifugation at
2100xg for 20 min. The supernatant was filtered through a 0.22 ym filter
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(Millipore), aliquoted and stored at -20°C. Aliquots were heat inactivated

for 10 min at 95°C prior to stimulating cells.

2.2. Methods

2.2.1. Cell Culture

Immortalized human bronchial epithelial cells (BEAS-2B) were
purchased from ATCC (Rockville, MD, USA). BEAS-2B were maintained
at 37°C, 5% CO2, 100% humidity in DMEM. Both 10% v/v heat inactivated
fetal bovine serum (FBS), and 100 ug/mL Penicillin-Streptomycin (P/S)
were added to medium. For experiments with sh-RNA knockdown cells,
doxyclycline was added to medium at 5uM concentration. Cells were
grown to confluence in a 12-well plate (Sarstedt, Montreal, Quebec) in 1.0
mL of media, and either transfected or treated with agonists prior to
analysis. Human Embryonic Kidney (HEK) 293 cells were provided by Dr.
Elizabeth Fixman’s lab (Meakins-Christie). These cells were cultured at
37°C, 5% CO2, 100% humidity in DMEM. Both 10% v/v heat inactivated
FBS, and 100 ug/mL P/S were added to medium.

2.2.2. Construction of Flp-IN cells

Using HEK Flp-IN (Invitrogen) cells, novel constructs were
generated in the lab. These cells were maintained at 37°C, 5% CO2, 100%
humidity in DMEM with 10% v/v heat inactivated FBS, 100 ug/mL P/S,
100ug/mL blasticidin, 15ug/mL hygromycin and 200 ug/mL zeocin were
added to medium. The FlIp-In system involved designing primers (Table 1)
to insert WT and L225P SMPD-1 into pcDNA5S/FRT Expression Vector.
This allows for WT and L225P to have GFP and TAP tags (Figure 5).
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Construction of these vectors involved: Amplification of the gene of
interest (WT and L225P SMPD1) using the following reaction: 100ng DNA,
5ul buffer, S5uL dNTPs, 2.8uL H20, 1.5uL of 10 uM forward primer, 1.5uL
of 10 uM reverse primer, 1uL polymerase. A PCR was run using a
temperature gradient, followed by purification of the PCR product. This
product was used for restriction digests using Notl restriction enzyme.
Following digestion, the product was ligated into the vector and purified.
This was followed by mini-prep and maxi-prep of plasmid using
commercial kits (Invitrogen). To prepare the HEK-Flip-In cells with the
desired construct: 2.5 X 10° cells per well were plated in each well of a 6
well plate in DMEM (no supplements). The following day these cells were
transfected with a ratio of 7 Plasmid DNA: 1 Insert DNA (1.75 pOG44 and
0.25uL WT or mutant plasmids) and 4uL PEIl in 100uL DMEM. These
were incubated overnight to allow uptake of DNA after which media was
replaced with DMEM with or without supplements and let to grow 1-2
weeks. Cells where then transferred to 12 well plate pre-coated with
Purcol with DMEM only, and allowed to attach for 5 hrs. Media was then
changed to Flip-INs medium (DMEM, 10% v/v heat inactivated fetal bovine
serum (FBS), 100 ug/mL streptomycin (P/S), 100 ug/mL blasticidin, 15
ug/mL hygromycin). These stable cells allow for the inducible expression
of WT and L225P following exposure to doxyxcycline. Once these Flp-In
cell lines were produced, the TAP and IF experiments were conducted in

these cells.
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Figure 9: TAP Tag in HEK-FlIp-In Cells

Table 1: Primers for Flp-In System

Sequence (5’-3)

SMPD1-Notl-Foward

TTGCGGCCGCCATGCCCCGCTACGGAGCTCA

SMPD1-Notl-Reverse

TTGCGGCCGCCTAGCAAAACATGGCCTTGGCCA

2.2.3. Creation of stable BEAS-2B with shRNA to SMPD

BEAS-2B cells were transfected using the Knockout Inducible RNAI

System (Clontech). The manufacturer’s protocol was followed'0'. This

system is made to provide an on/off control of shRNA by doxycycline. The

primers that were designed are listed below and were at position 2157 of

SMPD1 variant 1 sequence (NCBI). This was followed by plasmid

purification for transfection. Once transfected, cells were selected with

G418 at 600ug/mL. Cells were sorted into a 96-well plate, and when cells

were confluent, they were split into a 12-well plate, then 6-well plate. Cells

that expanded accordingly were screened and stocks were frozen. The

stable cell lines that were created are: NT (non-target shRNA) and sh

(shRNA for SMPD1).

Table 2: Primers for shRNA Knockdown
SMPD1- tcgagGCAAGATCATCCGGTGAAATTCAAGAGA
shRNA top TTTCACCGGATGATCTTGCTTTTTTACGCGTa
SMPD1- agcttACGCGTAAAAAAGCAAGATCATCCGGTG
shRNA low AAATCTCTTGAATTTCACCGGATGATCTTGCc
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2.2.4. Cell Lysis and Immunoblot

After desired treatments, cells were removed from incubator, and
washed twice with ice-cold phosphate buffered saline (PBS), which was
then aspirated. Cells were lysed, on ice, with cold lysis buffer (50 mM Tris-
HCI pH 7.5, 1 mM ethylene glycol tetraacetic acid (EGTA), 1 mM
ethylenediaminetrtraacetic acid (EDTA), 1% (v/v) Triton X-100, 1 mM
Sodium orthovanadate, 5 mM Sodium pyrophosphate, 0.27 M Sucrose,
cOmplete-Mini protease inhibitor cocktail (Thermo Scientific) and 2 mM
DTT. Cells were then scraped and samples spun down at 12,000 x g at
40C for 5 min. Protein concentration was quantified by Bradford method,
while 30ul of supernatant was added to 10ul of 4X loading buffer (0.24
mM Tris-HC, 8% sodium dodecylcsulfate (SDS), 40% glycerol and 36%
distilled water) with 1X TCEP. Protein samples were heated at 95°C for 5
min, prior to loading 20ug of protein per sample onto 10 % Pro-pure Next
Gel (Amresco, Ohio, USA). After running the SDS-PAGE (10 min at 80
volts then 1 hr 20 min a 120 volts), proteins were transferred to
nitrocellulose membrane with cold transfer buffer for 35 min at 100 volts.
The proteins were then transferred from the gel to a nitrocellulose
membrane using ice-cold transfer buffer for 35 min at 100 Volts.
Membranes were then blocked for 1 hr at room temperature or overnight
at 4°C in 3% bovine serum albumin (BSA). Primary antibodies of interest
were applied (Table 2) in 1% BSA in Tris-buffered saline containing 0.05%
Tween-20 (TBST) and left overnight to incubate at 4°C. The primary
antibodies were washed 3 times with TBST, and then membrane was
incubated with secondary antibodies of goat anti-rabbit 1gG

(DyLightTM800) and goat anti-mouse 1gG (DyLightTM680) at a dilution of
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1:15000 for 45 min in the dark. Finally, membranes were washed 5 times
with TBST, and a final rinse with PBS before scanning the membranes
and quantification by Licor Odyssey imaging system. Analysis as
conducted by taking a ratio of band intensities with respect to GAPDH or

in the instance of examining phosphorylation, with respect to total protein.

Table 3: Antibodies For Immunoblots

Antibody Dilution Company

ASM (SMPD1) Rabbit Polyclonal; Santa Cruz
1/500 Biotechnology

GFP Rabbit Polyclonal, Santa Cruz
1/1000 Biotechnology

GAPDH Mouse Monoclonal, Millipore
1/4000

ERK1/2 Mouse Monoclonal; Cell Signalling
1/1000

Phospho-ERK1/2 | Rabbit Monoclonal; Cell Signalling
1/1000

JNK Rabbit Polyclonal; Cell Signalling
1/1000

Phospho-JNK Rabbit Polyclonal; Cell Signalling
1/1000

p38a Mouse Monoclonal; Cell Signalling
1/1000

Phospho-p38a Rabbit Polyclonal, Millipore
1/1000
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2.2.5. Cell Survival

Once cells are confluent they were treated (ie. H202, antibiotics)
for a predetermined time period in order to determine cell viability by
Trypan Blue Assay. Cells were collected after trypsinization, spun down at
0.8 RCF for 5 min. then the trypsin was aspirated. Cells were
resuspended in medium, and 20uL of cells were taken to mix with 20uL of
Trypan Blue (Sigma), and allowed mixture to incubate for 3 min. 10uL of
this mixture was used to count on hemacytometer, where blue cells
(stained) are nonviable and white cells (unstained) are viable. To calculate
percent viable: (white cells per mL/(white cells per mL+blue cells per

mL))x100.

