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Abstract

Solid particles such as pathogens, dying cells, and debris are engulfed by macrophages
and neutrophils and sequestered into a phagosome. Phagosomes fuse with early and
late endosomes and ultimately with lysosomes to mature into phagolysosomes, a
process known as phagosome maturation. The formation of highly acidic and
degradative phagolysosomes plays an important role in degradation of the internalized
particle. We employed siRNA and pharmacological tools to demonstrate that
phosphatidylinositol-3,5-bisphosphate [PI(3,5)P,], synthesized by the PIKfyve lipid
kinase, is required for phagosome maturation. However, the mechanism by which
PI(3,5)P, controls phagosome maturation remained uncharacterized. We hypothesized
that PI(3,5)P, may control phagosome-lysosome fusion partly by stimulating TRPML1, a
lysosomal Ca** channel gated by PI(3,5)P,. Upon opening of the channel, lysosomal Ca**
would diffuse and trigger phagosome-lysosome fusion since Ca®* is known to induce
membrane fusion post-docking of SNARE proteins. In addition, we also demonstrated
that the lipid kinase PIKfyve coordinates the neutrophils immune response by
controlling phagosome maturation and regulating Rac GTPase activity. PIKfyve produces
both PI(3,5)P, and phosphatidylinositol-5-phosphate (PI5P); therefore, it might control

phagosome maturation through production of PI(3,5)P, and activation of TRPML1 as



well as regulates ROS production and chemotaxis through synthesis of PI5P, which leads

to the activation of Tiam1, and Rac GTPase.
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CHAPTER 1

Introduction



1.1 Immune system

Control and prevention of infectious diseases remains a critical global health problem,
despite the existence of a powerful immune system that controls and eliminates the
majority of potential infectious organisms. In mammalian organisms, the immune
system is composed of two parts: innate and adaptive immunity (Akira, Uematsu, &
Takeuchi, 2006). The innate immune system is the host’s first line of defense,
responding to a limited number of antigens with fast kinetics, and initiates the
inflammatory response. In contrast, the adaptive immune system recognizes a wide
varity of antigens with slower kinetics (Borghesi & Milcarek, 2007). The innate immune
system is composed of different cell types such as macrophages, dendritic cells (DCs),
and neutrophils, that interact with each other and create a network that defend our
body. These cells possess pattern recognition receptors (PRRs) on their surface that
either detect pathogen associated molecular patterns (PAMPs), such as microbial
carbohydrates, nucleic acids, and lipoproteins, or recognize damaged associated
molecular patterns (DAMPs), which are host molecules released from an injured cell or
tissue (Newton & Dixit, 2012).

1.2 Cells of the innate immunity

Immune cells such as dendritic cells, neutrophils, and macrophages are well known as
professional phagocytes for their ability to sense the environment, recognize and

internalize pathogens as well as damaged and dying cells (Elhelu, 1983).



1.2.1 Dendritic cells

DCs are crucial for initiating and regulating primary immune response. They capture,
process and present antigens on their cell surface; therefore, they are well known as
professional antigen presenting cells (APCs) and have four major functions such as,
activating T cells, maintaining immune tolerance, sustaining immune memory and
regulating B cell stimulation and function. Immature DCs are found in the bone marrow
and travel throughout the body in a dormant state waiting to find and capture antigens
that are presented on the surface of foreign bodies and pathogens (Wick, 2003). DCs
internalize antigens through the process of phagocytosis and/or receptor mediated
endocytosis. Once captured and internalized, antigens are processed and degraded
either through lysosomes or via proteasomes, depending on the type of antigens being
presented on the cell surface. For Major Histocompatibility Complex (MHC) class I, the
antigens are degraded via proteasomes, which then enter the endoplasmic reticulum
where the newly synthesized class | MHC molecules bind to the peptides and are
delivered to the cell surface for presentation (Ackerman & Cresswell, 2003).

On the other hand, class Il MHC uses a different pathway, in which antigens are
degraded in lysosomes to form peptides that then bind to MHC class Il proteins. The
peptide-MHC-Il complex is then trafficked to the cell surface for presentation to and
activation of T cells. In addition, DCs produce different type of cytokines that induce
differentiation and activation of B cells. Moreover, DCs play an important role in
maintaining immune tolerance in which the immune system fails to respond to specific

antigens and they do this by inducing apoptosis in T cells that express immunity against



self (Wick, 2003). In contrast to dendritic cells, macrophages and neutrophils take
immediate action upon infection and play an essential role in our innate immune
defence, subsequently recruiting other immune cells to the site of infection (K. P. J. M.

Van Gisbergen, Geijtenbeek, & Van Kooyk, 2005).

1.2.2 Neutrophils

Neutrophils are made in bone marrow and circulate in the blood. They are the most
common type of white blood cell (WBC) and make up 75% of all WBCs in the body.
Neutrophils have a half-life of about four to ten hours when they are in resting state.
Upon infection, neutrophils are the first type of immune cells that are recruited to the
site of infection by chemical cues through the process of chemotaxis (Palmer, Diehn,
Alizadeh, & Brown, 2006). Neutrophils are well known as professional phagocytes,
which mean they ingest pathogens through the process of phagocytosis and form
phagosomes. In some cases, before ingestion of invading pathogens, neutrophils release
a net of fibers known as neutrophil extracellular traps (NET) that trap pathogens, killing
and degrade them outside of the cells. Once the pathogen is trapped, whether through
phagocytosis or via NETs, primary, secondary, and tertiary granules, which contain
antimicrobial and cytotoxic substances, are then delivered to the exterior of the cell or
to the phagosome, releasing their content and degrading the invading pathogen

(Faurschou & Borregaard, 2003).



1.2.3 Macrophages

Macrophages are mononuclear white blood cells known as professional phagocytes. The
word macrophage means “big eater” (Madsen, Baek, Makkouk, Krasieva, & Hirschberg,
2012). They are involved in detection, internalization and destruction of pathogens,
dying cells and debris in our bodies. Monocytes, which makes 10% of total leukocytes in
human and 2-4% in mice, are produced by stem cells in the bone marrow and are
released in to the blood stream where they remain and circulate in the blood for 1-2
days. If they have not been recruited to a tissue to fight a danger, they die and are
removed (Italiani & Boraschi, 2014). However, if they reach a tissue, they differentiate
and mature into macrophages, where they live for months and patrol and protect the
organs and cells. Thus, macrophages are divided into two subpopulations, tissue-
resident macrophages and monocyte-derived macrophages (Italiani & Boraschi, 2014).
The tissue resident macrophages are produced before the hematopoietic stem
cells precursors exist in embryo and these macrophages are generated straight from the
yolk sac of the embryo or the liver of the fetus, which then travel to various tissues and
adapt to that microenvironment. For example, Kupffer cells reside in the liver and are
responsible for phagocytosis of red blood cells, microglia are found in the central
nervous system, and alveolar macrophages are located in the lungs (Gordon, 2003). One
of the unique characteristics of tissue resident macrophages is that some of them are
capable of regenerating and dividing to form new macrophages, while others can be
supplied by monocytes from the blood stream (Davies, Jenkins, Allen, & Taylor, 2013). In

addition to fighting and clearance of pathogens, tissue resident macrophages are also



involved in maintaining tissue homeostasis by removing dying cells, debris, and toxic
materials. Importantly, tissue resident macrophages suppress inflammation, restoring
tissue homeostasis following infection or injury. In most circumstances, the population
of these resident macrophages are insufficient to fight infections; therefore, they
receive help from monocyte derived macrophages from the blood stream and
differentiate into macrophages to help clear infection (Murray & Wynn, 2011). In
comparison, monocyte-derived macrophages are inflammatory macrophages that are
recruited to the site of infection by tissue resident macrophages. Studies have shown
that not all monocyte derived macrophages die during infection, but some differentiate
and become tissue resident macrophages. The inflammatory monocyte derived
macrophages are antigen presenting cells, inducing polarization of Th1l cells (Italiani &
Boraschi, 2014).

In addition to pathogen killing and phagocytosis, macrophages are also capable
of releasing cytokines, small proteins (5-20 kDa) that act as a chemical messenger and
regulates the function of other cells, simply exploit as a communication tool between
cells of the immune system and control the body’s response to infection and diseases.
There are different types of cytokines such as interferons, lymphokines, chemokines,
interleukins, and tumor necrosis factor, which work together and help regulate the
immune response (J.-M. Zhang & An, 2007). Cytokines are divided into two
subpopulations of pro-inflammatory and anti-inflammatory. As the name implies,
proinflammatory cytokines such as interleukin-1 (IL-1), IL-12, IL-18, tumor necrosis

factor oo (TNF o), and d interferon (INF-0) induce inflammation, leading to activation and



recruitment of other immune cells to the site of infection (Newton & Dixit, 2012). In
contrast, anti-inflammatory cytokines such as IL-10, IL-4, IL-13, IL_23, transforming
growth factor B (TGF), and INF-oc induce healing, suppress inflammatory signals and
preclude over activation of immune response by regulating generation and activation of
T and B cells and subsequently prevention of autoimmune disease (Su, Lu, Shen, Li, &
Sun, 2012).

In addition, cytokines govern the differentiation and function of macrophages.
Monocytes can be differentiated into pro or anti-inflammatory macrophages based on
the presence of a specific cytokines/signal and are classified as M1 or M2 respectively
(Makita, Hizukuri, Yamashiro, & Murakawa, 2014). The pro-inflammatory macrophages,
M1, are induced by Toll Like Receptor (TLR) agonists and INF y, produce and secrete high
level of pro-inflammatory cytokines such as TNF a, IL-12, IL-6, IL-1[3 and IL-23 as well as
production of nitric oxide synthase (NOS2) and reactive oxygen intermediate (ROI). M1
macrophages induce Thl polarization of CD4 lymphocytes and comprise the first line of
defense upon presence of intercellular pathogens (Muraille, Leo, & Moser, 2014). M2
polarized macrophages produce a high level of IL-10 and TGF-f3, induce Th2 polarization,

suppress inflammation, and take part in tissue remodeling (Italiani & Boraschi, 2014).

1.3 Mechanisms of internalization by immune cells
Cells of innate immunity internalize a diverse set of cargo molecules such as nutrients,
fluid, lipids, membrane proteins, and cell debris through the processes of endocytosis.

Endocytosis comes from the Greek roots; endon means within, kytos means cell, and



osis means process (Barker, 1968). Endocytosis is a process by which substances are
brought into the cell without passing through the cell membrane and is energy
dependent. The internalized cargo molecules are either recycled back to the surface of
the cell via early endosomes or delivered to the lysosomes through the endocytic
pathway for degradation purposes. The endocytic pathway is composed of three main
endosomal compartments; early endosomes, late endosomes, and lysosomes. Soon
after internalization, the endocytic vesicle fuses with early endosomes which then
mature into late endosomes, and over time late endosomes are converted into
lysosomes, which are highly acidic and contain hydrolytic enzymes (Huotari & Helenius,
2011). There are three different types of endocytosis: pinocytosis, receptor-mediated

endocytosis, and phagocytosis (Mellman, 1996).

1.3.1 Pinocytosis

Pinocytosis, or fluid phase endocytosis, is the process by which a cell takes in fluids and
small molecules (£ 100nm) that are dissolved in the fluid. During the process of
pinocytosis, the cell membrane folds around itself and creates a small pocket around
the fluid, which closes to form a vesicle. At this stage, any small molecules and liquid

that are trapped inside the vesicle are taken into the cell (Alberts et al., 2002).

1.3.2 Receptor-mediated endocytosis
The major difference between pinocytosis and receptor-mediated endocytosis (RME) is

that the in-folding of the membrane around small molecules occurs only when the



molecule binds directly to a receptor on the surface of the cells. Binding of the target
molecules to the receptor triggers a signaling cascade, which leads to in-folding of the
membrane around the molecule and closure of the membrane to form a vesicle. Only
specific cargo molecules can be internalized through RME, which is highly dependent on

receptor-ligand interaction.

1.3.3 Phagocytosis
Phagocytosis is a complex, active, and receptor mediated internalization of solid
particles (> 500 nm) by phagocytes, which have receptors on their surface that
recognize and bind the target particle. Binding of the particle triggers a signal that leads
to cytoskeleton rearrangement and formation of the phagocytic cup around the particle.
Eventually, the solid particle is engulfed and sequestered into a phagosome. The newly
formed phagosome then fuses with early endosomes and finally with lysosomes to form
phagolysosomes. This process is known as phagosome maturation and involves a
coordinated series of membrane fusion and fission events (Steinberg & Grinstein, 2008).
There are two types of phagocytosis, inflammatory and non-inflammatory. Non-
inflammatory phagocytosis includes engulfment and degradation of dying cells without
activation of the immune system (Teo & Hughes, 2003). In contrast, inflammatory
phagocytosis has an important role in innate immunity, which involves ingestion of
pathogens by lysosomal enzymes and secretion of inflammatory substances to enhance

the immune response (Aderem, 2003).



1.4 Lysosomes: small organelles with big responsibilities

Lysosomes are highly acidic organelles containing more than 50 lysosomal hydrolases
such as nucleases, phosphatases, glycosidases, lipases, proteases and many more, which
are crucial in pathogen degradation and cellular defense. The acidic environment of
lysosomes (pH 4.5-5.5) is maintained by H*-ATPase, which pump protons into the lumen
of lysosomes. The majority of lysosomal enzymes work optimally in low pH environment
(Colletti, 2011). In resting cells, lysosomes are morphologically small, round organelles
(appear punctate under the microscope); however, the size and shape of lysosomes
change under various conditions and give them specific characteristics. For example,
treatment of macrophages with YM 201636, a selective inhibitor of PIKfyve, leads to the
enlargement of lysosomes (Jefferies et al., 2008), while exposure to lipopolysaccharides
(LPS) causes lysosomal branching and tubulation (Mrakovic, Kay, Furuya, Brumell, &
Botelho, 2012).

Lysosomes are not just terminal organelles of the endocytic pathway, but are
dynamic organelles that are involved in different physiological process such as bone and
tissue homeostasis, cholesterol homeostasis, cell signaling, membrane repair, cell death
and pathogen defense (Saftig & Klumperman, 2009). Lysosomal biogenesis is highly
dependent on incorporation of the biosynthetic and endocytic pathway. Lysosomes are
continuously receiving newly synthesized proteins that are made in the endoplasmic
reticulum, transported to the trans-Golgi network and from there to the plasma
membrane and subsequently, through the endocytic pathway to reach lysosomes.

Among other pathways, mannose-6-phosphate receptor (M6PR) employs clathrin-based
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vesiculation to transport lysosomal hydrolases from the Golgi into the lysosomes
(Coutinho, Prata, & Alves, 2012; Kornfeld & Mellman, 1989).

In addition to lysosomal hydrolases, integral lysosomal membrane proteins
(LMPs) are also delivered to lysosomes. More than 25 different LMPs have been
identified, which have diverse functions such as protein import from the cytosol, export
of degradation products to the cytosol, membrane fusion, and acidification of the
lysosomes (Eskelinen, Tanaka, & Saftig, 2003). Two of the best known LMPs are
lysosomal associated membrane protein | and Il (LAMPI and Il), which have a high
degree of similarity. LAMPI and Il have a short C terminal domain and a highly
glycosylated luminal domain, which form a shield and protect lysosomal membrane
proteins from digestion by its own proteases (Cuervo & Dice, 2000). Moreover,
lysosomes were found to be dispersed and more peripherally localized in LAMPs
deficient cells, which indicates the important role of LAMP in lysosomal dynamics and
migration toward the microtubule organizing center. LAMPs also regulate lysosomal
exocytosis, especially during plasma membrane repair. In addition, the C terminal of
LAMP Il is implicated in chaperone mediated autophagy (Saftig & Klumperman, 2009).

Despite being known as the “garbage disposal of the cell”, lysosomes are also the
center of the two major outgoing routes of membrane trafficking, namely, retrograde
trafficking pathway from lysosomes to Golgi, and exocytosis, from lysosomes to plasma
membrane. In retrograde trafficking, degraded and recycled materials are packaged into
vesicles, bud off from lysosomes and are delivered to the trans-Golgi network, which

can be used for the synthesis of new lipids and proteins. The other outgoing route,
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exocytosis, involves the delivery of membrane and/or materials to the plasma
membrane and extracellular environment. Exocytosis, a fusion event between lysosomal
membrane and plasma membrane, is calcium dependent. This calcium is released from
lysosomal stores by opening of the lysosomal calcium channel, TRPML1 (Paul R. Pryor,
Mullock, Bright, Gray, & Luzio, 2000). Recently, studies have shown that lysosomes play
a crucial role for particle uptake during phagocytosis of large particles (> 5um) or
internalization of multiple particles by a single phagocyte. They serve as a major source
of intercellular membrane in which they deliver lysosomal membrane and proteins to

the cell surface through fusion with the plasma membrane (M. Samie et al., 2013).

1.5 Phagocytosis and phagosome maturation in macrophages
Being well known as professional phagocytes, the primary function of macrophages is
phagocytosis. Solid particles are engulfed by macrophages and sequestered into a
phagosome. Phagosomes then fuse with early and late endosomes and ultimately with
lysosomes to mature into phagolysosomes. This process is known as phagosome
maturation, and the formation of highly acidic and degradative phagolysosomes play an
important role in degradation of internalized particles (Steinberg & Grinstein, 2008).
Phagocytosis begins when associated ligands on a particle bind to specific
receptors on the phagocyte membrane. Macrophages have different types of receptors,
which help them recognize, bind and internalize a large group of pathogens. For
example, altered proteins, sugars, and lipids on the apoptotic cell surface is recognized

by scavenger receptors, lipopolysaccharide by CD14 receptor, sugar residues present on
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the surface of microorganisms by lectin receptors. The most well-studied phagocytic
receptor is the Fcy receptor, which recognize and bind to the Fc portion of
Immunoglobulins (Ig), an opsonin that coats the target particle (Garci, 2002).

Binding of 1gG-coated particles triggers tyrosine phosphorylation of Fcy receptor
and associated proteins, which induce clustering of FcyR at the particle contact site and
increase avidity of binding that leads to initiation of signal transduction required for the
formation of phagocytic cup and efficient particle uptake (Sobota et al.,, 2005).
Phosphorylation of the tyrosine residues on the ITAM (immunoreceptor tyrosine based
activation motif), a special amino acid motif located in the cytosolic tail of FcyRs, by Src
tyrosine kinase serves as a docking site for the Syk tyrosine kinase. Once Syk is recruited
to the plasma membrane and bound to the ITAM motif, it is activated and stimulates
other proteins that induce actin polymerization, membrane protrusion and formation of

the phagocytic cup (Figure 1.1).
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Figure 1.1: Fcy receptor mediated phagocytosis in macrophages.

IgG-coated (opsonized) particle binds to Fcy receptors and upon binding initiates a
signaling cascade that leads to the lateral movement and clustering of the receptors at
the site of phagocytosis. Binding of the particle recruits Src kinase, which
phosphorylates the cytosolic domain of the Fc receptor, ITAM. Phosphorylation of ITAM
serves as a docking site for Syk kinase, which causes activation of Syk. Activated Syk acts
on other proteins that are involved in actin polymerization and formation of the
phagocytic cup around the particle being internalized. Information for this drawing was
taken from Figure 4 in (Garci, 2002).