2.2.6. ELISA (Enzyme Linked Immunosorbent Assay)

ELISA experiments were performed using a Human IL-8 kit
purchased from Preprotech (Lot# 0610018). Supernatants were collected
after stimulation of cells for 6 hrs with PsaDM and samples were diluted
1:10 before using 100uL for ELISA. Quantification was carried out

according to the protocol provided by the manufacturer.

2.2.7. SMPD1 Enzyme Activity Assay

Cells were grown to confluence and lysed in the same manner as
described in immunoblots. Protein concentration was determined by
Bradford method. Protein samples (450ug/mL) were incubated with 15mM
2-N-hexadecanoylamino-4-nitrophenylphosphoryl-choline (Cedarlane,
Burlington, On.) and 250nM sodium acetate buffer at pH 5.6 at 37°C for 4
hrs. 0.4 mL of stop solution (0.1M glycine, 0.1M NaOH at pH 10.5, 50%
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ethanol) was added to the mixture and the OD at 410nm was read to

determine the activity of SMPD1.

2.2.8. FRET

The HSP-FRET ROS probe 192 was transfected into Non-Target
and sh-SMPD1 cells. Transfection was carried out overnight at 37°C using
TurboFect (Therno Scientific) as per manufacturer’'s protocol. The
following morning, plates were removed from incubator, cell medium was
aspirated, and cells were scraped in 100uL PBS at room temperature and
transferred in to microfuge tubes. Samples were centrifuged at 12,000 x g
for 5 min, and pellets were resuspended in 400uL PBS. 100uL aliquots of
samples were transferred into a 96-well plate, and were either left
untreated or treated with 4mM H20: just prior to recording FRET. HSP-
FRET was excited at 430nm and fluorescence emission was obtained at
470nm using the Tecan Infinite M1000 plate reader, heated to 37°C. The

readings were taken at 3 min intervals, for 15 cycles.

2.2.9. Immunofluorescence

Hek-Flp-IN WT and L225P cells were plated in separate wells of a
12-well (Sarstedt) plate, with a 10mm diameter glass cover slide (Fisher
Scientific, Fair Lawn, NJ, USA) inserted on the bottom of each well. After
treatment of Hek-Flp-IN WT and L225P cells, the media was aspirated
and cells were fixed by carefully placing 400uL of ice cold methanol into
each well, and placing the plate at -20°C for 10 min. Methanol was
aspirated and cells were carefully washed with PBS. Cells were

permeabilized with 0.5% Triton in PBS for 5 min, then washed twice with
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PBS and blocked in 5% BSA for 1 hr. Alexa568 Phalloidine (Invitrogen)
was added at a 1:500 dilution (0.67 ug/mL) in PBS, in the dark and humid
environment. After 40 min, Hoescht (Sigma) was added at a 1:2000
dilution (5 ug/mL), and incubated for remaining 5 min. Finally, slides were
washed 3 times with PBS. Slides were then dried and mounted by
Permafluor aqueous mounting media (Thermo scientific), and stored at
40C. Slides were analyzed at 200X magnification through Olympus BX51

filters, using Image Pro 7 software to obtain images.

2.2.10. Tandem Affinity Purification (TAP)

Using Hek-Flp-In cells that were developed with the TAP affinity
epitope tag, TAP was carried out using an adapted protocol'93. Briefly,
cells were plated in 10cm cell culture dishes (Sarstedt), 3 per condition
(untreated or PsaDM stimulated). After plating cells, doxycycline was
added to the medium at a concentration of 500ng/mL and cells were
grown to confluency. Cells were treated with PsaDM for 1 hr or left
untreated. Cells were then scraped in 500uL of ice cold PBS, collected
into microfuge tubes and pelleted by centrifugation at 500 x g for 5 min at
40°C. Supernatant was discarded, pellet was washed twice with ice-cold
PBS and centrifugation was repeated. Cells were resuspended in ice-cold
lysis buffer (50 mM Tris-HCI pH 7.5, 1 mM EGTA, 1 mM EDTA, 1% (v/v)
Triton x-100, 1 mM Sodium orthovanadate, 5 mM Sodium pyrophosphate,
0.27 M Sucrose, Complete- Mini protease inhibitor cocktail and 2 mM
DTT) and transferred to a pre-chilled Dounce homogenizer. Cells were
homogenized with 25 strokes and incubated on ice for 5 min. This was

repeated twice. Cells were then centrifuged for 10 min. at 12,000 x g at
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40C, and the supernatant was kept on ice. While centrifuging samples,
100uL of IgG Sepharose 6 Fast Flow beads (GE Healthcare) were
washed with lysis buffer twice by centrifuging at 12,000 x g for 1 min. The
beads were resuspended in 100uL lysis buffer. These beads were added
to the cell extract (saved supernatant), and incubated for 2 hrs at 4°C on a
rotating wheel. Next, beads were washed with ice-cold lysis buffer, then
lysis buffer without inhibitors, then once with TEV cleavage buffer (10mM
Tris pH 8.0, 150mM NaCl, 10% v/v glycerol, 0.1% v/v NP-40, 0.5mM
EDTA, 1mM DTT). Beads are then resuspended in 200uL ice-cold TEV
cleavage buffer and 4uL AcCTEV protease (Invitrogen) was added.
Samples were incubated at 4°C overnight on rotating wheel. The following
day, 50uL Calmodulin Sepharose 4B (GE Healthcare) beads were washed
with calmodulin binding buffer, and resuspended in 50uL calmodulin-
binding buffer (10mM beta-mercaptoethanol, 10mM Tris pH 8.0, 150mM
NaCl, 10% v/v glycerol, 0.1% v/v NP-40, 1mM imidazole, 1mM Mg-
acetate, 2mM CaClz ). Then the samples were incubated overnight and
centrifuged at 12,000 x g for 5 min at 4°C. The eluate was collected in a
new microfuge tube and CaCl; was added to a final concentration of 3mM.
This was then added to the calmodulin beads and incubated for 2 hrs at
40oC on a rotating wheel. Beads were washed with ice-cold calmodulin
buffer, then twice with ice-cold calmodulin buffer-2 (1mM -
mercaptoethanol, 10mM Tris pH 8.0, 150mM NaCl, 1mM Mg-acetate,
2mM CacClz). The beads were mixed with 1X loading buffer with TCEP,
and heated at 95°C for 5 min. Samples were centrifuged at 12,000 x g for
1ie, and then supernatant was loaded onto 10% Pro-pure Next Gel for a

SDS-PAGE.
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2.2.11. Mass Spectrometry

After performing TAP, and subjecting samples to SDS-PAGE, gel
was washed with high performance liquid chromatography (HPLC) grade
water. The gel was silver stained as described. Gel was fixed (50%
methanol, 10% acetic acid) for 30 min, fixing agent was removed and
fixation was repeated for 2 hrs. The gel was then rinsed with 20% ethanol
for 20 min, followed by 20 min rinsing in water. The gel was reduced with
sodium thiosulfate (Sigma) at 0.2g/L for 2 min. The gel was rinsed twice
with water for 20 s, then incubated with silver nitrate (Lab Chem Inc.,
Pennsylvania, USA) at 2g/L for 30 min, and then rinsed once with water
for 20 s. Finally, the gel was developed with 150mL of developing solution
(30g/L sodium carbonate, 0.1% formaldehyde, 10mg/mL thiosulfate) for 2
min and the reaction was stopped by exchanging the developing solution
with 1% (v/v) acetic acid, and then incubated for 30 min. When staining
was complete, an image was immediately obtained with exposure of 15 s.
Once image was obtained, gel was soaked in HPLC grade water for 30
min. Bands were excised using a sterile scalpel, and placed into microfuge
tubes, which had been rinsed 3 times with 50%ACN/H20 solution. Bands
were stored at -80°C, and then brought to the Institut de Recherche
Cliniques de Montreal (IRCM) where samples underwent LC/MS/MS
analysis followed by protein database search in NCBInr. Analysis of
subsequent data was carried out using Scaffold Viewer and PANTHER

Classification System 9.0.