Phosphatidylinositol 3-kinase (PI-3K), a lipid kinase that phosphorylates the
inositol ring of phosphatidylinositol at position 3 and its lipid products
phosphatidylinositol-3,4 bisphosphate [PI(3,4)P,] and phosphatidylinositol-3,4,5
triphosphates [PI(3,4,5)P3] are found at the site of phagosome formation. In addition to
PI(3,4,5)Ps, phosphatidylinositol-4,5 bisphosphate [PI(4,5)P,] is also present at the site
of phagocytosis. PI(4,5)P; is produced by the enzyme PI(4)P 5-kinase, a lipid kinase that
phosphorylates PI(4)P in position 5 and generates PI(4,5)P,, and is known to affect
different actin binding proteins as well as controlling actin assembly by actin related

protein 2 and 3 (Arp2/3) complex though Wiskott-Aldrich syndrome protein (WASP)

(Rohatgi, Ho, & Kirschner, 2000). In addition to PI(4,5)P,, members of Rho family
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GTPases, Cdc42, Racl, and Rac2 also control actin filament dynamics by stimulating
WASP, which in turn stimulates ARP2/3 to nucleate actin branching at the site of
phagocytosis, leading to pseudopod extension and formation of phagocytic cup around
the particle to be internalized (Carlier, Ducruix, & Pantaloni, 1999). In addition, PI-3K
activates myosin light chain kinase (MLCK), which stimulates myosin. ATP hydrolysis by
myosin generates mechanical force that helps extend membrane pseudopods around
the particle (Garci, 2002). Membrane protrusion is followed by sealing of the phagocytic
cup, also facilitated by PI-3K by recruiting amphiphysin 1l to the phagocytic cup, a
protein that plays an important role in recruiting dynamin-2 (Gold et al., 2000), a GTPase
that is involved in membrane scission. Dynamin-2 either directly generates the
mechanical force for vesicle scission, or indirectly activates other effector proteins to
accomplish the scission of the phagosome from the plasma membrane (Garci, 2002),
though phagosome scission remains poorly understood.

Shortly after sealing, the newly formed phagosome travels inside the cell and
fuses with the endocytic compartments such as early endosomes, late endosomes, and
finally lysosomes to mature into phagolysosomes. Regulation of phagosome-lysosome
fusion is very important because some pathogens like Mycobacterium tuberculosis
(Mtb) are capable of escaping phagosome maturation and reproduce within the host
macrophage. For example, M. tuberculosis has evolved two strategies to avert
degradation by macrophages. They produce phosphatidylinositol analogs such as
lipoarabinomannan (LAM), which prevent phagosomal acquisition of late

endosome/lysosome constituents (Vergne, Chua, & Deretic, 2003). They also produce

15



phosphatidylinositol mannoside (PIM), which facilitates fusion of phagosomes with early
endosomes that delivers nutrients such as iron to aid intracellular survival of M.
tuberculosis (Vergne et al., 2004).

During the process of maturation, the phagosome acquires different proteins
and lipids, that facilitates phagosome fusion with endocytic compartments. For
example, one of the first steps in phagosome maturation is the fusion of the phagosome
with early endosomes. This process is highly dependent on the presence of PI(3)P on the
phagosomes. For example, EEA1 is recruited to membranes by binding PI(3)P though the
EEA1 FYVE domain and to Rab5 GTPase. EEA1 tethers and bridges endosomes to other
endosomes or phagosomes to mediate fusion (Otilia V. Vieira et al., 2001). Fusion of the
phagosome with early endosomes changes the pH of the phagosome and makes it more
acidic by acquisition of the V-ATPase proton pump from early endosomes. Phagosomal
acquisition of Rab5 is transient and is followed by recruitment of Mon1-Ccz1 complex, a
Rab7-GEF, on the surface of the phagosome. Mon1-Ccz1 binds directly to Rab5-GTP and
converts Rab7-GDP to Rab7-GTP (Nordmann et al., 2010). The transition from Rab5 to
Rab7 is followed by further acidification of the phagosomes through fusion of
phagosome with late endosomes and acquisition of additional V-ATPase proton pump
(Figure 1.2). Rab7 interacting lysosomal protein (RILP) is an effector of Rab7 that binds
to the Rab7-positive phagosomes and tethers organelles to dynein-dynactin to facilitate
transportation of the phagosome via microtubules towards lysosomes (Harrison, Bucci,
Vieira, Schroer, & Grinstein, 2003). Upon fusion with lysosomes, phagosomes become

highly acidic, obtain all the necessary enzymes required for the degradation of
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internalized particles (Figure 1.2), and acquires lysosomal associated membrane

proteinl and 2 (LAMP | and Il), (Kinchen & Ravichandran, 2008).

LAMPI and Il are required for phagosome lysosome fusion. Phagosomes deficient for
both LAMPI and LAMPII acquired Rab5 but fail to recruit Rab7 and fuse with lysosomes

(Huynh et al., 2007).

tarly endosome Multivesicular body ate endosome ysosome

a Early b Intermediate ¢ Late d Phago
,\'I,Pm g PIGIP & ., Escrr Cathepsins LAMP)
EEal i ,; ) o n Y ({1 \P Hydrolase i ‘{A \9 ‘(1
— Q /- RabS S : 5\» @
\ Badvr .m — O Bﬂ T”ldm 8 B —— (Ba(tw urn\,I . — ‘,,L Sv ) €2
. P S’ ‘jd Bduur um ‘ 7z I & «:r“:z
RABEX 050 thpo Sl PI3)P ) 0 s®, 2 8 v
Q’) Y s oo P SELBPANEY RiLP 7)
= } ‘ \\ Q 1 d\ d\
V-ATPase b HOPS' Rab> . LAMP2 ?
: .'v.r'wr'ot.n::wulra \i olases
‘ ' 1 Dynein or
dynactin
' ' C

Recycling endosome Trans-Golgi network  presentation

Figure 1.2: The process of phagosome maturation in macrophages

The internalized particle, in this case a bacterium, goes through the process of
phagosome maturation by fusing with early and late endosomes and finally lysosomes
to mature into a hybrid organelle called phagolysosome. Fusion of phagosomes with the
endocytic compartments are highly dependent on certain proteins and lipids that
decorate these organelles. Early phagosomes are enriched with PI3P, Rab5 and EEA1
and have a pH of 6. As the phagosome fuses with late endosomes and lysosomes the pH
drops to 4.5 and it acquires lysosomal markers such as Rab-7, LAMPI, LAMPII, P13,5P2, V-
ATPase, and different lysosomal enzymes such as hydrolase and cathepsins. Figure from
(Flannagan, Cosio, & Grinstein, 2009).
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1.6 Phosphoinositides: Important spatio-temporal regulators of cell signaling &
intracellular trafficking

Phosphoinositides (Pls) are signaling molecules that are composed of a glycerol back
bone, two fatty acid chains, and a cyclic polyol myo-inositol head group. Pls are
synthesized in the endoplasmic reticulum (ER) from myo-inositol and CDP-DAG with the
help of phosphatidylinositol synthase (PIS) enzyme. The lipid is then distributed in the
cell via vesicular trafficking and several phosphatidylinositol transfer proteins (PITPs)
(Balla, 2013). The inositol head group contains hydroxyl groups that can be
phosphorylated in three positions by cytosolic lipid kinases and form seven different Pl
species (Figure 1.3) (Falkenburger, Jensen, Dickson, Suh, & Hille, 2010). These lipids
recruit a unique set of effector proteins, which have PI recognition domains. Upon
binding, the effector proteins are either guided to the appropriate location inside the

cell or their activity is being modulated (Lietha, 2011).
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Figure 1.3: Phosphatidylinositol and its seven phosphorylated species.

With the help of different kinases and phosphatases, phosphatidylinositol can be
phosphorylated or dephosphorylated at positions 3, 4 or 5 of the inositol ring and
produce seven distinctive species; PI3p, PI4P, PI5P, PI(3,5)P,, PI(3,4)P,, PI(4,5)P,, and
PI(3,4,5)Ps. Image was obtained from (Saarikangas, Zhao, & Lappalainen, 2010).

In a study done by Lemmon et al., beads and liposomes, which were decorated with
phosphatidylinositol-3,5-bisphosphate ~ [PI(3,5)P,] and  phosphatidylinositol-4,5-
bisphosphate [PI(4,5)P,], were isolated and the bound proteins to these lipids were
identified by mass spectrometry. A total of 388 proteins were pulled down that
recognized either PI(3,5)P, and/or PI(4,5)P, and these proteins contained Pleckstrin
homology (PH), Phagocyte oxidase homology (PX), epsin N-terminal homology (ENTH)
and C2 domains. These proteins were identified as GTPases and GTPase regulators,
kinases and phosphatases, proteins involved in membrane trafficking and cargo
transport, and proteins that regulate the actin cytoskeleton (Lemmon, 2008).

Pls are also involved in membrane identity. For example, PI(4,5)P, and
phosphatidylinositol-3,4,5-trisphosphate [PI(3,4,5)Ps] are enriched at the plasma
membrane, PI(4)P is associated with secretory vesicles and trans-Golgi, PI(3,4)P; is
associated with early endosome, PI(3,5)P, enriched in late endosomes/lysosomes, and
phosphatidylinositol-3-phosphate [PI(3)P] associates multi vesicular bodies and
endosomes (Falkenburger et al., 2010).

In addition, PI(3)P plays an important role in phagosome maturation by it recruiting
early endosome autoantigen (EEA1) to the surface of newly formed phagosomes. PI(3)P

also serves as a precursor for the synthesis of phosphatidylinositol-3,5-bisphosphate
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(P1(3,5)P,) with the help of PIKfyve, a phosphatidylinositol-3-phosphate 5-kinase that

binds to PI(3)P via its FYVE domain and phosphorylates the D-5 position in PI(3)P.

1.6.1 PIKfyve, a FYVE finger-containing phosphoinositide kinase

PIKfyve plays an important role in cell viability since complete loss of PIKfyve leads to
developmental defects and embryonic lethality (lkonomov et al., 2011). PIKfyve has also
been reported to regulate multiple cellular processes in mammals such as autophagy,
and endosomal trafficking. Recent studies have linked PIKfyve to immunity using
apilimod, a clinically evaluated anti-inflammatory drug and also a potent and selective
inhibitor of PIKfyve. They have shown that inhibition of PIKfyve interfere with
expression of IL-12, control inflammation and treat autoimmune disorder (Cai et al.,
2013).

PIKfyve is only active within the PIKfyve-ArPIKfyve-Sac3 (PAS) core complex
(Figure 1.4). Sac3 is the phosphatidylinositol 3,5-bisphosphate 5-phosphatase, which
converts PI(3,5)P, to PI(3)P, ArPIKfyve (Associated Regulator of PIKfyve) is a scaffold for
PIKfyve and Sac3 complex and promote their kinase and phosphatase activity (Ognian C.
lkonomov et al., 2011). In addition to PI(3,5)P,, PIKfyve also produces
phosphatidylinositol 5-phosphate [PI(5)P], another signaling molecule that plays an

important role in membrane trafficking.
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Figure 1.2: The PAS complex:

PIKfyve and Sac3 are scafolded
by ArPIKfyve and form the PAS
complex which is crucial for
PIKfyve and Sac3, kinase and
phosphates activity
respectively. Information for
this drawing was taken from
Figure 6 in (Ognian C.
PI3,5P2 Ikonomov, Sbrissa, Fenner, &
Shisheva, 2009).

@ri3p

PI(3,5)P; is enriched in late endosomes/lysosomes; however, a small pool may be found
near or at the plasma membrane. Inhibition of PI(3,5)P, synthesis causes various
neurodegenerative diseases such as Charcot Marie Tooth disease and amyotrophic
lateral sclerosis, which is characterized by weakness of the muscles of hands and legs
and motor neuron degeneration of the central nervous system, respectively. At the
cellular level, PI(3,5)P, deficient cells exhibit enlarged lysosome phenotype as well as
trafficking defect in endocytic pathway (Y. Zhang et al., 2007).

Only a few effectors are known that bind to PI(3,5)P, such as Raptor (a component of
the mammalian target of rapamycin complex 1, mTORC1) and the transient receptor
potential mucolipin-1 (TRPML-1) (Bridges et al., 2012; Dong, Shen, Wang, Dawson, Li,
Zhang, Cheng, Zhang, Weisman, Delling, Xu, et al., 2010). PI(3,5)P, binds to the WD-40
domain of raptor, a component of the mTORC1 that regulates the metabolic state of the

cell. In adipocytes, PI(3,5)P, contributes to recruitment and localization of mTORC1 to
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the plasma membrane (Bridges et al., 2012). Further evidence for a potential role for
PI(3,5)P, at the plasma membrane comes from its binding to class Il formins, which
leads to remodeling of the cortical actin array (P. A. C. van Gisbergen, Li, Wu, &
Bezanilla, 2012). In addition, PI(3,5)P; is also known to be essential for several pathways
in the endomembrane system such as retrograde trafficking of proteins from
endosomes to trans-Golgi network (Rutherford et al., 2006), and formation of
multivesicular body and protein degradation (Gary, Wurmser, Bonangelino, Weisman, &
Emr, 1998). In addition, PI(3,5)P, also binds and regulates activity of TRPML-1, a Ca**
channel that is localized in the membrane of the lysosomes and allows release of Ca**
from the lumen of the lysosomes into the cytosol, which regulates membrane trafficking
pathways. For example, an increase in cytosolic Ca** is necessary for lysosome-
phagosome fusion, lysosome-lysosome fusion, and lysosome-plasma membrane fusion
(Paul R Pryor, Mullock, Bright, Gray, & Luzio, 2000). TRPML-1 is gated by PI(3,5)P2,
which binds directly to the N terminus of this channel (Dong, Shen, Wang, Dawson, Li,

Zhang, Cheng, Zhang, Weisman, Delling, Xu, et al., 2010).

1.7 The lysosomal calcium channel, TRPML1

TRPML channels, the mucolipin family of the transient receptor potential (TRP) super
family, consist of six transmembrane domains and cytosolic amino and carboxy terminal
tails (Figure 1.5). TRPML channels are non-selective cation channels that are permeable
to Zn**, Na*, Fe®*, an Ca** and are activated by PI(3,5)P, (Venkatachalam, Wong, & Zhu,

2014). There are three TRPML channels in mammals, TRPML1-3, with different
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intracellular localization. TRPML1, is localized to late endosomes and lysosomes,
TRPML2 is localized to late endosomes as well as recycling endosomes (Karacsonyi, San
Miguel, & Puertollano, 2007), and TRPML3 is localized to early endosomes, late
endosomes, and plasma membrane (H. J. Kim, Soyombo, Tjon-Kon-Sang, So, & Muallem,
2009).

Mutations in the human TRPML1 gene causes type IV mucolipidosis (ML4), a
pediatric neurodegenerative disease characterized by retinal degeneration,
psychomotor defect, and mental retardation. At the cellular level, enlargement of late
endosomes/lysosomes, abnormal lipid accumulation in the lysosomes (Treusch et al.,
2004), and defects in retrograde lipid transport are seen in TRPML1 knockout mice (Paul
R Pryor, Reimann, Gribble, & Luzio, 2006). Loss of TRPML1 results in accumulation of
late endosomes and lysosomes and elevation of autophagosome biogenesis. The
lysosomal free amino acids, derived from proteolysis after lysosomal degradation,
activate Mechanistic Target of Rapamycin kinase containing Complex-1 (MTORC1),
which in turn uses these free amino acids for protein translation and cell growth (Wong,
Li, Montell, & Venkatachalam, 2012; Zoncu et al., 2011). Therefore, loss of TRPML1,
which leads to decrease in proteolytic activity of the lysosomes and consequently
cellular amino acid starvation, is accompanied by a drop in MTORC1 activity, which
induces autophagy in the cells (Efeyan, Zoncu, & Sabatini, 2012). In addition, loss of
TRPML1 have been attributed to cell death since knockdown of TRPML1 results in

lysosomal protease cathepsin B leakage into the cytoplasm and loss of lysosomal
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integrity. High level of cathepsin B in the cytoplasm initiates a signal that induces

apoptosis (Colletti et al., 2012).

TRPML1 also serves as a H' leak channel that prevents over acidification of the

lysosomes. However, when further acidification of the lysosomes is required for their

proteolytic activity and activation of proteases and lipases, TRPML1 is cleaved and

becomes inactive to restore the optimal pH in the lysosomes (Figure 1.5). The

proteolytic cleavage of the TRPML1 is one of the interesting aspects of this channel and

since the full length of the channel is the only active form, cleavage of the channel is a

major form of regulating the activity of TRPML1 (Soyombo et al., 2006).

Cleavage site
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Figure 1.5: Transient Receptor Potential
Mucolipin-1 (TRPML-1) structure

TRPML1 has 6 transmembrane domains
that span the lysosomal membrane. The C
terminal domain contains the lysosomal
targeting sequence and the N terminal
contains the poly basic domain which
binds PI3,5P2. The cleavage site is facing
the lumen of the lysosomes, which can be
cleaved by Ilysosomal enzyme when
acidification of the lysosomes are required.
(Dong, Shen, Wang, Dawson, Li, Zhang,
Cheng, Zhang, Weisman, Delling, Xu, et al.,
2010)

Since TRPML1 resides in late endosomes/lysosomes and is gated by PI(3,5)P,, then

PI(3,5)P, may control phagosome-lysosome fusion partly by stimulating TRPML1 and

diffusion of lysosomal Ca*? , which triggers phagosome-lysosome fusion since Ca*? is

known to induce membrane fusion post-docking of SNARE proteins. Therefore,
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PI(3,5)P,-mediated signaling may be targeted by pathogens like Mycobacterium
tuberculosis to alter phagosome maturation and facilitate pathogen take-over of host

cells.

1.8 Calcium and membrane fusion

Membrane fusion can be simplified into three steps, tethering, docking, and bilayer
fusion. Tethering requires Rab GTPase activity, which decorates compartments of the
endocytic pathway (Rab5 on early endosomes and Rab7 on late endosomes/lysosomes)
and recruit effector proteins that facilitate the tethering process. These effector
proteins involve tethering factors such as homotypic fusion and protein sorting (HOPS),
EEA1, lipid kinases and phosphatases and other sorting adaptor proteins, which results
in forming a bridge and bringing the two endolysosomal membranes into close
proximity (Grosshans, Ortiz, & Novick, 2006).

Membrane tethering is followed by docking, which is the formation of trans-
SNARE (soluble NSF attachment protein receptors) complex. Vamp7, Syntaxins 7 and 8
(lysosomal SNAREs proteins), and synaptotagmin VIl are involved in the docking process,
which is followed by release of calcium from the lysosomes and membrane bilayer
fusion. Calcium binds to the C2 domains of the syntaptotagmin VIl leading to the
penetration of the C2 domains into the membrane bilayer and formation of the SNARE
four helix bundles (trans-SNARE complex) and finally fusion of the two membranes

(Figure 1.6) (Andrews, 2005; Chakrabarti, Andrade, & Andrews, 2005).
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Figure 1.6: The role of calcium in membrane fusion

Calcium is being released through lysosomal calcium channel, TRPML1, which plays an
important role in membrane fusion. Increase in the level of cytosolic calcium is required
during membrane fusion in which calcium binds to the C2 domain of syntaptotagmin VII
and causes insertion of the C2 domain into the membrane, formation of the SNARE four
helix bundles, bringing the two membrane into close proximity which leads to their
fusion (M. A. Samie & Xu, 2014).