36



2.2.12. NFkB Reporter Assay

The NFkB reporter cell line was created in the lab by stably
transfecting pGL4.28 NFkB into BEAS-2B cells. These cells are grown in
DMEM supplemented with 200ug/mL of hygromycin. To carry out the
assay, cells were plated in 12-well plates (Sarstedt) until confluent,
deprived overnight with Cnt-17 medium, then transfected with WT and
L225P SMPD1 plasmids with PEI, and stimulated with PsaDM. After
stimulation cells were washed twice with PBS then scraped in 45uL 1X
Reporter Lysis Buffer (Promega, Madison, WI,USA) and collected in
microfuge tubes. Samples were spun down at 12,000 x g for 5 min. For
the reporter assay, 20uL of the samples were added to 96-wel plates and
25uL of luciferase assay reagent (20 mM Tricine, 1.07 mM (MgCOs3)-4
Mg(OH)2-5H20, 2.67 mM MgSOs4, 0.1 methylenediaminetetraacetic acid,
33 mM dithiothreitol, 270 pM coenzyme A, 0.477 mM D-luciferin, and
0.533 mM adenosine triphosphate) was added to each well via an
automatic injector. Finally, the Tecan Infinite M1000 plate reader recorded

emission units.

2.2.13. Neutrophil Migration Assay

BEAS-2B AEC Non-Target and sh-SMPD1 cells were cultured and
stimulated with heat inactivated PsaDM for 3 hrs. Cells were washed and
placed in DMEM (no supplement) medium and incubated overnight. The
medium was then collected, and hereafter referred to as: conditioned
medium (CM). 600pL of this medium was placed in the bottom chamber of
a transwell plate (Transwell with 5 ym pores, Costar, Montreal, Quebec)

and 100pL of neutrophil cell suspension ((0.5x108 cells/well) in DMEM (no
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supplement) obtained from Dr. Powell’s Lab, Meakins Christie Research
Institute) was placed into the upper chamber. After an overnight incubation
at 37°C, the number of neutrophils that crossed the membrane into the

bottom chamber was counted by a hemacytometer.

2.2.14. RNA lIsolation and cDNA Synthesis

Total RNA was extracted after treatment of cells by the Trizol
method (Invitrogen), following the manufacturer’s protocol. Briefly, 0.5mL
of Trizol was added per well, and cells were collected in a microfuge tube.
Then 100uL of chloroform was added, samples were shaken for 3 min
then centrifuged at 12,000 x g at 4°C. The aqueous phase was pipetted
into a new microfuge tube, while the organic layer was discarded. Next,
0.5mL of 100% isopronaol was added. To precipitate the RNA, samples
were left on bench to incubate 10 min. This was followed by 10 min
centrifugation at 12,000 x g at 4°C. The supernatant was decanted and
the RNA pellet was washed with 0.5mL 75% ethanol, and vortexed briefly,
then centrifuged for 5 min at 12,000 x g at 4°C. The supernatant was once
again decanted and the remaining ethanol was removed. The pellet was
left to dry, and once dried, 10uL of RNase-free water was added. Samples
were vortexed and placed on ice for 10 min, then heated for 10 min at
65°C, then stored on ice. Quantification of total RNA was done using a
NanoDrop. Once RNA was extracted by the Trizol method, 500ng total
RNA was treated with 0.5ul DNasel (Thermo Scientific) and 1X DNasel
buffer (Thermo Scientific). Samples were incubated for 30 min at 37°C.
The reaction was stopped using 1uL of 50mM EDTA and a 10 min

incubation at 65°C. Reverse transcription was carried by adding 9uL of
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RT-mix to each sample (1uL of 10mM random primers, 1uL of 10mM
dNTPs, 4uL of 5x RT Fermentas Buffer, 0.5uL ribolock RNase inhibitor,
0.25uL Maxima RT, 2.25uL RNase-free water). Samples were placed in
PCR and cycled at: 10 min at 25°C, 30 min at 50°C, and 5 min at 85°C.
The resulting cDNA was diluted 1:20 with RNase-free water, and stored at

-20°C.

2.2.15. Quantitative PCR

Semi-quantitative real-time PCR (QPCR) was performed in 96 well
plate format using SYBR Green (BioRad) based detection on a Step-One-
Plus machine (Applied Biosystems) with each 10 pL reaction containing
approximately 100ng cDNA in 2.5uL, 0.3 pM of sense and antisense
primers and 1X SYBR Green. The plate was sealed and cycled under the
following conditions: 95°C for 10 min, 50 cycles of 95°C for 10 s and 60°C
for 45 s. For quantification, mRNA levels of the housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used for
normalization and fold induction was determined from Ct values using

Pfaffl method.
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Table 4: Primers for gPCR

Gene Forward Primer (5’-3)

CCL-1 ATGCAGGTACCCTTCTCCAG
CCL-12 ACAACTTTCTCCGCTTCGTT
CCL-13 CCAGAAGGCTGTCATCTTCA
CCL-20 GCAAGCAACTTTGACTGCTG
Eotaxin-1 AATCACCAGTGGCAAATGTC
GAPDH AGCAATGCCTCCTGCACCACC
GM-CSF ACTACAAGCAGCACTGCCCT
GRO-a AGGGAATTCACCCCAAGAAC
IL-1B CCCAACTGGTACATCAGCAC
IL-6 GTGTGAAAGCAGCAAAGAGG
IL-8 GTGCAGTTTTGCCAAGGAGT
IL-18 ATGGCTGCTGAACCAGTAGA
RANTES GAAGCCTCCCAAGCTAGGAC
SMPD1 TCTATTCACCGCCATCAACC

2.2.16. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6
software. One-way analysis of variance followed by a multiple comparison
test (Bonferroni) was used to test differences between groups. Also, two-
way analysis of variance was used for grouped data, followed by a
multiple comparison test (Bonferroni). Any p value < 0.05 was considered

significant.
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CHAPTER 3: Inhibition of SMPD1 Disrupts MAPKs
and NFkB Signalling Pathways

3.1. Rationale

Previous work in our lab has shown that Pseudomonas aeruginosa
diffusible material (PsaDM) is able to activate p38a MAPKS2.104 and
ERK1/ERK2105 via the TLR pathway in AECs. This occurs predominantly
through activation of TLR5 and TLR2. The main focus of the lab is on
mechanisms and signalling involved in bacterial-driven inflammation and
the host response, mainly in the context of cystic fibrosis. In response to
PsaDM challenge, cells lacking CFTR (CFTRAFS508) exhibit a hyperactive
p38a and ERK1/ERK2 MAPKSs responsess.

However, it is not well known whether bacterial-driven inflammation
is affected by loss of SMPD1 activity in airway epithelial cells. Specifically,
examining p38a MAPK, as it plays a prominent role in pro-inflammatory
cytokine production upon bacterial infection, and SMPD1 as a potential
upstream activator of p38a MAPK.

Additionally in the CFTRAF508 AECs, it has been established that
these cells has lower levels of extracellular glutathione and are more

sensitive to ROS®. In inflammation, ROS are important in signalling

41



molecules. This is why in addition to all the other aspects investigated in
this thesis, ROS may also be implicated.