In addition to membrane fusion, calcium, as a universal second messenger, regulates
other cellular processes such as proliferation, cell adhesion, and gene transcription.
Therefore, the concentration of the calcium in the cytosol must be regulated and this is
done through the activity of different Ca*? exchanger, transporter, pumps, and channels.
Among these, TRPML1, which is gated by PI(3,5)P,, regulates the release of Ca*? from

the lysosomes in to the cytosol (Dong, Shen, Wang, Dawson, Li, Zhang, Cheng, Zhang,

Weisman, Delling, Xu, et al., 2010).

1.9 Phagocytosis and phagosome maturation in neutrophils
In comparison to macrophages, neutrophils are extremely efficient phagocytes that take

less than 20 seconds to internalize a particle (A. W. Segal, Dorling, & Coade, 1980).
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Neutrophils express different types of receptors such as Fc, receptor, Dectin-1, Toll Like
Receptor (TLR), and Nod-like receptors, which can recognize and bind invading
pathogens. FcyR has different isoforms including FcyRlla, FcyRlllb, and FcyRIV, with the
former being most important for phagocytosis. Upon binding of IgG-opsonized targets,
the cytosolic tail of the Fcy receptor, Immunoreceptor Tyrosine Activation Motif (ITAM),
gets phosphorylated by Src family kinase at a tyrosine residue which initiates a signaling
cascade that leads to actin polymerization and formation of a phagocytic cup, NADPH
oxidase activation, increase in the level of cytosolic free calcium, and granules secretion
(Mitchell et al., 1994). Phosphorylation of tyrosine residue at ITAM serves as a docking
site for proteins with Src homology 2 (SH2) domains such as the spleen tyrosine kinase
(Syk), which is a tyrosine kinase. Once Syk is recruited to the site of phagocytosis and
bound to the cytosolic part of the Fc receptor, it stimulates phosphatidylinositol 3 kinase
(PI3K), which convert PI(4,5)P, to PI(3,4,5)Ps.

Syk deficient neutrophils are unable to internalize IgG coated particles (Kiefer et
al.,, 1998). In addition to PI(3,4,5)Ps synthesis, PI(4,5)P, also acts as a substrate for
phospholipase C (PLC) that leads to the generation of diacylglycerol (DAG), which in turn
activates protein kinase C (PKC). Activation and synthesis of these proteins and lipids
induce actin polymerization and membrane remodeling, which is required for the
ingestion of the particle (Lee, Harrison, & Grinstein, 2003a). The ARP2/3 Complex, which
is the major initiator of actin polymerization, is stimulated by Cell Division

Control protein 42 (cdc42) and RAC through Wiskott—Aldrich Syndrome Protein (WASP)
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and SCAR/WAVE respectively. Polymerization of actin and activation of myosin X drives
phagocytic cup formation and its sealing (Cox et al., 2002).

Shortly after sealing, the newly formed phagosome acquires cellular machineries
necessary for killing and clearance of the internalized particle/microorganism through
fusion of phagosomes with lysosomes and granules. In addition to early/late endosomes
and lysosomes, neutrophils have specialized vesicles/granules that contain antimicrobial
substances and fuse with nascent phagosomes, leading to degradation of phagosomal

content (Lee et al., 2003a).

1.9.1 Granules: lysosome-like organelles

Neutrophils can secrete antimicrobial substances into the extracellular environment as
well as into the phagosomes. This process involves different types of granules and
secretory vesicles. In neutrophils, granulopoiesis is the formation of granules that occurs
during myeloid cell differentiation. There are three types of granules, primary,
secondary and tertiary, named based on their content and time of biosynthesis.
Azurophil or primary granules are also called peroxidase-positive granules and contain a
high level of myeloperoxidase (MPO), antimicrobial proteins and acidic hydrolase
(Faurschou & Borregaard, 2003). These lysosome-like organelles do not have Lysosomal
Associated Membrane Protein 1 and 2 (LAMP1 and 2); however, their membrane is
decorated with granulophysin (CD63). Upon release of MPO to the extracellular space or
into the phagosomes (Figure 1.7), MPO reacts with H,0; (a product of NADPH oxidase)

and increases the toxicity of H,0,. In addition, H,0,-MPO induces production of HOCI
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(hypochlorous acid), and reactive nitrogen intermediates, with all these products
attacking the cell membrane of the microorganisms (Klebanoff, 1999).

In comparison, specific (secondary) and gelatinase (tertiary) granules are
peroxidase-negative granules. Specific granules are larger and contain antimicrobial
substances. Conversely, gelatinase granules are smaller than Azurophil granules, do not
contain antimicrobial substances, and serve as a reservoir of matrix degrading enzymes.
The process of degranulation, release of granule content via exocytosis, occurs upon
stimulation of neutrophils with a very low concentration of N-Formylmethionyl-leucyl-
phenylalanine (fMLP) (Sengelgv, Kjeldsen, Diamond, Springer, & Borregaard, 1993).
However, phorbol myristate acetate (PMA), a more powerful stimulant, acts specifically
on each granule by inducing high levels of degranulation of tertiary granules, moderate
level of degranulation of secondary granules and a small release of primary granules

(Faurschou, Sgrensen, Johnsen, Askaa, & Borregaard, 2002).

1.9.2 ROS production in neutrophils

One of the significant features of neutrophils is the production of reactive oxygen
species (ROS) such as hypochlorous acid, hydroxyl radical, hydrogen peroxide, ozone
and singlet oxygen, a process known as the respiratory burst (Nordenfelt & Tapper,
2011). Neutrophils recruit Nicotinamide Adenine Dinucleotide Phosphate (NADPH)
oxidase, a multisubunit complex, to the phagosome where it allows the transfer of
electrons across phagosomal membrane, which leads to the formation of superoxide in
the lumen (Anthony W. Segal, 2008). The main source of phagosomal NADPH oxidase is

thought to be secondary granules, which through fusion with phagosomes deliver the
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complex onto the phagosomal surface (Lee et al., 2003a). Superoxide is then converted
into hypochlorous acid, which is crucial for pathogen killing (Figure 1.7). Proton
consumption during superoxide production causes alkalization of phagosomes to pH 7,
which is different from that of the macrophage phagosome that has a pH of 5. The pH of
the neutrophil phagosome eventually acidifies upon fusion with lysosomes (Jankowski,
Scott, & Grinstein, 2002). The respiratory burst can be induced when cells are exposed
to soluble agonists such as phorbol 12-myristate 13-acetate (PMA) or N-
Formylmethionyl-leucyl-phenylalanine (fMLP), as well as signal transduction during the
process of phagocytosis, which leads to the assembly and activation of NADPH oxidase
(Nordenfelt & Tapper, 2011). Neutrophil activation by PMA is followed by assembly of
oxidase components and migration of Rac2 from the cytosol onto the complex, which
indicates that Rac2 behaves like a component of NADPH oxidase complex (El Benna,
Ruedi, & Babior, 1994). In addition, the p190 Rac GTPase Activating Protein (GAP) is
known to regulate NADPH activation, which indicates that the GTP form of Rac is
required for oxidase activation (Heyworth, Knaus, Settleman, Curnutte, & Bokoch,

1993).
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Figure 1.7: Fusion of granules with phagosome and production of reactive oxygen
species: During the process of phagosome maturation, primary, secondary and tertiary
granules fuse with phagosomes and deliver antimicrobial substances to the phagosome,
which helps in degradation of the pathogen. Through the fusion of the secondary
granules, NADPH oxidase is being delivered to the surface of the phagosome where it
allows the transfer of electrons across phagosomal membrane which can be used in
superoxide formation in the lumen of the phagosome (Nordenfelt & Tapper, 2011)
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1.9.3 RAC1 and RAC2 small GTPase during neutrophils immune responses

RAC1 and RAC2 are members of Rho-GTPase family and are key regulators of NADPH
oxidase and the actin cytoskeleton in neutrophils (Heyworth et al., 1993). There is a high
degree of similarity between RAC1 and RAC2 (92% amino acid identity), with the major
difference appearing to be in the C terminal region, which is involved in localization of
the RAC and is the binding site for downstream effector targets. RAC2 is predominant in
human neutrophils; however, the level/amount of RAC1 and RAC2 expression is similar
in murine neutrophils (Glogauer et al., 2003). RAC GTPases are molecular switches and
can be in one of the two conformations, active and inactive form depends on binding of
GTP or GDP to the GTPase, respectively. Regulatory proteins such as Guanine Exchange
Factor (GEFs) and GTPase Activating proteins (GAPs) control the cycling between GTP
and GDP in RAC GTPases. GEFs exchange GDP to GTP molecules resulting in activation of
RACs. Unlike GEF, GAPs hydrolyze GTP and convert RACs back into their inactive state
(Figure 1.8). Active RACs recruit/bind to a large collection of effector proteins, stimulate
signaling cascades and promote cellular responses such as vesicle trafficking, cell cycle

progression, cytoskeletal rearrangement, and cell polarity (Xosé R. Bustelo et al, 2007).
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Figure 1.8: Rac-GTPases behave like
molecular switches:

Extracellular signals An upstream signal activates

* Guanine Exchange Factor (GEF),

which replace GDP to GTP in Rac

; and turn it into its active form,
GTP

il which can act on a downstream
@\ Pi effector protein. However, this
molecular switch can be turned

off by activating  GTPase
Activating Protein (GAP), which
hydrolyzes the GTP and turn it

into its inactive form. Image
. from (Kawano, Kaneko-Kawano,
L Shimamoto, Hiickelhoven, &

Zhang, 2014)

Racl deletion results in embryonic lethality and its specific depletion in neutrophisl
inhibits fMLP mediated actin assembly in neutrophils (Glogauer et al., 2003). Studies
have shown that PI(5)P induces Racl activation through controlling activity of Rac-GEF
known as T-cell lymphoma invasion and metastasis 1 (Tiam 1). The C terminal PH
domain of Tiam1 binds to PI(5)P leading to recruitment of Rac1-GDP to dorsal ruffles as
well as early endosomes, which leads to conversion of GDP to GTP by Tiaml and
activation of Racl (Viaud et al., 2014). This suggests a link between PIKfyve and Rac

activity.
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1.10 Research Goals

Since the role of PIKfyve in immunity had not been explored, my first goal was to

determine the role of PIKfyve in macrophage phagocytosis and phagosome maturation.

1.10.1 Hypothesis I:

PIKfyve inhibition interferes with phagosome and endosome maturation in

macrophages

Objectives:

1. Test and use pharmacological antagonists and siRNA silencing of PIKfyve
2. Determine the role of PIKfyve/PI(3,5)P2 in phagocytosis

3. Determine the role of PIKfyve/PI(3,5)P2 in phagosome maturation

Our results concluded that pharmacological antagonists of PIKfyve and siRNA
knockdown of PIKfyve interfered with phagocytosis and phagosome maturation in
macrophages. Since PI(3,5)P, binds TRPML1 and regulates its activity, we then
hypothesized that PI(3,5)P, helps control phagolysosome biogenesis through the
activation of lysosomal calcium channel, TRPML1. Thus, my second goal was to
determine the role of TRPML1 in macrophages phagocytosis and phagosome

maturation.
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1.10.2 Hypothesis II:

The phosphoinositide-gated lysosomal Ca** channel, TRPML1, is required for phagosome

maturation

Objectives:

1. Test the impact of siRNA silencing of TRPML1 in phagocytosis
2. Determine the role of TRPML1 in phagosome maturation

3. Test and measure calcium dynamics during phagosome maturation

Our results indicated that the level of cytosolic calcium increases during phagosome
maturation and this increase is due to the release of lysosomal calcium through
TRPML1. In addition, knockdown of TRPML1 blocked increase in cytosolic calcium post-
phagocytosis interfered with phagosome maturation in macrophages. Specifically,

phagosomes and lysosomes were arrested in a docked intermediate that failed to fuse.

To draw a solid conclusion about the role of PIKfyve in immunity, we then tested
the role of PIKfyve in other phagocytes such as neutrophils. Therefore, my third goal

was to determine the role of PIKfyve in neutrophils immune response.

1.10.3 Hypothesis llI:

PIKfyve plays an important role in neutrophils immune function
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Objectives:

1. Determine the role of PIKfyve in neutrophils phagocytosis and phagosome
maturation

2. Determine the role of PIKfyve in neutrophils ROS production and chemotaxis

3. Determine a mechanism that explains involvement of PIKfyve in neutrophil

immune function

Our data indicates that PIKfyve controls phagosome maturation, chemotaxis and ROS
production in neutrophils. Importantly, we show that PIKfyve activity is necessary for
Rac GTPase activation. We speculate that PI(3,5)P, modulates phagosome maturation,
while PI5P, perhaps through recruitment of Rac GEFs such as Tiam1 may stimulate Rac,

chemotaxis and ROS production in neutrophils.
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2.2 Abstract

Macrophages eliminate pathogens and cell debris through phagocytosis, a process by
which particulate matter is engulfed and sequestered into a phagosome. Nascent
phagosomes are innocuous organelles resembling the plasma membrane. However,
through a maturation process, phagosomes are quickly remodeled by fusion with
endosomes and lysosomes to form the phagolysosome. Phagolysosomes are highly
acidic and degradative leading to particle decomposition. Phagosome maturation is
intimately dependent on the endosomal pathway, during which diverse cargoes are
sorted for recycling to the plasma membrane or for degradation in lysosomes. Not
surprisingly, various regulators of the endosomal pathway are also required for
phagosome maturation, including phosphatidylinositol-3-phosphate, an early
endosomal regulator. However, phosphatidylinositol-3-phosphate can be modified by
the lipid kinase PIKfyve into phosphatidylinositol-3,5-bisphosphate, which controls late
endosome/lysosome functions. The role of phosphatidylinositol-3,5-bisphosphate in
macrophages and phagosome maturation remains basically unexplored. Using Fcy
receptor-mediated phagocytosis as a model, we describe our research showing that
inhibition of PIKfyve hindered certain steps of phagosome maturation. In particular,
PIKfyve antagonists delayed removal of phosphatidylinositol-3-phosphate and reduced
acquisition of LAMP1 and cathepsin D, both common lysosomal proteins. Consistent
with this, the degradative capacity of phagosomes was reduced but phagosomes
appeared to still acidify. We also showed that trafficking to lysosomes and their

degradative capacity was reduced by PIKfyve inhibition. Overall, we provide evidence
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that PIKfyve, likely through phosphatidylinositol-3,5-bisphosphate synthesis, plays a

significant role in endolysosomal and phagosome maturation in macrophages.

2.3 Introduction

Phosphoinositide (PI) lipids are architects of organelle identity. There are seven PI
species, each possessing a unique set of effector proteins and subcellular distribution.
In this way, they help decorate a host organelle membrane with cognate effectors that
then endow that organelle with its properties (1-7).

Pls play an important role in governing the endosomal pathway, which is composed of a
highly dynamic and heterogeneous population of endosomes and lysosomes (8-10).
Early endosomes receive and sort endocytic and biosynthetic cargo molecules for
recycling to the plasma membrane or for degradation in lysosomes (10-13). Once
recyclable cargo molecules are removed, early endosomes are thought to mature into
multivesicular bodies (11, 12). This requires the ESCRT machinery that sorts
ubiquitylated-membrane proteins into intraluminal vesicles (11, 14-16). Multivesicular
bodies then fuse with the late endosomes, which then merge with lysosomes to elicit
full molecular degradation (11). Most of these endosomal processes are regulated by
two Pls.

Phosphatidylinositol-3-phosphate [PtdIns(3)P] is thought to be enriched on early
endosomes (17). Typically, PtdIins(3)P binds to FYVE and PX-domain containing protein

effectors (18-21). For example, Ptdins(3)P recruits the FYVE-domain containing proteins
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EEA1 and Hrs to early endosomes, which respectively directs homotypic endosome
fusion and ESCRT-dependent sorting of cargo for degradation (22-25).

In contrast to Ptdins(3)P, phosphatidylinositol-3,5-bisphosphate PI(3,5)P2 is thought to
predominate in late endosomes and/or lysosomes (26-29). In mammals, PI(3,5)P2 is
synthesized by phosphorylation of Ptdins(3)P by PIKfyve, a Ptdins(3)P 5-kinase (30, 31).
Inhibition of PI(3,5)P2 synthesis leads to several defects including a dramatic
enlargement of late endosomes/lysosomes, reduction in late endosomal/lysosomal
membrane recycling and an apparent accumulation of autophagosomes (27, 32-35).
However, it remains unclear how PI(3,5)P2 performs its functions since there are only a
few known PI(3,5)P2 effectors. In mammals, these include TRPML-1, a lysosomal Ca®
channel, and Raptor, a component of the mTORC1 complex that manages the metabolic
state of cells (36, 37).

Recently, there have been a number of studies linking PIKfyve and/or PI(3,5)P2 to
neuronal function and neurodegeneration (35, 38-41). By comparison, there have been
few studies examining their role in immune function. For instance, macrophages are
immune cells that hunt and kill pathogens by phagocytosis (42-44). During
phagocytosis, pathogens are engulfed into a plasma membrane-derived phagosome.
Phagosomes then undergo a maturation process by sequentially fusing with endosomes
and lysosomes forming phagolysosomes (43, 45, 46). Phagolysosomes are highly acidic
and proteolytic, leading to pathogen degradation (43, 47, 48).

Phagosome maturation is intertwined with the endolysosome membrane system.

Indeed, PtdIns(3)P is necessary for phagosome maturation (49, 50). First, phagosomes
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transiently acquire Ptdins(3)P soon after completion of phagocytosis as detected by
FYVE-GFP or PX-GFP chimeric proteins (49, 51). Second, hindrance of PtdIns(3)P
synthesis blocks phagosomal acquisition of lysosomal markers (49-51). However, little
has been done to examine the role of PI(3,5)P2 in phagosome maturation. It has been
suggested that shRNA-mediated silencing of PIKfyve or treatment of macrophages with
YM201636, an antagonist of PIKfyve (52), delays the loss of PtdIns(3)P from phagosomes
(53). Additionally, treatment of macrophages with YM201636 reduced the ability of
Salmonella to survive within macrophages, implying that PIKfyve may modulate the
maturation of Salmonella-containing phagosomes (54). Moreover, PIKfyve may regulate
TLR9 trafficking and signaling in response to CpG oligodeoxynucleotides in macrophages
(55). Aside from these few studies, the role of PI(3,5)P2 in macrophage membrane
trafficking is poorly studied. In fact, given that Ptdins(3)P is a precursor for PI(3,5)P2 ,
inhibition of the former likely reduces the latter. Thus, it is unclear what specific role
both Pls play in phagosome maturation.

Here, we studied the role of PIKfyve in phagosome maturation by treating the RAW
264.1 (RAW) macrophage model cell line with various antagonists of PIKfyve (34, 52,
56), and using siRNA-mediated repression of PIKfyve expression. We find that PIKfyve
inhibition interferes with various steps of phagosome maturation and trafficking of

immune complexes mediated by Fcy receptors.

72



2.4 Results and Discussion

2.4.1 Inhibition of PIKfyve in macrophages

PIKfyve can be inhibited in various ways: expression of dominant-negative mutants (27),
gene silencing (33, 57) or by pharmacological antagonists (34, 52, 56). Although
molecular methods like siRNA can be highly specific at the gene level, these methods
usually take days to take effect, leading to potentially chronic, indirect effects of PIKfyve
inhibition and endolysosome swelling. By contrast, pharmacological methods, although
possessing a risk of off-target effects, are ideal to acutely block PIKfyve activity and
examine its direct and indirect roles. Therefore, we first compared the potency of
PIKfyve gene silencing and antagonists in macrophages. Since vacuolation is the
quintessential hallmark of PIKfyve inhibition, we quantified vacuolation as a proxy for
PIKfyve inactivation — with the caveat that this is not a direct measure of PIKfyve
activity.

We tested three different inhibitors of PIKfyve that are now available: YM201636 is the
most commonly utilized PIKfyve antagonist (35, 52, 58, 59); MF4 is chemically related to
YM201636, differing by an amino group on the pyridine ring (34); and apilimod, a
recently discovered PIKfyve antagonist that was previously evaluated in clinical trials to
treat Crohn’s disease and rheumatoid arthritis (56). First, we examined macrophage
vacuolation as a function of drug concentration in order to identify comparable effective
concentrations for each drug. Cells were treated for 2 h with various drug
concentrations followed by live-cell imaging. As illustrated in Figure 2.1A, cells were

predominantly devoid of vacuoles when untreated. However, treatment of cells with
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progressively larger doses of each drug led to greater number of and increasingly larger
vacuoles (Fig. 2.1A shows apilimod-treated cells but similar results were obtained for
YM201636 and MF4, not shown). To facilitate quantification, we then scored for the
number of vacuoles > 1 um in diameter per cell for each drug treatment (Fig. 2.1B).
Consistent with the visual inspection, vacuolation increased proportionally with drug
concentration. Using this, we defined concentrations for each drug that resulted in
intermediate-level vacuolation (< 8 vacuoles/cell) versus high-level vacuolation (>8
vacuoles/cell).  Using concentrations of drugs that produced intermediate-level
vacuolation after 2 h of exposure, we then showed that vacuolation was also time
dependent; longer exposure to each drug amplified macrophage vacuolation (Fig. 2.1C).
Overall, we could define conditions for each drug that led to intermediate or high levels
of vacuolation to identify comparable effective concentrations for each drug with likely
comparable levels of PIKfyve inhibition.

To complement the pharmacological inactivation of PIKfyve, we also tested silencing of
PIKfyve in RAW cells by electroporation of SMARTpool oligonucleotides against PIKfyve
(siRNA™ ). Cells electroporated with siRNA™®, but not with scrambled siRNA
oligonucleotides, developed small vacuoles, suggesting that PIKfyve expression was at
least partially repressed (Fig. 2.1D). However, despite trying various conditions, we
could not force more efficient vacuolation by siRNA”® in macrophages. It is noteworthy
that others have noted difficulty in inducing large vacuoles using siRNA against PIKfyve,

likely because small levels of PI(3,5)P2 may suffice to prevent formation of large

vacuoles (33, 34, 60). Overall, these experiments suggest that both gene silencing and
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antagonists may be used as complementary approaches to block PIKfyve activity in

macrophages.
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Figure 2.1: Inhibition of PIKfyve and vacuolation in macrophages

A. RAW cells were treated with DMSO (0 nM) or various concentrations of apilimod for
2h as indicated. Cells were then imaged live by DIC. We observed a proportional
increase in the number and size of vacuoles with increasing concentration of apilimod.
B. The number of vacuoles >1 um in diameter were counted as a function of
concentration for apilimod, YM201636 and MF4 after incubation for 2 h. The average
number of vacuoles and standard deviation from three experiments are shown. Using
one-way ANOVA test, there was a significant difference in vacuole number between
concentrations employed (p<0.0001 for apilimod and YM201636 and p<0.001 for MF4).
C. RAW cells were incubated with drug concentrations that produced intermediate-
levels of vacuolation in B for different periods of time (shown are experiments for 6 nM
for apilimod, 1.5 nM YM201636 and 100 nM for MF4). The number of vacuoles with
diameter > 1 um was also quantified for each drug. We observed a time-dependent
amplification in vacuolation for each drug. Using one-way ANOVA test, there was a
significant difference in vacuole number between the time points for each drug
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(p<0.0001 for apilimod and YM201636 and p<0.05 for MF4). D. RAW macrophages were
electroporated with scrambled or PIKfyve siRNA oligonucleotides and observed live by
DIC. We observed that siRNA”*-treated cells developed many small vacuoles, unlike
scrambled oligonucleotides. Scale bar = 10 um.

2.4.2 Differential effects on early and late endocytic organelles in PIKfyve
inhibited macrophages

PIKfyve inhibition typically swells late endocytic organelles like late endosomes and
lysosomes (26, 27, 29). However, there are also reports showing that PIKfyve
inactivation can enlarge early endosomes (33, 35, 61). Since this apparent discrepancy
may be due to physiological differences among cell types and/or experimental methods,
we decided to examine which endocytic organelles were susceptible to vacuolation in
PIKfyve-blocked macrophages.

To identify the nature of the vacuoles, we assessed if they were early endosome-like
and/or late endosome/lysosome-like by respectively staining against endogenous EEA1
and LAMP1 (24, 49). Importantly, we also assessed whether EEA1 and/or LAMP1
staining differed between cells with intermediate and high levels of vacuolation by
controlling the concentration of each drug. As expected, all three drugs caused swelling
of LAMP1-positive structures, irrespective of whether conditions led to intermediate or
extensive vacuolation, indicating that the morphology of late endosomal/lysosomes is
very sensitive to PIKfyve inhibition (Fig. 2.2). However, there was a disparate effect on
EEAl-positive compartments. In cells with intermediate vacuolation, but which
nevertheless exhibited swollen LAMP1-positive compartments, EEA1 was predominantly

limited to punctate structures (Fig. 2.2A). By contrast, cells that suffered high-levels of
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vacuolation also displayed EEAl-positive vacuoles (Fig. 2.2B). This was true for MF4,
YM201636 and apilimod treatments.

In comparison, we observed that siRNA™ led to many LAMP1-stained “doughnuts”,
while EEA1 remained punctate, similarly to cells electroporated with non-targeting

PK treatment

siRNA (Fig. 2.2C). Thus, the effect on endosomes and lysosomes by siRNA
best resembles drug treatments that led to intermediate vacuolation. This is consistent
with the mild-vacuolation phenotype observed in cells treated with siRNA”® (Fig. 2.1D).
Overall, these experiments suggest that late endosomes/lysosomes are more
susceptible to swelling than early endosomes in response to PIKfyve inactivation. We
speculate that either small levels of PI(3,5)P2 are sufficient to maintain early endosome
morphology or that swelling occurs by an indirect mechanism. For example,
enlargement of EEA1-positive structures may result from a buildup of PtdIns(3)P shown

to occur during PIKfyve inhibition (56, 61, 62), or alternatively, due to altered membrane

trafficking like impaired recycling (33, 34).
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Figure 2.2: The identity of vacuoles in PIKfyve-inhibited macrophages.

A. RAW macrophages were exposed for 2 h to 0.6 nM YM201636, 2 nM apilimod or 100
nM MF4 to induce intermediate levels of vacuolation. B. RAW macrophages were
exposed to 10 nM YM201636, 25 nM apilimod or 800 nM MF4 for 2 h to induce high-
vacuolation. C. RAW macrophages were electroporated with scrambled or PIKfyve
siRNA oligonucleotides. In all cases, cells were then processed for co-
immunofluorescence staining against endogenous EEA1 and LAMP1. In all conditions,
except for control, LAMP1 compartments were vacuolated to various degrees. EEA1l
compartments appeared punctate in vector-treated cells, drug conditions that led to
intermediate vacuolation (A) and in siRNA™ -treated cells (C). However, conditions that
led to high-vacuolation caused EEA1-stained vacuoles to appear (B). Scale bar =10 um.
2.4.3 PIKfyve activity is required for phagocytosis

Macrophages roam through tissues to dispose of pathogens by phagocytosis (49). We
speculated that PIKfyve might be necessary to maintain macrophage phagocytic
proficiency because there are several precedents showing that PIKfyve can affect
plasma membrane-associated processes (63). For example, neurons silenced for PIKfyve
suffer reduced endocytosis of Ca,1.2 in response to glutamate signaling, leading to
neuronal excitotoxic death (38). In another example, PIKfyve overexpression enhances
surface expression of various channels and transporters like SLC6A19, an amino acid
transporter, and an inward rectifying K* channel, Kir2.1 (64, 65). Lastly, PIKfyve and
myotubularins cooperate to control cell migration during wound-healing (60). Hence,
we inspected the capacity of PIKfyve-halted macrophages to undertake phagocytosis.
We used Fcy receptor-mediated uptake of IgG-opsonized particles as a model since this
is one of the best characterized forms of phagocytosis (66).

To better understand the importance of PIKfyve activity in phagocytosis, we

compared the phagocytic index in cells subjected to various concentrations of apilimod,
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MF4 and YM201636. As shown in Figure 2.3A, lower-doses of each drug (up to 200 nM
MF4, up to 10 nM YM201636 and up to 25 nM apilimod) had little effect on the
phagocytic index, despite causing at least intermediate levels of vacuolation. However,
concentrations that surpassed the concentrations indicated above significantly
attenuated phagocytosis (Fig. 2.3A). Similarly, pro-longed exposure of cells to PIKfyve
inhibitors (6 h) hindered phagocytic uptake relative to short exposures (2 h; Fig. 3B). To
complement the pharmacological-based experiments, we also observed a significant
reduction of 33+7% in the phagocytic index of cells silenced for PIKfyve (siRNAPY)
relative to cells electroporated with the non-targeting oligonucleotides (Fig. 2.3C).

Taken together, our data suggests that PIKfyve activity is required for Fcy-
mediated phagocytosis of 1gG particles. Although the exact role for PIKfyve in particle
engulfment is not known, our observations are consistent with the following possible
models: i) PIKfyve may play a direct role in phagocytosis, requiring low levels of activity
to maintain uptake — this would be consistent with nearly intact phagocytosis by cells
exposed to lower, but effective doses of PIKfyve inhibitors, but significantly reduced
uptake at higher-doses of the antagonists; ii) and/or alternatively, PIKfyve may play an
indirect role in particle uptake. Possibly, this indirect role may be due to distortion of
either membrane recycling, exocytosis, and/or signaling processes that can occur during
protracted loss of PIKfyve (33, 52, 60, 67-69). Interestingly, it was recently shown that
TRPML1, a PI(3,5)P2 -dependent Ca* channel found on lysosomes (37), is required for
phagocytosis of large particles (70). It is postulated that TRPML1 is necessary for

lysosome exocytosis that aids in the uptake of large particles (60). Our work shows that
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even small particles are eventually affected by PIKfyve suppression. While it is possible
that this is partially due to suppression of localized exocytosis, it is tempting to
speculate that PIKfyve may be required for phagocytosis by a similar mechanism that it
is required for cell migration — by acting in concert with myotubularins to generate
PtdIns(5)P (60). In addition, it will be interesting to expand this study to other

phagocytic receptors like complement receptor-mediated phagocytosis.
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Figure 2.3: The effect of PIKfyve antagonists on phagocytosis in macrophages.

A. RAW macrophages were pre-treated with either vector (0 nM) or with the indicated
concentrations of MF4, YM201636 or apilimod for 2 h. Cells were then permitted to
phagocytose IgG-opsonized beads for 15 min, fixed and stained with fluorescent anti-
human IgG antibodies to identify external beads. B. RAW macrophages were pre-
treated with vector (control), 200 nM MF4, 10 nM YM201636 or 25 nM apilimod for
either 2 h or 6 h and then allowed to perform phagocytosis. C. RAW macrophages were
electroporated with scrambled or siRNA” oligonucleotides and then permitted to
internalize 1gG-opsonized beads as described above. In all cases, the phagocytic index
was then quantified as the number of phagosomes per 100 cells and normalized to the
respective controls. For each case, shown is the mean phagocytic index and standard
deviation from at least three independent experiments and from at least 100 cells
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counted per condition. In A, * denotes significant differences in phagocytic index
between control and concentrations of each drug identified by using the one-way
ANOVA test followed by Tukey’s post-hoc test (p<0.01); In B, * denotes significant
differences in phagocytic index between control and 6 h treatments (p<0.01) and
between 2 h and 6 h treatments for each respective drug (p<0.01) by using one-way
ANOVA, followed by Tukey’s post-hoc test; In C, there was a significant different
between scrambled and siRNA”® samples using Student’s t-test (p<0.05).

2.4.4 Early phagosome maturation is altered in PIKfyve-blocked macrophages
Immediately after scission, phagosomes undergo a rapid remodeling to convert the
phagosomal membrane from a plasma membrane-like state to one similar to early
endosomes, acquiring markers like PtdIns(3)P (43, 49, 50). As noted above, acquirement
of PtdIns(3)P can be probed by expression of 2FYVE-GFP (49). Since PIKfyve converts
Ptdins(3)P to PI(3,5)P2 , we predicted that blocking PIKfyve might alter the kinetics of
phagosome acquisition and/or loss of the 2FYVE-GFP probe.

To do this, we acquired time-series of cells expressing 2FYVE-GFP and
undertaking phagocytosis. We tracked the fluorescence intensity of 2FYVE-GFP on
phagosomes relative to cytosolic signal in control and 2 h MF4-treated cells using (Fig.
2.4A). Importantly, we synchronized phagosome maturation relative to the apparent
closure of the phagosome (time = 0 min). Using this methodology, we determined that
there was no apparent difference in the acquisition rates of 2FYVE-GFP between control
and MF4-treated cells (Fig. 2.4). In fact, 2FYVE-GFP fluorescence intensity peaked at
about 4 min under both conditions. However, the kinetics of 2FYVE-GFP dissociation
were significantly slower in MF4-treated cells (Fig. 2.4). In control cells, phagosomes

were divested of more than 50% of the initial 2FYVE-GFP signal by 7 min and were
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devoid of the GFP probe by 14-16 min (Fig. 2.4B). In comparison, in MF4-treated cells,
phagosomes took 13 min to lose 50% of the initial 2FYVE-GFP intensity and over 20 min
for the probe intensity to equal that of the surrounding cytosol (Fig. 2.4B). Overall, this
indicates that PIKfyve-suppression altered the kinetics of 2FYVE-GFP dissociation, but
not its acquisition. This appears to be consistent with recent work by Hazeki et al., who
demonstrated that both PIKfyve and PTEN, a Pl 3-phosphatase, both contribute to the

elimination of PtdIns(3)P from phagosomes (53).
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Figure 2.4: PIKfyve inhibition affects the kinetics of Ptdins(3)P on phagosomes.

RAW cells were transfected with plasmids encoding 2FYVE-GFP to probe for Ptdins(3)P.
Cells were then treated with vector or with 200 nM MF4 for 2 h and then prepared for
live-cell confocal imaging. IgG-opsonized beads were added to cells under observation.
A. Representative frames of time-series from control and MF4-treated cells showing the
behaviour of 2FYVE-GFP in cells undergoing phagocytosis. For each nascent phagosome,
time is calibrated to the apparent phagosome closure (time shown in minutes). Open
arrows indicate a “tracked” phagosome with little to no 2FYVE-GFP fluorescence, while
closed arrows indicate the same phagosome with 2FYVE-GFP fluorescence. B. Shown is
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the average fluorescence intensity ratio and standard deviation of 2FYVE-GFP on
phagosomes to cytosolic signal normalized to control peak fluorescence over every two
minutes from apparent phagosome closure. The average is based on at least 12
phagosomes from at least six time-series acquired from at least three independent
experiments for each condition. Asterisk (*) indicates a significant difference in
fluorescence intensity in phagosome-associated 2FYVE-GFP between control and MF4-
treated cells at that respective time point using Student’s t-test (p< 0.05).

2.4.5 PIKfyve activity is required for phagosomes to acquire lysosomal markers
The early endosome-nature of phagosomes is short-lived, typically lasting less than 15
minutes (43). Phagosomes then fuse with late endosomes and lysosomes to convert
into phagolysosomes (43). While the transient PtdIns(3)P is necessary for
phagolysosome biogenesis, the role of PI(3,5)P2 in this process remains to be
investigated.

To test the relative importance of Ptdins(3)P and PI(3,5)P2 in phagolysosome
formation, we first compared control cells (cells treated with vector), cells pre-treated
with 30 min of 100 uM LY294002, a PtdIns 3-kinase inhibitor, and cells exposed for 2 h
to 100 nM MF4, which permits efficient phagocytosis. After the drug treatment, cells
were then allowed to engulf IgG-coated beads, followed by a 1 h chase to elicit
maturation and then processed and stained for endogenous LAMP1, a classical marker
of late endosomes and lysosomes. To aid in the quantification of the amount of LAMP1
associated with each phagosome, we converted LAMP1 fluorescence intensity to a false-
colour palette and assigned phagosomes into one of three fluorescence intensity
groups. Using 8-bit images, the false-colour ranges were white-yellow (grayscale

intensities of 255-180), orange-red (grayscale intensities of 180-80) and blue-purple
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colour (grayscale intensities of 80-1), which respectively indicated strong LAMP1
(LAMP1"), intermediated LAMP1 (LAMP1+/') and weak LAMP1 staining (LAMP1’; Fig. 2.5).

After scoring at least 65 phagosomes per condition across six experiments for
control- and MF4-treatments, and at least 30 phagosomes per experiment across three
experiments for LY294002-treatments, we concluded that LY294002- and 2 h MF4-
treatments significantly reduced the number of phagosomes strongly decorated with
LAMP1 relative to control cells (Fig. 2.5A). Specifically, whereas 60+12% of phagosomes
were LAMP1" in control cells, only 25+17% and 7+6% of phagosomes were LAMP1+ in
MF4-treated and LY294002-treated cells, respectively (Fig. 2.5A, 2.4B). Conversely,
LY294002-treated cells had significantly more LAMP1 phagosomes (37+26%), relative to
MF4-incubated cells (18£10%) and to control cells (3+2%; Fig. 2.5A, 2.4B). Importantly,
a similar analysis with cells treated with 10 nM YM201636 or 25 nM apilimod for 1-2 h
also showed a potent block in phagosome acquisition of LAMP1 (Supplementary Figure
S1).

While the 1-2 h drug-treatments permit one to look at the potential direct role of
PIKfyve in phagosome maturation, we also queried the impact of chronic inhibition of
PIKfyve on phagosome maturation. First, we found that a 6 h MF4 incubation more
strongly blocked phagosome maturation; the number of LAMP1" phagosomes in cells
exposed to 6 h of MF4 was 15+7%, which was lower than the 25% LAMP1" phagosomes
found in cells exposed to 2 h of MF4 (Fig. 2.5B). Second, and consistent with this,

PIK

electroporation of siRNA™ caused a similar decrease in LAMP1" phagosomes, while

increasing the number of LAMP1 phagosomes; these cells had only 8+3% LAMP1*
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phagosomes compared to 45+3% LAMP1" phagosomes in cells electroporated with non-
targeting oligonucleotides (Fig. 2.5C). The converse was true for LAMP1 phagosome
staining, i.e., the number of LAMP1 phagosomes increased significantly in siRNA"'*-
treated cells relative to control cells (Fig. 2.5C). Altogether, phagosomes were more
likely to have less LAMP1 staining in cells chronically deficient for PIKfyve relative to
cells with short-term loss of PIKfyve.