3.2. The impact of pharmacological inhibition of SMPD1 is
ambiguous concerning the phosphorylation of p38a

Initially, p38a. MAPK activation was examined in the presence of
SMPD1 inhibition, using pharmacological inhibitors. Two inhibitors,
perhexiline and amitriptyline were used to inhibit SMPD1, both acting
through indirect mechanisms of action to block SMPD1 activity.
Perhexiline prevented the activation of p38a MAPK upon stimulation with
PsaDM (Fig. 10A). This suggests that SMPD1 has a role in the activation
of p38a MAPK in response to infection. However, when the inhibitor
amitriptyline was used to inhibit SMPD1, there was no reduction in p38a
MAPK activation upon PsaDM stimulation (Fig. 10B). These opposite
responses call into question the specificity of the inhibitors. Both are
indirect inhibitors and in fact have multiple targets in the cell, as discussed

in the introduction.
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Figure 10: Phosphorylation of p38a MAPK in the presence of
SMPD1 inhibitors.

Beas-2B AECs were grown to confluency then treated with inhibitors prior
to 45 min stimulation with PsaDM (heat inactivated), then cells were lysed
and western blots were performed. A) treatment with perhexiline at 10 pM
for 1 hr, B) treatment with amitriptyline at 25 pM for 1 hr (repeated 3
times). Quantification of p38 phosphorylation by fold induction. Statistical
analysis 1-way ANOVA and Bonferroni correction, p < 0.05 denoted by
*control v. PsaDM; # PsaDM v. Inhibitor+PsaDM.

3.3. RNA interference of SMPD1 to investigate its role in p38a
MAPK phosphorylation

3.3.1. Developing a doxycycline-inducible short hairpin RNA to
decrease SMPD1 in airway epithelial cells

To gain a better grasp on this research question, | engineered
AECs (BEAS-2B) expressing a short hairpin (sh)-RNA against SMPD1,

which is inducible by doxycycline (Fig. 11). The sh-RNA against SMPD1
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was transiently transfected in to BEAS-2B cells and the mRNA expression
levels for SMPD1 were measured. The optimal amount of doxcycline to
induce the knockdown of SMPD1 was 1.5ug (Fig. 11A). Then, BEAS-2B
cells were then transfected to select stably transfected cells of different
monoclonal populations. All of the four screened populations had
significantly reduced SMPD1 mRNA expression levels (Fig. 11B). The
cells from population sh-SMPD1-2 (sh2) cells were used for all
subsequent experiments where sh-SMPD1 (sh) is simply depicted. By
comparing the non-target (NT) cells with the SMPD1-shRNA (sh) cells, it
was determined that RNA interference of SMPD1 decreased the protein
level by 50% (Fig. 11C). Finally, SMPD1 activity is significantly decreased
in sh-SMPD1 cells, compared to Non-Target cells using a functional
enzymatic assay (Fig. 11D). Specifically, this assay measures the ability of
SMPD1 to convert a sphingomyelin analogue 2-N-hexadecanoylamino-4-
nitrophenylphosphoryl-choline to its chromogenic metabolite, as this is
indicative of SMPD1’s ability to convert sphingomyelin to ceramide. The
development of this inducible system allows for an overall better means to
analyze the effect of SMPD1 in AECs and to analyze the role SMPD1

plays in innate immune response to bacterial infection.
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Figure 11: Creation of stable Beas-2B AECs with sh-RNA
against SMPD1.

A) Transiently transfected SMPD1-shRNA constructs in Beas-2B AECs,
after overnight transfection (18 hrs) and induced with 100uM doxycycline
(repeated 3 times). Measurement of SMPD1 mRNA expression levels,
where p < 0.05 denoted by * v. control. B) Stably transfected SMPD1 sh-
RNA constructs in Beas-2B AECs after cell sorting and induced with
100uM doxycycline (repeated 3 times). Measurement of SMPD1
expression levels in 4 monoclonal cell populations, where p < 0.05
denoted by * v. control (Non-target). C) Immuno-blot to measure the
protein levels of SMPD1 in the stable control (ShRNA Non-target) cells
and the SMPD1-shRNA cells, again induced with 100pM doxycycline
(repeated 3 times). D) SMPD1 enzyme activity assay using 15mM 2-N-
hexadecanoylamino-4-nitrophenylphosphoryl-choline, and measuring the
OD at 410nm, where ** indicates p = 0.0022 (repeated 2 times).
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3.3.2. AECs with SMPD1 knocked-down have dysregulated
MAPKSs activation

Using this novel system, p38a MAPK phosphorylation was
examined once more. In the Non-Target cells, upon stimulation with
PsaDM there is an increase in p38a MAPK phosphorylation, as expected
(Fig. 12). In the sh-SMPD1 cells, there are two differences to note. First, in
the untreated condition, basal phosphorylation of p38a MAPK was higher
than the NON-TARGET cell (Fig. 12). Secondly, upon stimulation with
PsaDM, there was no further increase in p38a MAPK phosphorylation
(Fig. 12). This would indicate that without SMPD1, there is a dysregulation
in p38a. MAPK activation, which leads to the inability for p38a MAPK
signalling to mount an appropriate response in the presence of bacterial
pathogens. Similar results were observed when ERK1/2 (Fig. 13) and JNK

(Fig. 14) phosphorylation were examined.
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Figure 12: Phosphorylation of p38a MAPK in stable Beas-2B
AECs with sh-RNA against SMPD1.

An immuno-blot of anti-phospho-p38a and anti-GAPDH, whereby
quantification is by fold induction (repeated 3 times).
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Figure 13: Phosphorylation of ERK1/ERK2 MAPK in stable
Beas-2B AECs with sh-RNA against SMPD1.
An immuno-blot of anti-phospho-ERK1/2 and anti-GAPDH, whereby
quantification is by fold induction (repeated 3 times).
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Figure 14: Phosphorylation of JNK MAPK in stable Beas-2B
AECs with sh-RNA against SMPD1 .

An immuno-blot of anti-phospho-JNK and anti-GAPDH, whereby
quantification is by fold induction (repeated 3 times). Statistical analysis of
one-way ANOVA and Bonferroni correction, where p<0.05 is denoted by *
v. control.

3.3.3. p38a MAPK activation can be rescued in sh-SMPD1
cells when transected with wild-type SMPD1

A rescue experiment was designed using the sh-SMPD1 cells and
transfecting WT SMPD1 or L225P mutant SMPD1 transiently to determine
the effect on p38a MAPK phosphorylation. Transfection of WT SMPD1
into sh-SMPD1-targeted cells lowered p38a MAPK phosphyrlation in
untreated condition and upon stimulation restored the increase in p38a
MAPK phosphorylation (Fig. 15A). In contrast, sh-SMPD1 cells transiently

transfected with L225P mutant of SMPD1, an inactive form of SMPD1
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found in NPA patients, showed a similar pattern to the non-rescued sh-
SMPD1 cells (Fig. 15B). This provides further support that transfecting WT
SMPD1 into sh-SMPD1 cells leads to p38a MAPK phosphorylation levels
reverting to what is seen in the Non-Target cells, both at basal level and

after PsaDM stimulation.
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Figure 15: Rescue experiment of the phosphorylation of p38a
MAPK in stable Beas-2B AECs with sh-RNA against SMPD1.
Immuno-blot of anti-phospho-p38a  and anti-GAPDH, whereby
quantification is by fold induction. Transient transfections of A) WT
SMPD1 and B) L225P- SMPD1 mutant, overnight, then 45 min PsaDM
(heat inactivated) prior to cell lysis for immuno-blots (repeated 3 times).
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3.4. NF«B Activation is lowered in AECs when transfected with
an inactive form of SMPD1

As mentioned in the introduction, another important signalling
pathway for innate immune responses is the activation of the transcription
factor NFkB. BEAS-2B stably expressing a NFkB a luciferase reporter
were transiently transfected with WT and L225P mutant of SMPD1. Upon
stimulation, cells transfected with L225P mutant SMPD1 had significantly
lower levels of NFkB activation compared to the control cells stimulated
with PsaDM (Fig. 16). This indicates that with non-functional SMPD1,
NFxB signalling pathway is not activated in an appropriate manner.
Deregulation of this pathway has been implicated in various diseases and

can result in an improper response by the host to bacterial infection.
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Figure 16: Measurement of NFkB activity in Beas-2B AECs
reporter cells with WT and L225P mutant SMPD1 transiently
transfected.

Cells were grown to approximately 85% confluency then transiently
transected overnight with either WT or L225P mutant SMPD1 constructs.
Cells were deprived in minimal medium (Cnt-17) overnight, then
stimulated with PsaDM (heat inactivated) for 3 hrs. Luciferase assay was
used to measure levels of NFkB activity (repeated 4 times). Statistical
analysis of one-way ANOVA and Bonferroni correction, where p<0.05 is
denoted by * v. control.

3.5. Elevated levels of reactive oxygen species (ROS) in sh-
SMPD1 AECs

Initial experiments were performed to examine the potential role of
ROS and how this may be affected by the loss of SMPD1 in BEAS-2B
cells. No differences were seen however between the two groups. In order

to determine if differences in ROS levels could be detected between Non-

Target and sh-SMPD1 cells a FRET experiment was performed using a
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ROS probe (HSP-FRET). Sh-SMPD1 cells, both untreated (ut) and treated
(H202) conditions, had higher CFP/YFP ratios, meaning higher levels of
ROS (Fig. 17). We next examined if there was a difference in cell survival
between the Non-Target and sh-SMPD1 cells in the presence of
increasing concentration of ROS. No notable differences were seen
between Non-Target and sh-SMPD1 cells when exposed to hydrogen

peroxide (H202) (Fig. 18).
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Figure 17: FRET analysis of stable Beas-2B AECs SMPD1-
shRNA cell in the presence of H20..

Using the HSP-FRET ROS probe transfected into these cells using
Turbofect, HSP-FRET was excited at 430nm and fluorescence emission
was obtained at 470nm using the Tecan Infinite M1000 plate reader,
heated to 37°C (repeated 3 times).
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Figure 18: Cell survival in the presence of H202 as an inducer
of reactive oxygen species.
Beas-2B AECs with SMPD1-shRNA knock down were grown to
confluency then treated dose dependently with H20. Viable cells were
counted using Trypan blue stain (repeated 3 times).

3.6. Conclusion

In this chapter, | have shown that SMPD1 is implicated in MAPK
signalling in AECs, as well as NFxB signalling. Initial results using
pharmacological inhibitors of SMPD1 showed opposing responses with
respect to p38a MAPK activation (Fig. 10). This led to development of
doxycycline-induced SMPD1 sh-RNA knockdown in AECs, where these
cells exhibited reduced levels of SMPD1 mRNA expression, protein levels,
and enzymatic activity (Fig. 11). In Figure 11C, PsaDM stimulates the
protein expression of SMPD1 in the knockdown cells. This observation

could be indicative of incomplete knockdown of SMPD1 or a leaky
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promoter. These are important consequence of using an inducible sh-RNA
knockdown system, however Non-Target sh-RNA cells are used to control
for this as all comparisons with sh-SMPD1 cells are done with these Non-
Target cells. When SMPD1 was knocked down there were higher basal
levels of p38a MAPK activation and no increase upon bacterial stimulation
with PsaDM (Fig. 12). Furthermore, a similar trend was seen with ERK1/2
(Fig. 13) and JNK (Fig. 14) activation. Another aspect examined with
regards to innate immune response signalling was NF«B activation. Using
a luciferase assay, NFkB activation was assessed in AECs transiently
transfected with wild-type and L225P-mutant SMPD1. These results
showed decreased levels of NFkB activation with L225P-mutant SMPD1
(Fig. 16). Finally, reactive oxygen species are highly reactive species that
are vastly involved in cellular signalling. Preliminary experiments by FRET
analysis show that there are higher levels of ROS in sh-SMPD1 cells in
both untreated conditions and in the presence of H202 (Fig. 17). However,
there are no differences in cell survival between Non-Target and sh-
SMPD1 cells exposed to H2O- (Fig. 18).

Overall, the results from Chapter 3 indicate that when SMPD1 is
knocked down in Beas-2B cells it causes deregulation in the innate

immune system’s defence against bacterial pathogens. MAPKSs, in
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particular p38a, and NFxB signalling pathways are deregulated, and
levels of ROS are greater in sh-SMPD1 cells. These signalling pathways,
through TLR activation, are responsible for mounting a proper immune

response and when SMDP1 is knocked-down they become compromised.
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CHAPTER 4: SMPD1’s Role in the Proper Functioning
of the Innate Immune System Involves Cytokine

Regulation and Consequently Neutrophil Recruitment

4.1. Rationale

Research in our lab has shown that CFTRAF508 AECs have
elevated levels of IL-8 in response to PsaDM'%6. Additionally, due to the
hyperactivation of p38a and ERK1/2 MAPKs mentioned previously, higher
levels of IL-6 mMRNA expression have been demonstrated in CFTRAF508
AECs challenged with PsaDM®&8. This increases neutrophil recruitment.
Moreover, there is a necessary threshold of p38a MAPK activation in
order to trigger neutrophil recruitment®9. Looking along the same lines, the
Non-Target and sh-SMPD1 cells were used to examine how cytokines and

neutrophil recruitment was affected by the loss of SMPD1 activity.
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4.2. Airway epithelial cells lacking SMPD1 exhibit hyper-
secretion and increased expression levels of cytokines

4.2.1 Higher concentrations of IL-6 and IL-8 are secreted from
AECs with  SMPD1 knocked-down when challenged with
PsaDM

IL-6 and IL-8 are two of the major cytokines secreted in response to
activation of airway epithelial cells resulting in increased neutrophil
recruitment'0”. Therefore their levels secreted into the supernatant were
measured. When AECs are stimulated with PsaDM the levels of both IL-6
(Fig. 19A) and IL-8 (Fig. 19B) are significantly increased in the sh-SMPD1
cells compared to Non-Target cells. This corresponds with the higher

overall levels of MAPK phosphorylation shown in Chapter 3.
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Figure 19: Measurement of secreted IL-6 and IL-8 by ELISA in
stable Beas-2B AECs SMPD1-shRNA cells.

Cells were grown to confluency then stimulated with PsaDM (heat
inactivated) for 6 hrs. Supernatants were collected and used to measure
secreted cytokine levels by ELISA (repeated 3 times). Statistical analysis
of one-way ANOVA and Bonferroni correction, where p<0.05 is denoted
by *.

4.2.2 An overall increase in cytokine expression exists in sh-

SMPD1 AECs

To determine whether this increased expression was specific to IL-

6 and IL-8, the expression levels of ten cytokines and chemokines were
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investigated (Table 5). Non-Target and sh-SMPD1 AECs were exposed to
PsaDM for 0, 1h, 3h, 6h and 18h and the mRNA expression levels of
cytokines involved in the innate immune response to bacterial infection
and inflammation measured at every time point tested, IL-8 mMRNA levels
were significantly higher in the sh-SMPD1 cells than the NON-TARGET
cells (Fig. 20A). IL-6 had a trend to higher levels at the 3h but the
difference was not significant (Fig. 20B). CCL20 levels were significantly
increased in sh-SMPD1 cells at 3 hrs and 6 hrs of PsaDM stimulation
(Figure 20C). The mRNA expression levels for RANTES are significantly
increased in sh-SMPD1 cells at time zero, 3 hrs, 6 hrs, and 18 hrs of
challenge by PsaDM (Fig. 20D). CCL13 was also significantly increased at
all time points from 1 hr to overnight in sh-SMPD1 cells (Figure 20E). The
expression levels in sh-SMPD1 cells of CXCL12 were significantly
increased in the early time points of zero to 3 hrs (Fig. 20F). The mRNA
levels of eotaxin-1 were significantly higher in sh-SMPD1 cells at the 6 hr
and 18 hr time points (Fig. 20G). GM-CSF had significantly more mRNA
levels in sh-SMPD1 cells compared to Non-Target cells at 3 hrs of PsaDM
stimulation (Fig. 20H). CCL-1 had significantly higher levels in the sh-
SMPD1 cells at the time points of 3 hrs and 18 hrs (Fig. 20I). Finally, the

last cytokine analyzed in this panel, was Gro-a, which had significantly
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elevated expression levels in sh-SMPD1 cells from 3 hrs onwards (Fig.