Finally, and to robustly support our microscopy-based analysis, we also
quantified phagosome-associated LAMP1 by flow cytometry in control, apilimod,
YM201636 or MF4-treated cells using concentrations conducive to efficient particle
uptake. This was done by isolating phagosomes on a sucrose-gradient, processing and
staining against LAMP1. Importantly, all PIKfyve antagonists significantly reduced the
number of phagosomes containing LAMP1 fluorescence intensity above background
(Fig. 2.5E, representative experiment for MF4) and the median fluorescence intensity of
LAMP1 associated with phagosomes relative to phagosomes from control cells (Fig.
2.5F). Thus, the flow cytometry analysis demonstrates that PIKfyve inhibition
attenuated phagosomal acquirement of LAMP1, consistent with our microscopic
analysis.

Overall, our research conveys that PIKfyve plays an important role in phagosome
maturation. First, since short-term inhibition of PIKfyve led to inefficient phagosome
decoration with LAMP1, this suggests that PIKfyve plays a direct role in phagosome
maturation. Mechanistically, this may be through a signaling defect; for example,

PIKfyve is now linked to the EGFR-Akt pathway to enhance EGFR degradation (69);
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AMPK appears to stimulate PIKfyve to aid in skeletal muscle contraction (71); and
PIKfyve is required for mTORC1 targeting and function (36). Alternatively, or in addition,
PIKfyve may play a direct function in mediating phagosome-lysosome fusion. For
example, PIKfyve, through PI(3,5)P2 , may gate TRPML-1 to release Ca®* from lysosomal
stores, which is necessary for lysosome fusion (37, 72). Second, and in comparison to
acute PIKfyve loss, chronic PIKfyve defects likely blocks phagosome maturation
indirectly. For example, long-term PIKfyve loss may sufficiently distort the endosomal
membrane system by mistargeting proteins necessary for fusion or altering membrane
curvature through extensive swelling of lysosomes. In addition, since there is evidence
that Fabl, the yeast ortholog of PIKfyve, controls gene expression, one could even
speculate that pro-longed loss of PIKfyve may alter the transcriptome and proteome of
cells resulting in suppression of phagosome-lysosome fusion (73).

In conclusion, both PtdIns(3)P and PI(3,5)P2 appear to play an important
function in phagosome maturation. In fact, while Ptdins(3)P inhibition had a more
pronounced impact in phagosome maturation, this may simply be an additive effect due
to the expected concurrent loss of both Ptdins(3)P and PI(3,5)P2 in LY294002-incubated
cells. Given our observations, there will now be a pressing need to identify PI(3,5)P2 -
effectors that mediate phagosome maturation. As suggested above, TRPML1 is a prime

candidate for future research.

!7



>
w

MF4 (2 h) B Vet
ector

Vector  LY294002  MF4 (6 h)ﬂ

1_},,;;:;.
£z .

3
v X | £ MELY294002
Qs 2o | 390,00MF4 (6 h)
a ' %80 OMF4 (2 h)
| =70
% 60
T 2 40
5 ©
2 £30
- ©20
- 2 210
o c 0
o ]
(I) [0}
o 1=
el
3
()
(2]
o
n
C DIC LAMP1  Pseudo-color D g
o
A A g 70 1M siRNA® .
S 7 §60 {0 siRNA"K
[ 3 £
= © 2501
S 40 |
9 8,40
x &30
o & c 1
% 2\ g 20
& ]
T 4 Y & 10 ]
% e § 0 x\' Q\,
N
2 &
\y he
E F
1024
= e . 8.40% 2.99%
g phagosomes : 5768 . 8120
5 T . s &
® 85121 4 S 2100
° 9]
o 8256-1@ o £ g 80 *
CHE . . . | & (188.08% 0.53%| &
B 260
Forward Scatter FL1 (background) <=
- & 40 *
ﬁ Q *
1024 2.29% 7.33% J024 4.77% 4.98%| T g 20
o768 87681 5§ o
8 : 8 5121 Z« £ o XD
68512 é)) 512 1s) QC}'O \Q;b @Q ~((\0
256 %«» | 256 N\ S &
B ol I19.28 b 8404 6.22% N

FL1 (vector) FL1 (MF4)

Figure 2.5: Acute and chronic inhibition of PIKfyve attenuate phagosome acquisition of
LAMP1.

A-B. Cells were treated with vector (control) or incubated with 100 nM LY294002 for 30
min, or exposed to 100 nM MF4 for 2 h or 6 h. C-D. Cells were either electroporated
with scrambled RNA or with siRNA™ oligonucleotides as before. A-D: Subsequently,
synchronized phagocytosis of IgG-opsonized beads was elicited, followed by 60 min of
phagosome maturation. Cells were then fixed and external beads were stained with
anti-human 1gG, followed by processing for immunostaining LAMP1. After microscopy,
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images were processed with pseudocolour to represent strong LAMP1 acquisition
(LAMP1*, white-yellow), intermediate LAMP1 decoration (LAMP1+/', orange-red) and
weak LAMP1 staining (LAMP1, blue-purple). B, D: at least 30 phagosomes per
experiment were counted for LY294002-treated macrophages across three experiments.
For MF4-treated, siRNA-treated and control cells, at least 65 phagosomes per
experiment per condition were counted across six experiments. Shown is the mean
percent of phagosomes in each LAMP1-staining category * standard deviation. E. Flow
cytometry of isolated phagosomes stained with anti-LAMP1 antibodies. Top left: shows
scatter distribution of phagosomes; Top right: shows scatter and fluorescence
distribution of phagosomes stained with secondary only (background). Bottom left:
shows scatter and fluorescence distribution of phagosomes from control cells. Bottom
right: shows scatter and fluorescence distribution of phagosomes from MF4-treated
cells. Percent values are percent of phagosomes in each quadrant, where phagosomes
are considered positive for LAMP1 in the two right quadrants. F. Normalized median
LAMP1 intensity of phagosomes with above background fluorescence. Using one-way
ANOVA test, followed by Tukey’s post-hoc test, we could detect significant differences
between control and LY294002, 2 h and 6 h MF4 treatments for LAMP1+ and LAMP1-
staining and between 2 h and 6 h MF4 treatments for LAMP1- staining (B); between
scrambled and siRNA to PIKfyve for LAMP1+ and LAMP1- staining (D); between control
(vector) and YM201636, MF4 and apilimod-treated phagosomes (F). For all cases, the p-
value had to be at least p<0.05 to be statistically significant.

2.4.6 PIKfyve is necessary for efficient trafficking of immune complexes to
lysosomes

We also examined if PIKfyve activity was necessary for trafficking of immune complexes
to lysosomes. To test this, we allowed control and MF4-treated cells to internalize
soluble aggregated IgG complexes by Fcy receptor-mediated endocytosis and chased for
0, 15, 30 and 60 min to allow trafficking of aggregated IgG-FcyR complexes to lysosomes
(74). We then processed cells and stained cells for LAMP1 and human IgG and scored
for co-localization using the Pearson’s correlation coefficient (Fig. 2.6A). We found that
compared to control cells, MF4-treated cells displayed reduced co-localization between

aggregated 1gG and LAMP1-positive organelles over the various time points observed
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(Fig. 2.6B). This indicates that PIKfyve is necessary for efficient trafficking of immune

complexes to lysosomes in macrophages. This is consistent with several studies showing

that PIKfyve helps target signaling receptors like EGFR and Met to lysosomes for
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Figure 2.6: PIKfyve is required for efficient trafficking of immune complexes to
lysosomes.

A.

Cells were either treated with vector (control), or incubated with 100 nM MF4 for 2 h.

Cells were then allowed to endocytose aggregated IgG for 15 min, followed by washing

to

remove excess aggregated IgG and then chased for 0, 15, 30 and 60 min at 37°C. At
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the end of each chase, cells were fixed and processed to stain for LAMP1 and
aggregated 1gG. Images were acquired by confocal microscopy. B. Images were
analysed with Image J to acquire Pearson’s Correlation Coefficient as an indicator of
aggregated 1gG co-localization with LAMP1. On average, ten cells for each condition
across at least three experiments were quantified. Shown is the average Pearson’s
correlation normalized to 1 for control, 0 min chase. Error bars represent standard
deviation. Asterisks indicate time points that were statistically different (p<0.01)
between control and MF4-treated cells using one-way ANOVA, followed by Tukey’s
post-hoc test. Scale baris 10 um.

2.4.7 Phagosomal and lysosomal acidification does not require PIKfyve

Since phagosomes in PIKfyve-quelled cells had reduced LAMP1 staining, we next
examined if this affected two essential properties of phagolysosomes — acidification and
proteolytic activity. We first inspected the ability of phagosomes to become acidic by
staining cells with Lysotracker Green, a dye that accumulates in acidic compartments.
After allowing phagosomes to form and mature for 1 h in control and 2 h MF4-treated
cells, we observed that Lysotracker Green stained both sets of phagosomes equally well,
suggesting that phagosomes acidified (Fig. 2.7A). Indeed, we confirmed that Lysotracker
Green accumulates in lysosomes in control and MF4-treated macrophages as well (Fig.
2.7B). In these experiments, lysosomes were identified by pre-loading with Alexa647-
conjugated dextran, followed by incubation with MF4 and lastly with Lysotracker Green.
In both control and MF4-treated cells, the co-localization of Alexa647-conjugated
dextran and Lysotracker Green exhibited similar Pearson’s correlation value of
0.43+0.06 and 0.52+0.07 (Fig. 2.7C). The role of PIKfyve in lysosomal acidification
remains controversial. There are studies indicating that PIKfyve is necessary for efficient

acidification of lysosomes in C. elegans, mammalian cells, Salmonella-containing
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vacuoles, as well as the yeast vacuole (28, 29, 52, 54). However, upon more careful
inspection, Lysotracker is able to accumulate in various compartments and decorate the
limiting membrane of swollen vacuoles (52, 54). Regardless, our observations in
macrophages may very well represent a physiological difference between macrophages

and other model systems or method employed.
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Figure 2.7: Phagosomes and lysosomes acidify independently of PIKfyve.

A. To test whether PIKfyve is required for phagosome acidification, RAW macrophages
were treated with vector (control) or 2 h 100 nM MF4 and then allowed to phagocytose
lgG-opsonized beads for 15 min and chased for 60 min. After the chase, cells were
stained with Lysotracker Green for 5 min and observed by live-cell microscopy. Arrows
point to phagosomes labeled with Lysotracker Green. B. To test whether lysosomes
acidified in the absence of PIKfyve, lysosomes were pre-labelled with a 15 min pinocytic
uptake with Alexab647-dextran followed by a 60 min chase. Cells were then labeled with
Lysotracker Green as before and observed by live-cell microscopy. Shown is the
Pearson’s correlation coefficient for dextran and Lysotracker Green co-localization in
control and MF4-treated cells. Scale bar is 10 um.
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2.4.8 PIKfyve is important for efficient phagosomal and lysosomal proteolytic
activity

Phagolysosome biogenesis confers the phagosome with hydrolytic activity to digest the
engulfed particle. To examine the proteolytic proficiency of phagosomes in PIKfyve-
inhibited cells, we used sheep red blood cells (RBCs) opsonized with rabbit anti-sheep
RBCs and cross-linked to DQ-BSA. When intact, DQ-BSA fluorescence is quenched. As
DQ-BSA is degraded in lysosomes, it becomes dequenched. Thus, one can measure the
increase in DQ-BSA fluorescence to quantify proteolytic activity. DQ-BSA-labelled
phagosomes were allowed to form for 15 min and matured for 30 min before fixing,
imaging and analysing for the presence or absence of DQ-BSA fluorescence. After
scoring over 300 phagosomes per condition per experiment, we noted that MF4-treated
cells had significantly fewer phagosomes with DQ-BSA fluorescence relative to control
phagosomes (Fig. 2.8A,B). Thus, our data suggest that PIKfyve activity is necessary to
endow phagosomes with a degradative milieu conducive to decomposing engulfed
particles.

To complement this functional assay, we also quantified the level of cathepsin D-
associated with phagosomes by flow cytometry. Phagosomes from control and from
MF4- or YM201636-treated cells were isolated, processed and stained for anti-cathepsin
D antibodies, a canonical lysosomal protease (75). As shown in Figure 8E, treatment
with MF4 or YM201636 significantly reduced the amount of cathepsin D associated with
isolated phagosomes relative to phagosomes from control cells. This result is consistent
with reduced phagosome-associated proteolytic activity measured with the DQ-BSA

assay and with reduced phagosome-associated LAMP1 signal in PIKfyve-inhibited cells.
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The proteolytic defect in phagosomes from PIKfyve-blocked cells might be
caused by impaired lysosome fusion. Alternatively, or in addition, lysosomes
themselves may have reduced proteolytic activity. To test this possibility, we examined
if lysosomes in PIKfyve-abated cells displayed impeded proteolytic activity. To do this,
we allowed cells to co-endocytose DQ-BSA and TRITC-dextran, followed by a chase of O,
30 and 60 min to allow transport of the fluid-phase to lysosomes. By microscopy, it
appeared that MF4-treated cells had less DQ-BSA (Fig. 2.8C). However, we also noted
that MF4-treated cells appeared to have less dextran. Using flow cytometry, we
confirmed that MF4-treated cells did accumulate less dextran compared to control cells
(Fig. S2.2). Interestingly, others have also observed a reduction if fluid-phase uptake in
HEK cells expressing PIKfyve dominant-negative (76).

Thus, to compensate for differences in fluid-phase uptake or retention between
control and MF4-treated cells, we normalized DQ-BSA fluorescence over Alexa647-
dextran fluorescence measured by flow cytometry. As expected, there was very weak
DQ-BSA signal in both control and MF4-treated cells 0 min post-pinocytosis (Fig. 2.8C,D).
By contrast, there was a significant and progressive increase in DQ-BSA fluorescence
after 30 and 60 min post-pinocytosis in control cells (Fig. 2.8C,D). Importantly, the rate
of DQ-BSA degradation in MF4-treated cells was slower relative to control cells; at 30
min the fluorescence ratio of DQ-BSA/Alexa647-dextran in MF4-treated cells was
significantly reduced relative to control cells (1.44+0.64 vs 0.84+0.27; Fig. 2.8D). After
60 min, there was no statistical difference between control and MF4-treated cells (Fig.

2.8D).
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Comparing phagosome and lysosomal proteolytic activity, we can conclude that
PIKfyve plays an important role in maintaining efficient proteolytic capacity of
lysosomes and phagosomes in macrophages. This may be because PIKfyve appears to
play a role in trafficking and recycling of mannose-6-phosphate receptors that shuttle
between late endosome and the Golgi to deliver newly synthesized lysosomal proteases
to lysosomes (33, 34, 77). Reduced proteolytic activity of phagosomes may have
significant implications towards removal of pathogens from cells and may also help
explain why PIKfyve-quelled cells tend to accumulate or fail to mature autophagosomes

(34, 35, 78).
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Figure 2.8: PIKfyve inhibition impairs proteolytic activity of phagosomes and
lysosomes.

A. Control and cells treated with 200 nM MF4 for 2h were allowed to phagocytose RBCs
cross-linked with DQ-BSA for 15 min, followed by a 30 min chase. RBC-containing
phagosomes are shown in red, while DQ-BSA was observed in the green channel. The
arrows indicate the position of the same phagosome in each panel. Corresponding DIC
images of cells are also shown. B. Percent of DQ-BSA positive phagosomes in control
and MF4-treated cells. Data shown are means + SEM from three independent
experiments. At least 300 phagosomes were analyzed in each case. A statistically
significant difference between control and MF4 treated cells was observed at 30 min
(p=0.0001) using Student’s t-test. Scale bars, 5 um. C. Control and cells treated with
100 nM MF4 for 2 h were allowed to co-endocytose TRITC-dextran and DQ-BSA for 15
min, followed by 0, 30 or 60 min chase. Cells were then observed by confocal
microscopy. Scale bar is 10 um. D. Fluorescence ratio of DQ-BSA over fluorescent
dextran in control and MF4-treated cells. After pinocytosis and the indicated chase
period, cells were fixed and analysed by flow cytometry. After background correction,
dextran-positive cells were analysed for mean fluorescence for dextran and DQ-BSA.
Shown is the average ratio of DQ-BSA to dextran and % standard deviation. A
statistically significant difference between control and MF4-treated cells existed at 30
min (p<0.05) based on a one-way ANOVA test and Tukey’s post-hoc test. E. Median
cathepsin D-associated fluorescence intensity of isolated phagosomes from control cells
and cells treated with YM201636 or MF4. Fluorescence intensities are normalized to
control phagosomes and background corrected. Using one-way ANOVA and Tukey’s t-
test, there was significant difference in cathepsin D staining between control and drug-
treated cells (p<0.01).

Overall, the work presented here examines the effect of inhibiting PIKfyve on
various parameters of the macrophage endolysosomal and phagosomal system. We
show that PIKfyve is necessary for phagosome maturation, trafficking to lysosomes of
immune complexes and maintaining the degradative milieu of lysosomes and
phagosomes. However, while we speculate that these functions rely on PIKfyve-

dependent PI(3,5)P, synthesis, we cannot currently exclude that some of our

observations may be due to concurrent loss of PI(5)P. There are several lines of
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evidence that PIKfyve may directly synthesize PI(5)P, or indirectly, through the

dephosphorylation of PI(3,5)P, by a myotubularin (59, 60, 79).

2.5 Materials and Methods

2.5.1 Nucleic acids and antibodies

The plasmid encoding 2XFYVE-GFP was previously characterized (49). Plasmids were
extracted and purified using E.Z.N.A.® Plasmid Midiprep Kit (Omega Bio-Tek) as per
manufacturer’s instructions. For PIKfyve gene silencing by siRNA, we used SMARTpool
containing four oligonucleotides and the corresponding non-targeting oligonucleotide
sets (Fisher Scientific, Canada, ON). The primary antibodies used in this study were rat
anti-mouse LAMP1 monoclonal antibodies (clone 1D4B used at 1:200, Developmental
Hybridoma Bank, |A), rabbit anti-mouse EEA1 (used at 1:400, Cell Signaling, MA) and
rabbit anti-cathepsin D antibodies (clone EPR3057Y, 1:200 Genetex, CA). Fluorescent

secondary antibodies used were at 1:200 to 1:1000 (Life Technologies, CA).

2.5.2 Cell culture, transfection and electroporation
RAW264.7 macrophages were obtained from ATCC and cultured in Dulbecco's modified
Eagle's medium (DMEM) supplemented with high glucose, L-glutamine, sodium
pyruvate, and 10% heat-inactivated fetal bovine serum (Gibco) at 37 °C in 5% CO,. For
experiments in ambient CO,, RAW cells were incubated in HEPES-buffered RPMI.

Prior to transfection, cells were seeded onto glass coverslips to reach 50%

confluency. Plasmids were transfected into cultured cells using Fugene HD (Promega)
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transfection reagent as per manufacturer’s instructions. For gene silencing, cells were
seeded onto T25 flasks to reach 90% confluency. Electroporation of cells with
SMARTpool oligonucleotides was done by an Amaxa system by two rounds of
electroporation over 24 h, followed by incubation in DMEM plus 10% FBS for 48 h at

37°Cin 5% CO..

2.5.3 Pharmacological treatments

To inhibit PIKfyve, cells were pre-incubated for the indicated period of time and
concentration of MF4 (a kind gift from Dr. Kevan Shokat, UCSF), YM201636 (Chemdea,
NJ or Cedarlane, ON) or apilimod (Toronto Research Chemicals, Inc, ON). To inhibit
PtdIns 3-kinases, we typically used 100 uM LY294002 (Promega) for 30 min. Drugs were
maintained through the entire experiment including pulse and chase periods when

performing phagocytosis, phagosome maturation or endosomal trafficking.