20J). The overarching message is that upon stimulation of cells with

PsaDM, the sh-SMPD1 cells in general have significantly higher levels of

cytokines involved in the innate immune response and inflammation.

Table 5: Brief Description Cytokines Analyzed

Cytokine Description

IL-8 a strong chemotractant for neutrophils

IL-6 involved in acute phase of immune response

CCL20 involved in chemotaxis of leukocytes

Rantes involved in the recruitment of leukocytes to the
site of inflammation

CCL13 implicated more in allergy

CXCL12 a strong chemotractant for lymphocytes

Eotaxin-1 selectively recruits eosinophils to the site of
inflammation

GM-CSF a white blood cell growth factor

CCL1 a glycoprotein with a role in inflammation and
immuno-regulation,

Gro-a important in inflammation and neutrophil

recruitment
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Figure 20: Time course of mMRNA expression levels of various
cytokines upon 3 hr PsaDM stimulation in stable Beas-2B
AECs SMPD1-shRNA cells.

Cells were grown to confluency then stimulated with PsaDM (heat
inactivated) for 3 hrs. mMRNA was extracted and expression levels of
cytokines were measured by qPCR (repeated 3 times). Statistical analysis
of one-way ANOVA and Bonferroni correction, where p<0.05 is denoted
by *.

4.2.3. Caspase-1 dependent cytokines also elevated in sh-
SMPD1 AECs

Additionally, IL-18 and IL-18, important inflammatory mediators,
were examined. Both these cytokines are capsase-1 dependent.
Caspase-1 is an important enzyme in inflammation and regulation of cell
death, where it activates certain molecules, such as IL-1p3 and 1L-18108.109,
IL-13 mRNA levels are significantly increased in sh-SMPD1 cells upon
PsaDM stimulation (Fig. 21). IL-18 mRNA levels are also significantly
higher in sh-SMPD1 cells at basal level (Fig. 21). Upon stimulation with
PsaDM, sh-SMPD1 cells have higher expression levels of IL-18; however
this did not reach statistical significance (Fig. 21). This data corresponds
well with what was initially seen in Figure 20, whereby an overall increase
in cytokine expression levels were seen in the cells with shRNA against

SMPD1.
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Figure 21: Expression levels of caspase-1 dependent
cytokines.
gPCR anaylsis was done to examine the levels of mMRNA expression for A)
IL-18 and B) IL-18 (repeated 3 times). Statistical analysis of one-way
ANOVA and Bonferroni correction, where p<0.05 is denoted by *.
4.3. A consequence of elevated cytokine levels in sh-SMPD1
AECs is the recruitment of more neutrophils

Neutrophils play an important role in innate immunity. They are
seen as the first line of defence against invading pathogens. PsaDM
stimulates significant neutrophil recruitment in both Non-Target and sh-
SMPD1 cells (Fig. 22). Furthermore, there are significantly more
neutrophils recruited at the basal level in sh-SMPD1 cells compared to
Non-Target cells, as well as a significantly higher number of neutrophils
recruited in sh-SMPD1 cells when challenged with PsaDM compared to
NON-TARGET cells challenged with PsaDM (Fig. 22). This data

corresponds with the significantly increased levels of IL-8 in sh-SMPD1

cells upon PsaDM stimulation as seen in Figure 20A.
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Figure 22: Neutrophil recruitment assay.
Conditioned medium, from 3 hr PsaDM (heat inactivated) stimulation with
Beas-2B SMPD1-shRNA cells, was used to stimulate neutrophil
recruitment (repeated 3 times). Statistical analysis of one-way ANOVA
and Bonferroni correction, where p<0.05 is denoted by *.
4.4 Conclusion

In this chapter, | have shown that AECs that have SMPD1 knocked-
down have significantly increased cytokine production and subsequently
recruit more neutrophils. In the cytokine profile for mRNA expression
levels, all ten cytokines demonstrated higher levels of expression at one
time point or another (Fig. 20). Additionally, IL-6 and IL-8 were secreted at

higher levels upond stimulation with PsaDM in the sh-SMPD1 cells (Fig.

19). Also, sh-SMPD1 cells had higher levels of IL-18 and IL-18, capase-1
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dependent cytokines, that are involved in inflammation and cell death
regulation (Fig. 21). Finally, more neutrophils were recruited by cells
lacking SMPD1 in the untreated condition as well as upon bacterial
stimulation by PsaDM (Fig. 22).

The results from this chapter suggest that SMPD1 has a role in
regulation of cytokine production in AECs. Overall, increased expression
of cytokines and more IL-6 and IL-8 secreted by sh-SMPD1 cells leads to
a higher number of neutrophils being recruited. This coincides with the

increase in MAPKs phosphorylation seen in Chapter 3.
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CHAPTER 5: Disruption of Intracellular Localization
and Protein-Protein Interactions of the SMPD1

(L225P)-disease causing-mutant

5.1. Rationale

Translocation of SMPD1, from the lysosome to the outer leaflet of
the membrane, is essential to its functioning. Therefore it was important to
examine if this process was affected by the SMPD1 (L225P)-disease
causing-mutant and whether this may give a clue to the increased
cytokine expression described in the previous chapter. This was done by
immunofluorescence to visualize GFP-tagged SMPD1, and by Tandem
Affinity Purification, to identify possible binding partners that are involved
and /or required for this process.

5.2 SMPD1 (L225P)-disease causing-mutant shows impaired
translocation to outer-leaflet of cell membrane by
immunofluorescence

A new system was developed to be able to easily visualize SMPD1
by tagging the protein with GFP. Using the Hek-Flp-IN system described
in the Methods section, WT SMPD1 cells and L225P mutant SMPD1 cells
were created in HEK293 cells background. When doxycycline was given

to induce SMPD1 expression, a large increase GFP (green) was observed
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(Fig. 23). Hoechst was used to stain the DNA (blue), and actin is stained
phalloidine (red) (Fig. 23). This shows that this system is a good on/off
switch of SMPD1 by doxycycline. Furthermore, supplementary material in
the Appendix, demonstrates that presences of doxycycline induces the
MRNA expression of SMPD1 in this system (Fig. 25A), and that when
doxycycline is washed out it reverts SMPD1 expression back to basal
levels (Fig. 25B). WT SMPD1 in the presence of doxycycline with PsaDM
seems to have green punctates at the cell membrane, which is indicative
of SMPD1’s translocation to the cellular membrane upon bacterial
stimulation (Fig. 23A, arrows). In contrast, with the L225P mutant SMPD1
in the presence of doxycycline with PsaDM, there seems to be a lack of

distinct punctuates at the cell membrane (Fig. 23B, arrows).
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Figure 23: Immunofluorescence in Hek-Flp-IN cells expressing
WT or L225P mutant SMPD1.

Hek-Flp-IN WT and L225P cells were plated and treated with 100uM
doxycycline and 30 min PsaDM (heat inactivated) stimulation. Slides were
visualized at 200X magnification through Olympus BX51 filters, using
Image Pro 7 software to obtain images. SMPD1 is GFP tagged, Alexa568
Phalloidine used for actin and Hoescht for DNA staining (repeated 2
times).

5.3.ldentification of potential novel binding partners of SMPD1
using tandem affinity purification followed by mass
spectrometry analysis

In order to determine whether the presence of the L225P mutation
changed protein-protein interactions, tandem affinity purification was
performed using the cell system described in section 5.2. Four conditions
were examined: WT SMPD1 untreated, WT SMPD1 stimulated with
PsaDM, L225P mutant SMPD1 untreated, and L225P mutant SMPD1
stimulated with PsaDM. The results from the purification are illustrated in

Fig. 24.
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Figure 24: TAP SDS-PAGE gel.
Hek-Flp-IN cells (TAP tagged) were induced by 500ng/mL of doxycycline
and grown to confluency, then stimulated with PsaDM (heat inactivated)
for 1 hr. Samples were loaded on to gel after following the TAP protocol.

Bands were visualized by silver staining and subsequently cut out,
indicated by the arrows, for mass spectrometry analysis.
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Bands were visualized by silver staining, and those bands that were
different between the WT and L225P mutant (indicated by arrows) were
cut out and sent for analysis by mass spectrometry. Data collected was
initially analyzed from the mass spectrometry using Scaffold Viewer. This
program allows one to view the protein hits as a list, or in Venn diagrams,
(Appendix, Fig. 26). In order to specifically identify protein as possible
binding partners with SMPD1, the online analysis tool, PANTHER

Classification System 9.0 was used. Table 5 summarizes the top hits for
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each band isolated from the TAP experiment. The numbers in the last four
columns represent spectral counts, which are accepted semi-quantitative
method to measure protein abundance in proteomic studies such as this.
Band 1 has been assigned as Vimentin, an intermediate filament protein
and therefore important to maintain the integrity of the cell and resists
stress'10. With respect to the spectral counts there is a high possibility that
this protein does interact with SMPD1 WT but not L225P mutant. Band 2,
which is also present in the WT conditions and not the mutant, has been
assigned to ribosomal protein S3 (RPS3), as it has much higher spectral
counts, and interestingly the number of spectral counts increases upon

stimulation with PsaDM (Table 5).
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Molecular WT WT WT WT
Identified Proteins Accession Number Weight ut2 psadm2 ut3 psadm3
gi|1090507
ATP synthase:SUBUNIT=alpha (+20) 60 kDa 5 4
60 kDa SS-A/Ro
ribonucleoprotein  isoform 1 | gi|108796056
[Homo sapiens] (+17) 59 kDa 7 10
polypyrimidine tract binding
protein 1, isoform CRA_a [Homo | gi|119581556
sapiens] (+21) 59 kDa 2 2
chaperonin containing TCP1,
subunit 7 (eta), isoform CRA_b | gi|119620145
[Homo sapiens] (+16) 59 kDa 2 1
chaperonin containing TCP1,
subunit 4 (delta), isoform CRA_c | gi|119620392
[Homo sapiens] (+12) 58 kDa 2 1
Chaperonin containing TCP1, | gi|109730511
subunit 2 (beta) [Homo sapiens] | (+13) 57 kDa 5 4
aspartyl-tRNA synthetase, | gi|119632022
isoform CRA_a [Homo sapiens] (+14) 57 kDa 5 3
PRP19/PS04 pre-mRNA
processing factor 19
homolog (S. cerevisiae),
isoform CRA_b [Homo | gi|119594311
sapiens] (+6) 55 kDa 1 2
vimentin, isoform CRA_a | gi|119606621
[Homo sapiens] (+18) 54 kDa 41 17
heterogeneous nuclear
ribonucleoprotein K, isoform | gi|119583079
CRA_a [Homo sapiens] (+26) 51 kDa 5 3
Tubulin, beta 2C [Homo | gi|12803879
sapiens] (+13) 50 kDa 1 5
heterogeneous nuclear
ribonucleoprotein H1 (H), | gi|119574192
isoform CRA_a [Homo sapiens] (+13) 49 kDa 10 6
SERPINE1 mRNA binding protein | gi|12803339
1 [Homo sapiens] (+11) 44 kDa 7 6
solute carrier family 25
(mitochondrial carrier; adenine
nucleotide translocator),
member 5, isoform CRA_c | gi|119610276
[Homo sapiens] (+3) 33 kDa 4 7
ribosomal protein L7a, isoform | gi|119608467
CRA_a [Homo sapiens] (+24) 33 kDa 6 7
gi|119609105
prohibitin 2 [Homo sapiens] (+8) 32 kDa 2 15
ribosomal protein S2, isoform | gi|119605998
CRA_a [Homo sapiens] (+31) 31 kDa 3 3
hCG33299, isoform CRA_a | gi|119597983
[Homo sapiens] (+24) 30 kDa 6 11
ribosomal protein L7, isoform | gi|119607405
CRA_a [Homo sapiens] (+16) 30 kDa 2 5
ribosomal protein S6, isoform | gi|119579045
CRA_e [Homo sapiens] (+16) 29 kDa 7 9
ribosomal protein L8, isoform | gi|119602454
CRA_b [Homo sapiens] (+15) 28 kDa 2 1
ribosomal protein S3 [Homo | gi|119595369
sapiens] (+17) 27 kDa 12 | 22
ribosomal protein S8, isoform | gi|119627428
CRA_a [Homo sapiens] (+10) 27 kDa 6 1
ribosomal protein L13, isoform | gi|119587128
CRA_a [Homo sapiens] (+20) 24 kDa 4 5
histone 1, Hic [Homo | gi|119575919
sapiens] (+28) 21 kDa 1 2
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Table 6: Top hits identified from mass spectrometry analysis
using PANTHER Classification System 9.0.

This table summarizes the top hits from the mass spectrometry analysis.
The bolded proteins are of further interest to examine their role and
potential interaction with SMPD1.

5.4. Conclusions

In Chapter 5 the localization and potential binding partners of
SMPD1 were explored. In terms of localization, a method for visualization
by immunofluorescence was developed. SMPD1, both wild-type and
L225P mutant, are GFP labeled and the preliminary data show that there
is a possible inability of SMPD1 translocation to the cell membrane in the
L225P mutant cells, as seen by a lack of punctate formation upon
stimulation by PsaDM (Fig. 23). The TAP and mass spectrometry analysis
revealed two interesting binding partners from the two bands that were
present in the WT but not in the L225P mutant samples (Fig. 24).
However, both hits, vimentin and RPS3, need to be validated to determine
the extent of interaction between these proteins and SMPD1.

This final chapter in my thesis provides interesting data regarding
the translocation process of SMPD1 and interactions it may have with
other proteins. Further studies are required, but from these results it
seems as though the SMPD1 (L225P)-disease causing-mutant lacks the
ability to reach the cell membrane in order to initiate the conversion of

sphingomyelin to ceramide.
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Chapter 6: Conclusions and Future Directions
6.1. Summary of Results and General Discussion

6.1.1. SMPD1 is required for the appropriate activation of
MAPKs in AECs to trigger the necessary immune response
when faced with bacterial challenge

MAPK signalling is a necessary pathway involved in the immune
system’s response to pathogens. p38a, ERK1/2, and JNK MAPKs are
activated to certain degrees, depending on the response that is
necessary. When SMPD1 is knocked-down in AECs, it affects the
response of all three of these protein kinases. The cells lacking or
exhibiting reduced SMPD1 activity exhibit higher basal levels of
phosphorylated p38a, ERK1/2, and JNK MAPKs (Figures 12-14).
Furthermore, upon stimulation with PsaDM, these cells did not have
increased phosphorylation, as was seen with Non-Target cells. In terms of
activation of p38a. MAPK, when sh-SMPD1 cells were transfected with WT
SMPD1, the levels of phosphorylated p38a MAPK, both basal and
stimulated, reverted back to those of the Non-Target cells (Figure 15A).
This means that SMPD1 is directly involved in preserving proper activation

of MAPKSs in AECs.
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6.1.2. AECs lacking SMPD1 demonstrated an over-production
of various cytokines implicated in inflammation and
significantly more neutrophils recruited

Higher expression levels of numerous pro-inflammatory cytokines
in sh-SMPD1 cells, both at basal levels and upon stimulation via bacterial
products were also seen (Figure 20). For certain cytokines, like RANTES
and CXCL12, there was significantly more mRNA in sh-SMPD1 cells. In
general, upon stimulation with PsaDM, all the cytokines examined tended
to have higher expression levels in sh-SMPD1 cells at certain time points
over 18 hrs, but mostly at 3 hrs of stimulation. In addition to increased
production and secretion of cytokines, it is not surprising that neutrophil
levels in these cells were also increased significantly (Figure 22). This
increase was also seen at the basal level and after 3 hr challenge with
PsaDM. Clearly for IL-8 changes in mRNA expression reflects changes in
protein function as higher levels of neutrophils were seen. However, with
respect to the other cytokines examined in Figure 20, further analysis is
necessary in order to determine if changes in cytokine mRNA expression
reflect changes in protein function. For example, CXCL12 mRNA levels
were increased in sh-SMPD1 cells and to examine if this is reflected in
increased protein function, the recruitment of lymphocytes can be

examined.
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Furthermore, caspase-1 dependent cytokines were also elevated.
IL-1B, a proinflammatory cytokine, exhibited increased levels upon
bacterial challenge which is seen in the Non-Target cells’ response, and is
an expected response to bacterial pathogens. However, the sh-SMPD1
cells showed significantly higher levels than the Non-Target cells upon
PsaDM stimulation, which could lead to hyper-inflammation (Fig. 21A).
Additionally, IL-18, which is related to severe inflammation, showed higher
basal levels in the sh-SMPD1 cells can also lead to hyper-inflammation
(Fig. 21B).