2.5.4 Phagocytosis and phagosome maturation assays

Latex polymer beads with a mean diameter of 3.87 um (Bangs Laboratories, IN) were
opsonized with 10 mg/ml human 1gG in PBS at room temperature for 1-2 h rotating.
Opsonized beads were washed 3 times in PBS with centrifugation at 2000 rpm for 1 min
between each wash. To synchronize phagocytosis, IgG-opsonized beads were
resuspended in ice-cold HPMI and added to cells for 20 min on ice. Subsequently, cells
were washed twice with PBS to remove unbound beads and incubated at 37 °C for 15
min for phagocytosis. For phagocytic index, cells were then fixed with 4% PFA for 20

min, quenched with 100 mM glycine for 20 min, and stained with fluorescently labelled
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goat anti-human antibodies at 1:1000 dilution for 20 min to discriminate internalized
beads from externally bound beads. The number of phagosomes per 100 cells was
scored to determine the phagocytic index. Alternatively, after phagocytosis, cells were
incubated at 37 °C for a chase period to allow for phagosome maturation before
processing for the next step. For live-cell imaging of phagocytosis, IgG-coated beads
were added to cells and imaged to track nascent phagosomes (see below for imaging

details).

2.5.5 Immunofluorescence

After pulse-chase experiments that required immuno-staining, cells were fixed with 4%
PFA for 20 min and quenched with 100 mM glycine for 20 min. When necessary,
external beads were then stained with anti-human 1gG and then cells were
permeabilized with either 0.5% Triton X-100 for 10 min to stain for EEA1, cathepsin D or
aggregated 1gG, or treated with ice-cold methanol for 5 min to stain or co-stain with
anti-LAMP1 antibodies. Cells were washed 3 times with 0.5% bovine serum albumin
(BSA)/PBS prior to and after incubation with primary antibody, followed by secondary
antibody staining, each at room temperature and each incubated for 1 h. Finally, cells
were washed and incubated with 0.5% BSA/PBS every 5 min for 30 min. Cells were then

visualized by confocal microscopy.

2.5.6 Phagosome isolation
RAW macrophages were grown to 80% confluency in T-25 culture flasks. Cells were

then pre-treated with each drug for 1 h and IgG-opsonized beads were then added and
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incubated for 90 min at 37°C and 5% CO,. Cells were washed 3X with ice-cold PBS to
remove unbound beads and scraped in 15 ml of homogenization buffer (20 mM Tris pH
7.4, 2.5 puL/ml protease inhibitor cocktail (Sigma), 1 mM AEBSF, 1 mM MgCl; 1 mM
CaCly, 1 pg/ml RNase and 1 pg/ml DNase). After centrifuging, the cell pellet was re-
suspended in 2 mL of homogenization buffer and passed through a syringe with 22-
gauge needle (20-25 times) to lyse the cells. A pellet was then obtained after membrane
disruption, and re-suspended in 200 pL of PBS and overlaid onto a sucrose gradient.
Samples were then centrifuged at 50,000g for 10 min at 4°C, the layer of beads were
withdrawn from the sucrose gradient using a syringe with 22-gauge needle and
transferred into a fresh microcentrifuge tube. Phagosomes were then washed with cold
PBS and fixed with 4% PFA for 20 min, followed by quenching with 100 mM of glycine.
After centrifugation to collected fixed phagosomes, phagosomes were permeablized
with iced-cold methanol for 3-5 min and washed 3X with 0.5 % BSA to stain with anti-
LAMP1 antibodies. For cathepsin D staining, fixed phagosomes were permeablized with
0.5% Triton X for 10 min. Phagosomes were then processed as described in

“Immunofluorescence” and analysed by flow cytometry.

2.5.7 Endosomal trafficking of aggregated IgG

Aggregated IgG was made by heating 10 mg/ml human IgG (Sigma-Aldrich) at 62 °C for
20 min, followed by centrifugation at 16,000 g for 10 min at room temperature to
sediment insoluble complexes. Cells were incubated with 1 mg/mL soluble aggregated
IgG at 37 °C for 15 min. Subsequently, cells were washed briefly with PBS to remove

excess aggregated IgG and followed by a chase period at 37 °C. After the chase period,
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cells were fixed and stained for aggregated I1gG and LAMP1 as described below under

“immunofluorescence”.

2.5.8 Acidification of lysosomes and phagosomes

Lysosomes were labeled with dextran by preloading cells with 0.1 mg/ml FITC-
conjugated dextran at 37 °C for 1 h. Cells were then washed briefly with PBS to remove
excess dextran and incubated in dye-free media at 37 °C for a subsequent chase period
of 2 h. To label lysosomes with Lysotracker Green (Life Technologies, CA), cells were
incubated with 1 uM Lysotracker at 37 °C for 5 min just prior to live-cell imaging. Cells

containing phagosomes were similarly stained with Lysotracker Red.

2.5.9 Preparation of DQ-BSA cross-linked RBCs

DQ-BSA cross-linked RBCs were prepared as described previously (80). Briefly, RBCs
were opsonized with 0.1 mg/ml of anti-sheep RBC antibody for 1 h, followed by 1 h
labeling with secondary antibody to visualize RBCs. Cells were then re-suspended in 1X
PBS with 25 mg/ml carbodiimide cross-linker and agitated for 15 min. Excess
carbodiimide was removed by three washes in 1 ml of 0.1 M sodium borate, pH 8.0
(coupling buffer). Cells were re-suspended in 500 pl of coupling buffer containing 1.0 mg
DQ-ovalbumin and 0.1 mg/ml of anti-sheep RBC antinody for 12 hours. DQ-BSA coated
RBCs were washed three times with 250 mM glycine in PBS, pH 7.2 (quench buffer) by
vortexing and centrifugation at 3000xg for 5 min, followed by three washes with PBS

before use in a phagocytic assay.
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2.5.10 DQ-BSA proteolysis assay by endocytosis

To determine the degradative capacity of lysosomes, cells were allowed to co-
endocytose 10 pg/ml DQ Green BSA (Life Technologies, CA) and 0.1 mg/ml
tetramethylrhodamine isothiocyanate (TRITC)-conjugated dextran or 2 uM Alexa647-
conjugated dextran (Life Technologies,) at 37°C for 15 min. Subsequently, cells were
incubated at 37°C in the absence of the labels for 0, 30, or 60 min. Cells were then fixed
with 4% PFA for 20 min and quenched with 100 mM glycine for 20 min, followed by

microscopy or flow cytometry.

2.5.11 Microscopy and image processing

For confocal imaging, cells were visualized on a Zeiss LSM 510 META laser-scanning
microscope. This instrument is equipped with an Argon laser (458/477/488/514 nm), a
HeNel laser (543 nm), and a HeNe2 laser (633 nm). Plan-Apochromat 100x/1.40 oil
objective was used to collect images.

For live-cell imaging, cells on coverslips were placed on a Leiden chamber and
incubated with Hepes-buffered RPMI medium at 37 9C. Cells were imaged by
differential interference contrast (DIC) to score for vacuolation. To follow 2FYVE-GFP
dynamics, time series composed of non-saturated 8-bit grayscale frames were acquired
at two frames per min. Images where then analysed by ImagelJ by identifying regions of
interest on the phagosomal membrane, cytosol and extracellular space (for background
subtraction).  Fluorescence intensity values were then extracted, followed by
background substraction and the ratio of phagosome to cytosol signal was calculated

and plotted as an indicator of 2FYVE-GFP intensity on phagosomes.
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DQ-BSA-phagosome imaging was done by epifluorescence microscopy using 63X
oil immersion lens (Leica DMI6000B stand with a Hamamatsu EM-1 K, EMCCD camera).
Image acquisition was performed using Volocity software (Improvision).

Images were processed with Adobe Photoshop (v. 7.0.1, Adobe Systems Inc.) and
analyzed using Imagel (v. 1.47 bundled with 64-bit Java). All image processing was done
without altering relative values within each image and when comparing images.
Pseudo-colour processing was done with Imagel by enabling “Fire” in Image/Look up
Tables such that white-yellow corresponded to grayscale intensities of 255-180, orange-
red corresponded to grayscale intensities of 180-80 and blue-purple to grayscale
intensities of 80-1. Co-localization analysis was done using Imagel) equipped with the

plugins, JACoP (Just Another Colocalization Plugin) or Colocalization Indices.

2.5.12 Flow cytometry analysis
Endocytosis and DQ-BSA fluorescence was quantified using a BD FACSCalibur flow
cytometer. Samples of suspended cells were run through the flow cytometer until
10,000 events were collected per condition. Data obtained using flow cytometry was
analyzed using either Flowjo or Flowing Software. After gating for background
fluorescence, the extent of lysosomal proteolysis was quantified in cells positive for
Alexab47-dextran and then calculating the average ratio of the mean fluorescence of
DQ-Green-BSA over the mean fluorescence of Alexa647-dextran.

To quantify anti-LAMP1 and anti-cathepsin D phagosome staining by flow
cytometry, we counted 10,000 events for each sample and defined the phagosome

population. We then used phagosomes incubated with secondary-only (no primary) to

104



gate for background staining. We counted the number of phagosomes that were in the
95t percentile of background fluorescence and calculated the median fluorescence of

these phagosomes for each sample.

2.5.13 Statistical Analyses

All data was subject to statistical analysis using either ANOVA, unpaired student t-test or
paired Student’s t-test as appropriate. Experiments were repeated a minimum of three
times. Specific sample size is indicated in each figure legend, along with the determined

mean, standard deviation and p-values.
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Figure S 2.1: YM201636 and apilimod treatments hinder phagosome maturation

A. Cells were treated with either vector (control), or incubated with 10 nM YM201636 or
25 nM apilimod for 2 h. Subsequently, phagocytosis and phagosome maturation were
elicited, followed by fixation, staining for external beads and staining for LAMP1 as
described in the legend of Figure 2.5. After microscopy, images were processed with
pseudocolour to represent strong LAMP1 acquisition (LAMP1*, white-yellow),
intermediate LAMP1 decoration (LAMP1+/', orange-red) and weak LAMP1 staining
(LAMP1, blue-purple). Scale bar = 10 um. B. At least 70 phagosomes per experiment
were counted for each condition and for each of three independent experiments.
Shown is the mean percent + standard deviation of phagosomes in each LAMP1-
intensity category. Using the one-way ANOVA, followed by Tukey’s post-hoc test, we
found that there was significant difference in the number of phagosomes stained
strongly or weakly for LAMP1 between control and each PIKfyve inhibitor (ANOVA
p<0.0001, Tukey’s p<0.01 for samples indicated by the asterisk).
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Figure S2.2: PIKfyve inhibition impairs accumulation of fluid-phase pinocytosis.

A. RAW cells were treated with either vector (control) or with 100 nM MF4 for 2 h. Cells
were then allowed to pinocytose fluorescent-dextran for the indicated times, fixed and
then observed by microscopy. B. Alternatively, cells were fixed and analysed by flow
cytometry. Shown is the background corrected fluorescence-average of dextran per cell
after counting 10,000 cells per condition per experiment for six independent
experiments. The uptake of FITC-conjugated dextran was compromised in those
macrophages treated with MF4 for 2 h, as early as 15 min after the onset of dextran
incubation (p<0.03), and this effect was even more pronounced with 30 min pulse
(p<0.01).
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3.2 Abstract

Macrophages internalize and sequester pathogens into a phagosome. Phagosomes then
sequentially fuse with endosomes and lysosomes, converting into degradative
phagolysosomes. Phagosome maturation is a complex process that requires regulators
of the endosomal pathway including the phosphoinositide lipids. Phosphatidylinositol-
3-phosphate and phosphatiydlinositol-3,5-bisphosphate (PI(3,5)P2 ), which respectively
control early endosomes and late endolysosomes, are both required for phagosome
maturation. Inhibition of PIKfyve, which synthesizes PI(3,5)P2, blocked phagosome-
lysosome fusion and abated the degradative capacity of phagosomes. However, it is not
known how PIKfyve and PI(3,5)P2 participate in phagosome maturation. TRPML1 is a
PI(3,5)P2 -gated lysosomal Ca** channel. Since Ca** triggers membrane fusion, we
postulated that TRPML1 helps mediate phagosome-lysosome fusion. Using Fcy
receptor-mediated phagocytosis as a model, we describe our research showing that
silencing of TRPML1 hindered phagosome acquisition of lysosomal markers and reduced
the bactericidal properties of phagosomes. Specifically, phagosomes isolated from
TRPML1-silenced cells were decorated with lysosomes that docked but did not fuse
with. We could rescue phagosome maturation in TRPML1-silenced and PIKfyve-
inhibited cells by forcible Ca** release with ionomycin. We also provide evidence that
cytosolic Ca”* concentration increases upon phagocytosis in a manner dependent on
TRPML1 and PIKfyve. Overall, we propose a model where PIKfyve and PI(3,5)P2 activate

TRPML1 to induce phagosome-lysosome fusion.
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3.3 Introduction

Macrophages are professional phagocytes of the immune system that roam around
tissues to hunt and eliminate pathogens such as bacteria and fungi. Upon contact with a
pathogen, receptors embedded on the macrophage plasma membrane engage cognate
ligands on the pathogen surface to trigger a complex signaling network involving protein
kinases, GTPases and various lipid second messengers that together coordinate the
localized remodeling of the actin cytoskeleton and membrane (Flannagan, Jaumouillé, &
Grinstein, 2012; Underhill & Ozinsky, 2002). This culminates in engulfment of the
pathogen in a process known as phagocytosis. The pathogen is now sequestered in a
new organelle, or phagosome. Nascent phagosomes are similar to the plasma
membrane and the extracellular medium, but are quickly remodeled by sequentially
fusing with endosomes and lysosomes (Fairn & Grinstein, 2012; Otilia V Vieira, Botelho,
& Grinstein, 2002). This maturation process converts the phagosome from an innocuous
organelle into a phagolysosome, endowed with hydrolases and an acidic milieu that kills
and digests the pathogen (Fairn & Grinstein, 2012; Kielian & Cohn, 1980; Pesanti &
Axline, 1975; Otilia V Vieira et al., 2002).

As with phagocytosis, phagosome maturation is a highly coordinated process
that requires the endolysosomal protein machinery that controls membrane fission,
targeting and fusion, including SNARE proteins, Rab GTPases and phosphoinositide (Pl)
lipid signals (Fairn & Grinstein, 2012; Otilia V Vieira et al., 2002). With respect to PIs,
phosphatidylinositol-3-phosphate (PtdIns(3)P) and phosphatidylinositol-3,5-

bisphosphate are implicated in phagosome maturation (Balla, 2013; C. D. Ellson,
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Anderson, et al., 2001; Fratti, Backer, Gruenberg, Corvera, & Deretic, 2001; G. H. E. Kim,
Dayam, Prashar, Terebiznik, & Botelho, 2014; O V Vieira et al., 2001). PtdIns(3)P
predominates on early endosomes, where it helps to recruit effector proteins like EEA1L,
HRS and sorting nexins to mediate endosome trafficking (Birkeland & Stenmark, 2004;
Gillooly et al., 2000; Urbé, Mills, Stenmark, Kitamura, & Clague, 2000; Xu, Hortsman,
Seet, Wong, & Hong, 2001). These effectors typically carry a FYVE or a PX domain;
fusion of these domains to GFP is useful to probe Ptdins(3)P dynamics (C. D. Ellson,
Anderson, et al., 2001; C. D. Ellson, Gobert-Gosse, et al., 2001; Gillooly et al., 2000). In
fact, GFP-FYVE and GFP-PX chimeric proteins were used to show that early phagosomes
acquire Ptdins(3)P soon after closure, followed by depletion within 10 minutes (C. D.
Ellson, Anderson, et al., 2001; G. H. E. Kim et al., 2014; O V Vieira et al., 2001). In part,
depletion of Ptdins(3)P seems to occur by conversion into PI(3,5)P2 (Hazeki et al., 2012;
G. H. E. Kim et al., 2014).

PI(3,5)P2 is thought to predominate in late endosomes/lysosomes and is
synthesized by the PtdIns(3)P 5-kinase PIKfyve (de Lartigue et al., 2009; Ho, Alghamdi, &
Botelho, 2012; O C lkonomov, Sbrissa, & Shisheva, 2001; Ognian C lkonomov, Sbrissa,
Foti, Carpentier, & Shisheva, 2003; Jefferies et al., 2008; McCartney, Zhang, & Weisman,
2014). Inhibition of PIKfyve causes a dramatic enlargement of endolysosomes, appears
to disrupt lysosomal recycling and may impair autophagic flux, among other defects (de
Lartigue et al., 2009; Ho et al., 2012; O C lkonomov et al., 2001; Martin et al., 2013;
McCartney et al., 2014; Nicot et al., 2006; Rutherford et al., 2006). Pharmacological

inhibition or siRNA-mediated gene silencing of PIKfyve affected phagosome maturation
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in macrophages (G. H. E. Kim et al.,, 2014). In particular, this retarded the loss of
PtdIns(3)P from phagosomes, impaired phagosome-lysosome fusion and abated the
proteolytic activity of the phagosome lumen (G. H. E. Kim et al., 2014). However, it is
not known how PIKfyve/PI(3,5)P2 is necessary for phagosome maturation.

There are only a few known PI(3,5)P2 effectors in mammalian cells (Ho et al.,
2012; McCartney et al., 2014). Interestingly, various studies suggest that PI(3,5)P2 may
control multiple ion channels (Dong, Shen, Wang, Dawson, Li, Zhang, Cheng, Zhang,
Weisman, Delling, & Xu, 2010; Munoz, Almilaji, Setiawan, Foller, & Lang, 2013; Pakladok,
Almilaji, Munoz, Alesutan, & Lang, 2013; Tsuruta, Green, Rousset, & Dolmetsch, 2009).
One of the best characterized is TRPML1 (or mucolipin-1), a lysosomal channel that
facilitates diffusion of Ca®* and other metals out of the lysosome (Dong et al., 2009;
Dong, Shen, Wang, Dawson, Li, Zhang, Cheng, Zhang, Weisman, Delling, & Xu, 2010;
Wang, Zhang, Gao, & Xu, 2014; Zeevi, Frumkin, & Bach, 2007). The list of functions
associated with TRPML1 activity is growing and include trafficking to lysosomes,
heterotypic lysosome fusion, lysosome reformation and lysosome exocytosis during
plasma membrane repair and phagocytosis of large particles (Cheng et al., 2014; Dong,
Shen, Wang, Dawson, Li, Zhang, Cheng, Zhang, Weisman, Delling, & Xu, 2010; Paul R
Pryor et al., 2006; M. Samie et al., 2013; Shen et al., 2012; Thompson, Schaheen, Dang,
& Fares, 2007). Indeed, these endolysosomal functions overlap with those associated
with endolysosomal Ca*?, including triggering heterotypic late endosome-lysosome
fusion and lysosome exocytosis (Gerasimenko, Gerasimenko, & Petersen, 2001;

Kiselyov, Ahuja, Rybalchenko, Patel, & Muallem; P R Pryor, Mullock, Bright, Gray, &
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Luzio, 2000; Reddy, Caler, & Andrews, 2001; M. Samie et al., 2013). Importantly, the N-
terminal cytosolic tail of TRPML1 binds to PI(3,5)P2 (Dong, Shen, Wang, Dawson, Li,
Zhang, Cheng, Zhang, Weisman, Delling, & Xu, 2010). This binding increases the open-
probability of TRPML1, leading to Ca*? diffusion (Dong, Shen, Wang, Dawson, Li, Zhang,
Cheng, Zhang, Weisman, Delling, & Xu, 2010). Interestingly, tandem copies of the
PI(3,5)P2 -binding region of TRPML1 encompassing residues 1-68 was recently shown to
serve as a sensor of PI(3,5)P2 (Lietal., 2013).

Given the above, we speculated that TRPML1 may be required for phagosome
maturation by stimulating phagosome-lysosome fusion and that this may be part of the
mechanism by which PIKfyve helps control phagosome maturation. Here, we
tested this hypothesis by silencing TRPML1 expression in macrophages and observing
the effect on phagosome maturation. As a model, we employed antibody-coated
particles, which are internalized by engaging the phagocytic Fcy receptors (Flannagan et
al,, 2012). We observe that TRPML1 silenced cells are defective for phagosome
maturation. Importantly, lysosomes could dock with phagosomes but failed to merge in
TRPML1-silenced cells. Importantly, Ca** ionophores were sufficient to rescue
phagosome maturation in both TRPML1-silenced cells and PIKfyve-inhibited cells.
Lastly, we provide evidence that phagocytosis induces changes in cytosolic Ca** in a
manner dependent on PIKfyve and TRPML1 and independent of extracellular and
endoplasmic reticulum-derived Ca**. Overall, we propose a model by which PIKfyve,

likely through PI(3,5)P2 activates TRPML1 to stimulate phagosome-lysosome fusion.
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3.4 Results and Discussion

3.4.1 TRPML1 silencing in macrophages impacts lysosome morphology

TRPML1 is a lysosomal Ca®* channel gated by PI(3,5)P2 (Dong, Shen, Wang, Dawson, Li,
Zhang, Cheng, Zhang, Weisman, Delling, & Xu, 2010). To examine its importance
towards phagosome maturation, we pursued siRNA-mediated gene silencing to
eliminate TRPML1 in the RAW 264.7 macrophage cell line. After 30 h post-
electroporation of silencing oligonucleotides, we tested the efficiency of TRPML1
silencing by two methods. First, we employed gRT-PCR to demonstrate that TRPML1
MRNA copy number was abated by ~60% in cells treated with oligonucleotides against
TRPML1 (siRNA™®) relative to non-targeting oligonucleotides (siRNA*) (Fig. 3.1A).
Second, we demonstrated that TRPML1 protein expression was reduced by ~65% in
siRNA™-treated cells versus cells treated with siRNA* (Fig. 3.1B). To further confirm
successful TRPML1 silencing and demonstrate that this impacted cells, we then
examined the morphology of early endosomes and late endosomes/lysosomes
(endolysosomes) by staining for EEA1 and LAMP1, respectively. As illustrated in Fig.
3.1C, TRPML1 silencing had no apparent effect on EEA1 distribution or morphology. By
comparison, siRNA™-treatment increased the number of LAMP1-positive
compartments relative to the SiRNA® condition, as previously observed ((Thompson et
al., 2007); Fig. 3.1C, D). Overall, we can efficiently silence TRPML1 expression in RAW

macrophages to examine its role in phagosome maturation.
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Figure 3.1: TRPML1 silencing and its effect on lysosomes.

RAW macrophages were electroporated with non-targeting siRNA (siRNA>) or with
TRPML1 siRNA oligonucleotides (siRNA™") as described in methods. A. The efficiency of
TRPML1 silencing measured by quantitative real-time PCR after reverse transcription.
Shown are the mean * the standard error of the mean (SEM) from at least three
independent experiments, each with three replicates, and normalized to control cells.
Using the Student’s t-test, sSIRNA™ " -treated cells had significantly less TRPML1 mRNA
compared to control cells (n-3, p<0.01). B. The efficiency of TRPML1 silencing measured
by Western blotting with anti-TRPML1 antibodies (n=2). C. After electroporation and
silencing, cells were stained with anti-EEA1 and anti-LAMP1 antibodies to determine the
effect of TRPML1 silencing on early endosomes and lysosome distribution and
morphology. While there was no apparent effect on early endosomes, TRPML1 silencing
increased the number of enlarged lysosomes (arrows) relative to cells treated with
SIRNA>. D. Number of LAMP1-positive compartments > 1 um in diameter. Shown are
the mean + SEM from at least three independent experiments. Using Student’s t-test,
there were significantly more swollen LAMP1 compartments in siRNA™"-treated relative
to control (n=3, p<0.05). Scale bar = 10 um.
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3.4.2 TRPML1 silencing impedes phagocytosis
To follow the role of TRPML1 in phagosome maturation, we first examined its role in Fcy
R-mediated phagocytosis of IgG-coated beads. This was important because i)
phagocytosis needs to occur to examine phagosome maturation, ii) we had previously
shown that PIKfyve inhibition could handicap phagocytosis (G. H. E. Kim et al., 2014),
and iii) TRPML1 was previously reported to be necessary for the engulfment of large
particles (M. Samie et al., 2013). More specifically, Samie et al. showed that TRPML17
macrophages had difficulty in engulfing red blood cells and beads with a 6 um diameter
but were not impaired in ingesting beads 3 um in diameter (M. Samie et al., 2013).
Thus, we employed latex beads with an in-between average diameter of 3.9 um,
expecting a partial defect. As we observed before, cells treated with 50 nM apilimod
were attenuated for phagocytosis, (Fig. 3.2A; (G. H. E. Kim et al., 2014)). Similarly, RAW
cells silenced for TRPML1 exhibited a significant reduction of about 70% in particle
internalization relative to cells treated with the siRNA> (Fig. 3.2B). Interestingly, latex
particles with a smaller diameter (2.6 um) were engulfed at similar rates by siRNA>*- and
siRNA™ -treated cells (Fig. 3.2B). Thus, and as previously observed, phagocytosis of
larger beads is more sensitive to TRPML1 loss-of-function. However, the requirement
for TRPML1 in phagocytosis may also depend on particle type, shape and surface
ligands, as elaborated on below.

Given that TRPML1 is a PI(3,5)P2 -gated Ca* channel, we then tested if we could
rescue phagocytosis of the 3.9 um particles by forcibly increasing the cytosolic Ca®

concentration with ionomycin, a Ca®* ionophore, in cells inhibited for TPRML1 or
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PIKfyve. Notably, a short 5 min treatment with ionomycin was sufficient to rescue
phagocytosis in both TRPML1-silenced and PIKfyve-inhibited cells (Fig. 3.2C,D). The
ionomycin-based phagocytic rescue may be explained by one of or a combination of the
following two models: i) rescue may be due to a largely, non-specific exocytosis of
endomembranes triggered by high Ca®* concentration that helps complete stalled
particle engulfment and/or ii) the rescue suggests that a specific Ca®* signal fails to arise
in TRPML1-silenced and PIKfyve-inhibited cells, stalling phagocytosis, likely due to
attenuated secretion of endomembranes at phagocytic cups. We argue that the latter
model is likely since Samie et al. had similarly observed enhancement of phagocytosis
upon pharmacological activation of TRPML1 with ML1-SA, a synthetic agonist peptide of
TRPML1 (M. Samie et al., 2013). In addition, several studies indicate that efficient
phagocytosis, especially of larger particles, requires localized exocytosis of
endomembranes, including recycling endosomes and lysosomes, a process that requires
Ca®* release from endomembranes (Bajno et al., 2000; Braun et al., 2004; Czibener et

al., 2006; M. Samie et al., 2013).
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Figure 3.2: The effect of TRPML1 silencing on phagocytosis in macrophages.

A. RAW macrophages were either not treated (control) or exposed to 50 mM apilimod
for 1 h. B. RAW macrophages were electroporated with either non-targeting siRNA
(siRNA>) or with TRPML1 siRNA oligonucleotides (siRNA™F). A,B. Cells were then
permitted to engulf particles of a given diameter for 15 min and the phagocytic index
was scored by counting the number of phagosomes in at least 100 cells per condition.
C,D. Alternatively, cells were exposed to 10 pM ionomycin for 5 min after 10 min of
phagocytosis of 3.9 um partilcles and the phagocytic index scored as before. Shown are
the mean £ SEM from at least three independent experiments normalized to control
cells. Using ANOVA test, followed by Tukey’s post-hoc test, we observed a striking
inhibition of phagocytosis of 3.9 um particles in apilimod and TRPML1-silenced cells
relative to control (asterisks in A-D, p<0.01) and a significant rescue by ionomycin
treatment relative to the respective apilimod and siRNA™" conditions (double asterisks
in C and D; p<0.05).
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3.4.3 TRPML1 activity does not affect phosphoinositide dynamics on
phagosomes

Using GFP-fusion proteins of FYVE and PX domains, it is well known that early
phagosomes become enriched in Ptdins(3)P immediately after closure. This enrichment
is transient since the GFP-probes dissociate from phagosomes in less than 10 min (C. D.
Ellson, Anderson, et al., 2001; O V Vieira et al.,, 2001). We and others had previously
shown that PIKfyve antagonists affected the phagosomal kinetics of Ptdins(3)P using
2FYVE-GFP (Hazeki et al., 2012; G. H. E. Kim et al., 2014). In particular, dissociation of
the probe was significantly delayed in PIKfyve-inhibited cells. We postulated that this
was related to the role of PIKfyve in converting Ptdins(3)P into PI(3,5)P2 and predicted
that TRPML1, as an effector of PIKfyve, would have little impact on phagosomal
PtdIns(3)P dynamics. Therefore, we compared untreated, SIRNA®, siRNA™" and
apilimod-treated cells expressing 2FYVE-GFP and undergoing live phagocytosis. By
synchronizing to the apparent time of closure and measuring the fluorescence intensity
of 2FYVE-GFP on phagosomes over the cytosolic signal, we estimated the relative
abundance of PtdIns(3)P on phagosomes over time. As expected, there was little
difference in the acquisition of 2FYVE-GFP in any of the treatments (Fig. 3.3A,B). In
comparison, apilimod-treated cells exhibited a significant delay in the loss of 2FYVE-GFP,

"®P_treated macrophages (Fig. 3.3A, B). Thus, we

which was not observed in siRNA
suggest that PIKfyve activity is necessary for efficient turnover of Ptdins(3)P on

phagosomes, likely by conversion to PI(3,5)P2 , and that this is independent of TRPML1.
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This also suggests that TRPML1 may not play a significant role in controlling early

phagosomal properties.
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Figure 3.3: FPhosphatidylinositol-3-phosphate dynamics on phagosomes in TRPML1-
silenced macrophages.

A. RAW macrophages were co-electroporated with siRNA oligonucleotides and plasmid
encoding 2FYVE-GFP. The left most panels show represenative DIC and fluorescence
frames at time = 0 min of time-lapse microscopy of cells undergoing phagocytosis. The
square dotted box represents a magnified area shown in the right most panels. Red
asterisks indicate phagosomes tracked over time. Elapsed time in minutes is indicated,
where 0 min is the estimated time of closure. Scale bar = 10 um. B. Quantification of
2FYVE-GFP fluorescence as the ratio of 2FYVE-GFP intensity on the phagosome to the
cytosol. Shown are the mean ratio + standard deviation normalized to time “0 min”.
Apilimod-treated cells (green trace) exhibited slow loss of 2FYVE-GFP from phagosomes
relative to the other conditions

3.4.4 TRPML1 silencing impairs phagosome maturation and bactericidal
activity

Given that PIKfyve is required for phagosome maturation and that PI(3,5)P2 gates
TRPML1 activity, we postulated that TRPML1 may control phagosome maturation by
facilitating fusion with endolysosomes. To test this, we permitted RAW macrophages

treated with siRNA™

to internalize IgG-opsonized beads, followed by a 1 h chase to
elicit phagolysosome formation. Cells were then stained for LAMP1, a canonical marker
of endolysosomes. We then applied a pseudocolour filter to differentiate between
strongly, intermediate and weakly labeled phagosomes, as previously done (G. H. E. Kim
et al., 2014).

As shown in Figure 4A and B, ~60% of phagosomes in untreated and siRNA®>-
treated cells were strongly labeled for LAMP1 (large arrows, Fig. 4A), while ~15% were
weakly labeled. By contrast, cells silenced for TRPML1 showed a dramatic reduction in

strongly labeled LAMP1 phagosomes (<20% versus ~60% in control) with a

corresponding increase in weakly LAMP1-labeled phagosomes (45% versus 15% in
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control Fig. 3.4A, B). For comparison, apilimod-treated cells exhibited an even larger
attenuation in LAMP1 acquisition, with 5% and 65% of phagosomes being strongly and
weakly labeled for LAMP1, respectively (arrowheads, Fig. 3.4A,B). Importantly,
expression of mCherry-tagged human wild-type TRPML1, which is resistant to the
silencing oligonucleotides against murine TRPML1, strongly rescued phagosome
maturation in SiRNA™'-treated mouse macrophages (Fig. 3.4C, D). Incidentally,
phagosomes were also labeled with mCherry-TRPML1 in these rescue experiments (Fig.
3.4C). In comparison, most phagosomes remained weakly labeled for LAMP1 in cells
that did not express human TRPML1 or that were transfected with mCherry-only
expressing plasmids (Fig. 3.4C,D). This strongly supports that the defect in phagosome

maturation observed in siRNA™"

-treated cells results from TRPML1 suppression rather
than an off-target effect.

These data suggested that phagosomes failed to acquire a bactericidal milieu
when PIKfyve or TRPML1 are blocked. To test this, we used the treatments above and
allowed macrophages to internalize live IgG-opsonized E. coli for 1 h, followed by 30 min
in the presence of gentamycin to kill extracellular bacteria. Macrophages were then
lysed immediately (0 h chase) to estimate the number of bacteria engulfed, or incubated
for an additional 2 h to estimate the rate of bacterial killing relative to O h.

First, we observed ~25% fewer colonies in apilimod-treated and TRPML1-
silenced cells relative to the respective controls at 0 h, implying that the uptake of E. coli

was decreased in PIKfyve- and TRPML1-inhibited cells (Supplementary Fig. S3.1). This

suggests that the type of particle and/or ligands, not just the size, can affect the

136



sensitivity of phagocytosis to the loss of TRPML1 function. Second, after 2 h of
phagosome maturation, all conditions exhibited fewer surviving bacteria relative to 0 h,
illustrating that bacteria were being killed (Supplementary Fig. S3.1). However, there
was a striking hindrance in the ability of PIKfyve- and TRPML1-supressed cells to kill
bacteria relative to control conditions. Whereas 15-20% of bacteria remained alive after
2 h of phagosome maturation in control cells, this escalated to 35-40% in PIKfyve and
TRPML1-deficient cells (Fig. 3.4E). These observations are consistent with our previous
observation that phagosomes in PIKfyve-inhibited cells had reduced cathepsin D and
impaired proteolytic activity (G. H. E. Kim et al., 2014).

Overall, our data support a model by which PIKfyve and TRPML1 are necessary
for phagosome-lysosome fusion and for phagosomes to efficiently acquire a degradative
milieu. This also poses the possibility that pathogens like Mycobacteria may interfere
with PIKfyve and TRPML1 function to usurp the cellular machinery (Scott, Botelho, &
Grinstein, 2003). Indeed, Mycobacteria is known to disturb PtdIns(3)P metabolism to
impair phagosome maturation (Vergne et al., 2004, 2003) — thus, direct or indirect

interference of PI(3,5)P2 function is conceivable.
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Figure 3.4: The effect of TRPML1 and PIKfyve loss of function on phagosome
maturation and bacterial killing.

Cells were either untreated (control), exposed to 25 nM apilimod, or electroporated
with either siRNA* or siRNA™" oligos. Cells were then allowed to phagocytose and
undertake phagosome maturation as described in text. A: Micrographs showing
corresponding DIC images of cells and internalized beads and LAMP1 fluorescence
signal. To better assess fluorescence intensity, images were converted to pseudocolour
to represent strong LAMP1 acquisition (LAMP1*, white-yellow), intermediate LAMP1
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decoration (LAMP1+/', orange-red) and weak LAMP1 staining (LAMP1, blue-black).
Large arrows and arrowheads point to phagosomes strongly or weakly decorated with
LAMP1 staining, respectively. Thin arrows point to LAMP1 puncta/clusters associated
with phagosomes. B. The percentage of phagosomes stained strongly, intermediate or
weakly with LAMP1 based on at least 100 phagosomes per condition per experiment
across at least six experiments. Shown is the mean percent of phagosomes in each
LAMP1-staining category £ SEM. Using one-way ANOVA test, followed by Tukey’s post-
hoc test, there was a significant difference in the number of phagosomes strongly-
labelled or weakly-labelled with LAMP1 between control/siRNA* cells versus apilimod
or siRNA™-treated cells (asterisks; p<0.05). C. As described above for A, but cells were
transfected with mCherry-only or mCherry-tagged human TRPML1 after electroporation
of silencing oligonucleotides. D. The percentage of phagosomes stained strongly,
intermediate or weakly for LAMP1 as described and tested above in B. E. The percent of
surviving bacteria. This percent normalizes the number of colonies formed in
macrophages chased for 2 h after engulfment to the number of colonies formed with no
chase time after phagocytosis. Using paired Student’s t-test, there was a significant
increase in the number of colonies formed from apilimod or SiRNA™"-treated cells
relative to respective controls (asterisks; p<0.05). Scale bar = 10 um.

3.4.5 Calcium suffices to rescue TRPML1 and PIKfyve defects

Since TRPML1 was required for phagosome maturation, we asked if forcibly increasingly
cytosolic Ca** concentration in apilimod-treated or TRPML1-silenced cells would rescue
phagosome acquisition of LAMP1. Using our previous imaging analysis, we compared
phagosome acquisition of LAMP1 in cells with or without a 5 min exposure to 10 uM
ionomycin administered 30 min post-phagocytosis and chased for 25 min after
ionomycin using the conditions in Figure 3.4. As before, there was a significant
reduction in the number of phagosomes strongly-labeled for LAMP1 and a
corresponding increase in the number of phagosomes weakly-stained for LAMP1 in

apilimod- or siRNA™®"

-treated cells relative to control and siRNA>*-treated cells (Fig.
3.5A-C). Strikingly, ionomycin treatment caused a statistically significant rebound in the

number of phagosomes that were strongly labeled with LAMP1 and a corresponding
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decline in the number of phagosomes weakly stained for LAMP1 in apilimod-treated and
TRPML1-silenced cells (Fig. 3.5A-C).

Since ionomycin non-specifically facilitates Ca** diffusion across membranes, we
also wanted to confirm that endogenous Ca®t plays a role in phagosome-lysosome
fusion. To do this, we pre-incubated cells with BAPTA-AM to chelate Ca** during
phagosome maturation. In doing this, we observed attenuated number of phagosomes
strongly labeled for LAMP1 and a jump in the number of phagosomes poorly staining for
the lysosomal marker (Fig. 3.5D). These observations argue that endogenous Ca’*

release is necessary for efficient phagolysosome biogenesis.
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Figure 3.5: The effects of ionomycin and BAPTA-AM on phagosome acquisition of
LAMP1 in PIKfyve and TRPML1-deficient cells.