6.1.3. Impaired translocation of SMPD1 (L225P)-disease
causing-mutant to the outer-leaflet of the cell membrane upon
bacterial stimulation

With regards to translocation of SMPD1, an inducible system that
facilitates visualization of GFP-tagged SMPD1 by IF was generated
(Figure 23). This system works well, but requires additional optimization,
in order to be able to obtain valuable data from this method. Quantitatively
data was unable to be obtained; however, qualitatively, the images
obtained show that the cells with the L225P mutant is unable to form
punctates at the surface of the cell membrane, while the wild-type cells

clearly form these punctates (Fig. 23). Image analysis or automated
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quantitative analysis methods can be applied to this system in order to
obtain subcelllular quantification of the localization of SMPD1.

6.1.4. Potential novel protein interactions of SMPD1

Finally, a method was developed to examine potential binding
partners of SMPD1 through tandem affinity purification followed by mass
spectrometry analysis (Table 6). This experiment generated several
interesting hits, which need to be further explored. Given that the
translocation of SMPD1 from the lysosome to the cell membrane is
essential for this enzyme to facilitate the production of ceramide from
sphingomyelin, an interaction vimentin is plausible. Vimentin is a protein
involved in maintaining cell shape, adhesion and preserves the integrity of
the cytoskeleton. Specifically, it has a role in supporting and anchoring
organelles to the cell membrane'!.

Moreover, the other potential protein interaction identified was with
RPS 3. This protein is especially interesting as it has been shown to be
implicated in mitosis as a mictotubule-associated protein''2, linked to ROS
and mitochondrial DNA damage''3, and more notably, interacting with
bacterial pathogens''4, as well as interacting with NFxB!'15-117. An
alternative hypothesis involving SMPD1’s role in innate immunity, given

that RPS3 is important to activation of NFkB regulated genes and SMPD1
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and RPS3 potentially interact, is that SMPD1’s involvement in regulation
of innate immunity is via signalling through NFxB pathway by interacting
with RPS3.

The other proteins highlighted (Table 6) are Pre-mRNA processing
factor 19 (PRP19) and Histone 1 (H1c). Band 1 (Fig. 24) could also
potentially be assigned to PRP19, which has a role in mediating DNA
damage responses in cells. It has been shown that loss of this protein has
induced apoptosis and decreased cell survival''é. Lack of this band in the
mutant conditions would lead to the hypothesis that SMPD1 is involved in
apoptotic signalling via interaction with PRP19; however, it is important to
note that this protein had very few spectral counts in the analysis. The
lower band, Band 2 (Fig. 24), which is also present in the WT conditions
and not the mutant, may alternatively be assigned as Histone 1 (H1c). H1c
is implicated in apoptosis with respect to regulation of apoptosme
formation''9. However, like PRP19, H1c has a low spectral count (Table
6). To fully interpret these results, validation of these top hits must be
done to determine if in fact these proteins interact with SMPD1, which can

be done by co-immunoprecipitation.

78



6.2. Conclusions

Taken together, these results imply a critical role for SMPD1 in
attenuating the immune response. In diseases such as CF and NPD, a
decrease in SMPD1 leads to the accumulation of precursors to MAKPs
signalling resulting in impaired immune response upon bacterial
challenge. In the literature, the effects of SMPD1 on MAPK pathways are
not well understood. One group saw no difference in p38a MAPK
activation upon bacterial stimulation in human fibroblasts®4, while another
group saw lower p38a MAPK activation in HelLa cells®. Both of these
outcomes differ from what was seen in our system using sh-SMPD1-RNA
against SMPD1 where basal levels of p38a MAPK were elevated. With
regards to cytokine levels, in SMPD1 KO mice there was significantly
higher release of cytokines in response to P. aeruginosa??, and this
coincides well with what was seen in Figure 20 in the sh-SMPD1 cells.
However, it has also been shown that IL-6 levels are decreased in the
presence of SMPD1 inhibitors®®. Based on our data with SMPD1
inhibitors, it is clear that interpreting results with inhibitors should be done
carefully, as they may not necessarily be as selective as thought and the
extent of off target effects may not necessarily be well understood.

Furthermore, it is quite clear from our research and the literature, that the
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response to challenge by P. aeruginosa is context dependent and cell-
type specific.

Based on the results of this thesis involving potential binding
partners, if the SMPD1 (L225P)-disease causing-mutant cells lack this
interaction with vimentin, it would account for the lack of punctates seen
(Fig. 23), and thus the inability for SMPD1 to reach the outer-leaflet of the
cell membrane to produce ceramide. Furthermore, based on roles of RPS
3 and the pathways it is involved in, lacking an interaction with RPS 3 in
the SMPD1 (L225P)-disease causing-mutant cells, would result in a
dysfunctional immune response to bacterial challenge, as seen throughout
Chapters 3 and 4, with respect to MAPKSs activation, cytokine production,
and neutrophil recruitment. The significance of these results relates
directly to the clinical phenotype of NPD patients, in that they have
increased susceptibility to respiratory infections, which is the major cause
for death in these patients.

In conclusion, the results suggest that SMPD1 affects the balance
of sphingolipids, which is essential to signalling pathways necessary for
AECs to combat bacterial pathogens. The data shows that when SMPD1
is knocked down, there is an elevation of MAPK activation, an overall

elevation of cytokines produced, and greater number of neutrophils
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recruited. Alternatively, SMPD1 can be viewed as a negative regulator of
cytokines. The next step is to elucidate the mechanisms by which this is
occurring, in order to specifically determine how SMPD1 is involved and
how a lack of or non-functional SMPD1 leads to deregulation of signalling
pathways involved in innate immunity. Therefore, understanding the role
played by SMPD1 in host defense mechanisms of the lungs is crucial to
develop novel therapies aimed at improving the quality of life of patients
suffering from CF and NPD.

6.3. Future Directions

Additional work is required in order to understand the mechanism
by which SMPD1 is exerting its affects as seen in our results. The NFxB
pathway was deregulated. However more detailed experiments should be
done to examine this in more detail, especially using cells with shRNA
against SMPD1, rather that transiently transfecting WT and L225P mutant
SMPD1. Furthermore, it is of great interest to examine in more depth the
role of ROS and to test the top hits of the mass spectrometry data. The
next step, in continuing this project would be to validate the possible novel
interactions of these proteins with SMPD1. Then using this information, do

design supplementary experiments in order to elucidate the mechanism by
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which SMPD1 is able to influence these key signalling pathways, involved

in the host’s defense against bacterial infection.
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Appendix
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Figure 25: Creation of the Hek-FlIp-IN inducible system by
doxycycline.

A) Dose-dependent response for the induction of SMPD1 by doxycycline.
* p<0.05 by one-way ANOVA and Dunnett’s correction. B) Doxycycline
chase experiment at 1ug/mL (repeated 3 times). * p<0.05 by one-way
ANOVA and Bonferroni correction.
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Figure 26: Venn diagrams of preliminary analysis o d mass
spectrometry data using Scaffold Viewer program.

These provide preliminary analysis of the proteins identified by mass
spectrometry analysis, by comparing the 4 different experimental
conditions.
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