A-C: Cells were either untreated (control), exposed to 25 nM apilimod or to SIRNA* or
siRNA™", followed by phagocytosis and phagosome maturation, followed by sham or
ionomycin-treatments as described in text. A: Micrographs of LAMP1-stained cells as
described in Figure 4. Arrows and arrowheads point to phagosomes strongly or weakly
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decorated with LAMP1 staining, respectively. Scale bar =10 um. B,C: The mean percent
of phagosomes + SEM stained strongly, intermediate or weakly with LAMP1 based on at
least 100 phagosomes per condition per experiment across at least three experiments.
Using one-way ANOVA and Tukey’s post-hoc test, single asterisks indicate statistically
important difference between control and apilimod and between control and TRPML1-
silenced phagosomes strongly and weakly-labelled for LAMP1 (p<0.05). Double
asterisks indicate statistical difference between ionomycin-treated and the respective
non-ionomycin conditions (p<0.05). D. Cells were either untreated or pre-incubated
with BAPTA-AM before phagocytosis and LAMP1 staining as above. Normalized mean
number of phagosomes + SEM stained strongly, intermediate or weakly for LAMP1.
Asterisks indicate statistically important difference between control and BAPTA using
paired Student’s t-test (p<0.05).

3.4.6 TRPML1 and Ca** facilitate phagosome-lysosome fusion
To complement our imaging analysis, we decided to employ cytometry to quantify
LAMP1 signal associated with isolated phagosomes. We compared phagosomes
isolated from untreated cells, cells electroporated with SiRNA or siRNA™"
oligonucleotides or cells exposed to apilimod. We also compared phagosomes from the
last two conditions exposed to ionomycin as performed in Figure 3.5. The relative
average number of phagosomes possessing LAMP1 signal above background from each
condition is shown in Figure 3.6A and 3.6B. As expected, apilimod-treated cells had
fewer phagosomes stained with LAMP1 relative to control cells (Fig. 3.6A). lonomycin
treatment appeared to partially rescue the number of phagosomes containing LAMP1,
consistent with our microscopy analysis.

Surprisingly, we did not observe a difference in the number of phagosomes
stained for LAMP1 isolated from cells electroporated with siRNA>, siRNA™" or siRNA™?
exposed to ionomycin (Fig. 3.6B). These results were contradictory to our microscopic

analysis in Figures 3.4 and 3.5. However, upon more careful inspection of our
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micrographs, we noted differences in the distribution of LAMP1-staining of phagosomes
between the four treatments above. Phagosomes in control and siRNA*-treated cells
were more evenly stained with LAMP1, forming full rings around the beads (Fig. 3.4A,
larger arrows). In contrast, apilimod-treated cells appeared to possess phagosomes that
tended to be devoid of any LAMP1 signal, either as rings, punctate or clusters proximal
to phagosomes (Fig. 3.4A, arrowheads). This was strikingly distinct from phagosomes in
TRPML1-silenced cells, which despite being weaker in overall LAMP1 staining, were
more often associated with LAMP1-positive puncta or clusters (smaller arrows, Fig.
3.4A). We postulated that these punctate structures were lysosomes docked to
phagosomes but which failed to fuse in the absence of TRPML1.

To test this hypothesis and reconcile our flow cytometry and microscopy
analyses, we performed microscopy of isolated phagosomes from various conditions
above. We deduced that lysosomes docked onto phagosomes would survive the
isolation process. Indeed, while phagosomes from control and SIRNA* cells tended to
be uniformly stained for LAMP1, phagosomes from TRPML1-silenced cells were more
often associated with punctate LAMP1 staining (Fig. 3.6C, arrows). Phagosomes from
apilimod-treated cells were most often devoid of signal or had few LAMP1 puncta
associated with them (Fig. 3.6C). Importantly, the punctate LAMP1 distribution on

TR cells treated

phagosomes was generally lost when isolated from apilimod or siRNA
with ionomycin (Fig. 3.6C).

Overall, these observations are consistent with the notion that TRPML1 helps

induce phagosome-lysosome fusion after docking by facilitating Ca®* diffusion out of
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lysosomes. In addition, we suggest that PIKfyve acts upstream of TRPML1, possibly
coordinating targeting of phagosomes to lysosomes and subsequently helping to
activate TRPML1 to trigger phagosome-lysosome fusion. This model is consistent with
various observations including i) that fast acting chelators like BAPTA-AM, but not slow-
acting chelators like EGTA-AM, impair heterotypic lysosome fusion (Fairn & Grinstein,
2012; P R Pryor et al., 2000); ii) that BAPTA-AM treatment can impair phagosome-
lysosome fusion (Vergne et al., 2004); iii) and that pathogens like Mycobacterium
actively suppress Ca'? signals (Z A Malik, Denning, & Kusner, 2000). In fact,
Mycobacteria suppression of Ca’* signaling is essential to maintain viability within
macrophages by inhibiting calmodulin signaling and preventing phagosome uncoating
(Jayachandran et al., 2007; Zulfigar A Malik et al., 2003; Vergne et al., 2003), and that
incubation with Ca** ionophores reduces this viability (Z A Malik et al., 2000).

The exact mechanisms that coordinate PIKfyve, TRPML1 and Ca** during
phagosome maturation remain to be determined. For instance, while nascent
phagosomes containing larger particles acquire TRPML1 by lysosome exocytosis during
the internalization process (M. Samie et al., 2013), smaller phagosomes likely acquire
TRPML1 only after the first round of lysosome fusion, many minutes after particle
enclosure. Thus, TRPML1 may work bidirectionally to mediate phagosome-lysosome
fusion in large phagosomes, but unidirectionally in smaller phagosomes. Additionally, it
is unclear how PIKfyve, PI(3,5)P2 and TRPML1 are coordinated to mediate Ca’* diffusion
during phagosome-lysosome docking. Since there is constitutive PI(3,5)P2 in lysosomes

but TRPML1 is not constitutively open, we speculate that a docking sensor may

144



coordinate this process. Perhaps, partial SNARE pairing may communicate to PIKfyve to
locally hyper-stimulate PI(3,5)P2 synthesis, leading to localized TRPML1 activation and
Cca** release, which in turn reinforces SNARE binding and eventual fusion (Braun et al.,
2004; Czibener et al., 2006). Such a flow of information has the potential to act as a
local positive feedback loop that catalyses phagosome-lysosome fusion. Significantly,
phagosomes may prove to be indispensable tools to test these hypotheses given that
they are easy to isolate and their large size permits visual resolution of organelle-

organelle docking and membrane subdomains as depicted in Fig. 3.4, 5 and 3.6.
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Figure 3.6: Flow cytometry and microscopy of isolated phagosomes stained for
LAMP1.

RAW macrophages were treated as previously and allowed to form and mature
phagosomes as in Figure 5. However, phagosomes were then isolated and stained for
LAMP1. A,B: The normalized relative number of phagosomes containing LAMP1 from
cells treated as indicated using flow cytometry. Mean + SEM are based on three
independent experiments. A. Using one-way ANOVA and Tukey’s post-hoc test, there
was a significant difference between control and apilimod (*). Although there was no
statistical difference between apilimod and apilimod plus ionomycin conditions, there
was a trend towards stronger LAMP1 staining in ionomycin-treated cells. B. There was
no difference between control, TRPML1-silenced with or without ionomycin using
ANOVA. C. Collapsed stacks acquired using spinning disc confocal microscopy of
isolated phagosomes stained for LAMP1. Phagosomes from TRPML1-silenced cells were
heavily decorated with LAMP1 puncta (arrows) suggesting lysosomes docked but did not
fuse with phagosomes. Phagosomes from apilimod-treated cells were often devoid of
signal or decorated with fewer puncta. All other conditions displayed a more uniform
distribution of LAMP1 suggesting phagosome-lysosome fusion. Scale bar =5 pum.

3.4.7 Calcium dynamics during phagosome maturation

We next attempted to visualize live Ca®* dynamics in macrophages undergoing
phagosome maturation by using a high-efficiency Ca®* fluorescent probe, Fluo4-AM.
Treatment of macrophages with Fluo4-AM led to strongly labelled puncta and very low
cytosolic signal (Fig. 3.7A). First, we determined that the puncta mostly corresponded
to lysosomes by a high-degree of colocalization between Fluo4 puncta and dextran-
loaded lysosomes (Pearson’s factor, 0.5; Fig. 3.7A). Second, we showed that ionomycin
exposure led to a large increase in Fluo4 fluorescence in the cytosol, showing that the
probe was present but non-fluorescent in resting macrophages (Fig. 3.7B). Thus, resting
macrophages have low cytosolic but a high lysosomal Ca’* concentration. The fact that

Fluo4-AM does not label other compartments like the endoplasmic reticulum and
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mitochondria may reflect low levels of esterases needed to cleave off the
acetyloxymethyl ester moiety in these organelles.

We next attempted to visualize live-cell Ca® dynamics during phagosome
maturation by tracking Fluo4 fluorescence. Unfortunately, we could not convincingly
observe localized bursts of Fluo4 fluorescence in the cytosol that might indicate a
localized increase in Ca** concentration at sites of lysosome-phagosome fusion. This
may be due to transient and non-synchronous nature of phagosome-lysosome fusion
and of Ca** diffusion — in fact, it has been estimated that Ca®* release occurs within 1 ms
over a 20 nm region (Burgoyne & Clague, 2003; Fairn & Grinstein, 2012; Hay, 2007).
However, we speculated that in cells with phagosomes that sufficient Ca®* may be
released from lysosomes into the cytosol to be measurable. To test this hypothesis, we
measured the Fluo4 fluorescence in the cytosol, in lysosomes and the ratio of these two
values.

First, we compared resting cells to macrophages undergoing phagocytosis and
we found that the latter tended to have higher cytosolic Fluo4 fluorescence in the
cytosol (Fig. 3.7C, Supplementary Fig. S3.2). This was accompanied by a corresponding
decrease in Fluo4 fluorescence in puncta (Supplementary Fig. S3.2). Thus, when we
took the ratio of Fluo4 fluorescence in the cytosol against puncta, we observed a
significant increase in the ratio of cytosol-to-puncta Fluo4 signal (Fig. 3.7D). Strikingly,
silencing of TRPML1 or PIKfyve inhibition prevented these changes in Fluo4-AM
fluorescence; specifically, there was no increase in cytosolic Fluo4-AM fluorescence, no

decrease in punctate-associated Fluo4-AM fluorescence and consequently no change to
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the fluorescence ratio of cytosol-to-puncta (Fig. 3.7C,D, Supplementary Fig. S3.2).
Chelation of extracellular Ca** with EGTA, or pre-incubation with xestospongin C, a
selective inhibitor of IPs-gated Ca®* channel in the endoplasmic reticulum, did not
prevent the changes in Fluo4-AM fluorescence induced by phagocytosis (Fig. 3.7E, 3.7F).
Overall, we interpret these data to show that TRPML1 and PIKfyve play a role in
releasing Ca®* from lysosomes to help trigger phagosome-lysosome fusion.

It remains possible that Ca** may also be released from other endomembrane
structures, though this does not appear to be extracellular or endoplasmic reticulum-
sourced. We speculate that in addition to participating in phagosome-lysosome fusion,
that this change in cytosolic Ca®* concentration may act as a signal to change the
activation state of macrophages. For example, this may lead to activation of calmodulin
and effects on transcription factors controlling gene expression (Attout, Floto, & Launay,
2014). Thus, we propose that Ca** originating from lysosome-stores may have a very
important role in re-programming macrophages after phagocytosis and that this

depends on PIKfyve and TRPML1.
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Figure 3.7: The effect of phagocytosis on Fluo4-AM fluorescence in RAW macrophages.

A. RAW macrophages were permitted to endocytose Alexa555-dextran to label
lysosomes (red), followed by staining with Fluo4-AM (green) as described in text. Merge
displays the overlapped channels to show co-localization of dextran and Fluo4
(arrowheads show overlapping puncta). B. RAW cells labeled with Fluo4-AM were
subjected to ionomycin for 5 min to increase cytosolic Ca** concentration, causing high
cytosolic Fluo4 fluorescence. Cand E. RAW macrophages were stained with Fluo-4-AM,
pre-incubated with the indicated drugs, and then imaged before phagocytosis (top
panels) or at least 30 min after phagocytosis (bottom panels). Arrows point to Fluo4-
AM labeled puncta and arrowheads point to a cytosolic area. Red circles identify
phagosomes. D, F. The average ratio of Fluo4-AM fluorescence intensity in cytosol to
puncta + SEM from three independent experiments. This is based on at least 10
lysosome readings per cell, with least six cells per condition per experiment. Using one-
way ANOVA, followed by Tukey’s post-hoc test, we found that the fluorescence ratio of
cytosol to lysosome from control, EGTA- and xestospongin C-treated cells after
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phagocytosis was statistically higher and different from all other treatments (p<0.01).
Scale bar =10 um.

3.5 Materials and Methods

3.5.1 Nucleic acids and antibodies

The plasmids encoding mCherry, 2FYVE-GFP and mCherry-tagged wild-type human
TRPML1 were previously characterized (Li et al., 2013; Paul R Pryor et al., 2006; O V
Vieira et al.,, 2001). Plasmids were extracted and purified using E.Z.N.A.® Plasmid
Midiprep Kit (Omega Bio-Tek) as per manufacturer’s instructions. For TRPML1 gene
silencing by siRNA, we used SMARTpool containing four oligonucleotides and the
corresponding non-targeting oligonucleotide sets (Thermofisher, Canada, ON). For
immunofluorescence, the primary antibodies used in this study were rabbit anti-mouse
EEA1 (used at 1:400, Cell Signaling, MA), rat anti-mouse LAMP1 monoclonal antibodies
(clone 1D4B used at 1:100, Developmental Hybridoma Bank, IA) and rabbit anti-E. coli
antibodies (ABD Serotec, Raleigh, NC). For Western blotting, we employed goat anti-
actin antibodies and rabbit anti-TRPML1 antibodies used at a dilution of 1:1000 (Fisher
Scientific, ON). Fluorescent secondary antibodies used were at 1:200 to 1:1000 (Bethyl
Laboratories, TX or Life Technologies, ON) while horseradish peroxidase-linked second

antibodies were used at 1:5000 to 1:10000 (Cedarlane, ON).

3.5.2 Cell culture, transfection and gene silencing
RAW264.7 macrophages were cultured in Dulbecco's modified Eagle's medium (DMEM)

supplemented with high glucose, L-glutamine, sodium pyruvate, and 5% heat-
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inactivated fetal bovine serum (Gibco) at 37 °C in 5% CO,. Experiments at ambient CO,
required using HEPES-buffered RPMI.

Before transfection, cells were cultured onto glass coverslips to reach 40-50%
confluence. Transfection of plasmids was done using Fugene HD (Promega) as per
manufacturer’s instructions. For siRNA-mediated gene silencing, cells were cultured
onto T25 flasks to about 90% confluence. One round of electroporation of cells with
SMARTpool oligonucleotides was done by an Amaxa system, followed by incubation in
DMEM plus 5% fetal bovine serum for 30 h. For rescue experiments, cells were
transfected with mCherry-tagged human TRPML1 using FuGene HD, 8 h post-
electroporation of siRNA oligonucleotides. Co-transfection of siRNA and 2FYVE-GFP
plasmid was conducted using the Neon Transfection System (Life Technologies, ON).
Briefly, cultured RAW 264.7 cells were scraped and washed in PBS. Cells were
resuspended in R buffer (Invitrogen) at 200,000 cells per 100 pL of buffer, with 1 pg of
2FYVE-GFP plasmid DNA and 20 nM siRNA® or siRNA™" oligonucleotides. Transfection
was conducted using 100 pL Neon tips at 1400V, 30 ms width and 1 pulse, followed by
plating onto coverslips with DMEM supplemented with 5% FBS. Live cell imaging and
phagocytosis was conducted after 30 hours. To quantify TRPML1-silencing, we
employed quantitative real-time PCR (qRT-PCR) after reverse transcription of mRNA

using SuperScript® VILO™ Master Mix (ThermoFisher, ON).

3.5.3 Pharmacological treatments
To inhibit PIKfyve, cells were pre-incubated at the indicated concentration of apilimod

(Toronto Research Chemicals, Inc, ON) and period of time. lonomycin-treatments were
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typically done for 5 min at 10 pM in the presence of extracellular Ca**. Alternatively,
cells were pre-incubated for 30 min before phagocytosis with either 10 uM BAPTA-AM,
1 mM EGTA or 5 puM xestospongin C. All drugs were maintained through the entire
experiment including pulse and chase periods when performing phagocytosis and

phagosome maturation assays.

3.5.4 Cell lysates, SDS-PAGE and Western blotting

Cells were scraped and collected after 30 h post electroporation of scrambled and
TRPML1 siRNA and lysed using 2X Laemmli sample buffer, passing through a 27 gauge
needle and heated for 15 min at 65 °C. After 5 min centrifugation at 13,000 g, the
samples were loaded into a 12% SDS-polyacrylamide gels and transferred onto a PVDF
membrane, followed by blocking and incubation with primary and secondary antibodies.
Protein levels were visualized by enhanced chemiluminescence and BioRad gel

documentation system.

3.5.5 Phagocytosis and phagosome maturation assays

Latex polymer beads with a mean diameter of 2.6 um or 3.9 um (Bangs Laboratories, IN)
were opsonized with 10 mg/ml human IgG in PBS at room temperature for 1-2 h
gyrating, followed by 3 washes in PBS. Phagocytosis was initiated by adding beads to
cells and incubating at 37 °C for 15 min. Unbound beads were then washed, cells were
fixed with 4% PFA for 20 min, quenched with 100 mM glycine for 20 min, and stained
with fluorescently labelled goat anti-human antibodies at 1:1000 dilution for 20 min to

discriminate internalized beads from externally bound beads. The number of
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phagosomes per 100 cells was scored to determine the phagocytic index. Alternatively,
after phagocytosis, cells were incubated at 37 °C for a chase period to allow for

phagosome maturation. See below for live-cell imaging of phagocytosis.

3.5.6 Phagosome isolation and staining for LAMP1

Phagosome isolation and staining for LAMP1 was done as described in (G. H. E. Kim et
al., 2014). Briefly, siRNA-treated RAW macrophages were grown to near confluence in
T-25 culture flasks. IgG-opsonized beads were then added and incubated for 90 min at
37°C and 5% CO,, followed by three washes with ice-cold PBS to remove unbound beads
and scraped in 15 ml of homogenization buffer (20 mM Tris pH 7.4, 2.5 uL/ml protease
inhibitor cocktail (Sigma), 1 mM AEBSF, 1 mM MgCl, 1 mM CaCl,, 1 pg/ml RNase and 1
ug/ml DNase). A cell pellet was collected by centrifugation and re-suspended in 2 mL of
homogenization buffer and passed through a syringe with 22-gauge needle (20-25
times) to lyse the cells. A lysate pellet was then obtained and re-suspended in 200 uL of
PBS and overlaid onto a sucrose gradient. Samples were then centrifuged at 50,000g for
10 min at 4°C, the layer of beads were withdrawn from the sucrose gradient using a
syringe with 22-gauge needle and transferred into a new tube. Phagosomes were then
washed with cold PBS, fixed with 4% PFA for 20 min and followed by 100 mM glycine
guench. After centrifugation, phagosomes were permeabilized with iced-cold methanol
for 3-5 min and washed 3X with 0.5 % bovine serum albumin to stain with anti-LAMP1
antibodies. Phagosomes were then processed as described in “Immunofluorescence”

and analysed by microscopy and/or flow cytometry.
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3.5.7 Bactericidal Colony Assay

RAW macrophages were untreated or exposed to 10 nM apilimod for one hour prior to
addition of bacteria — apilimod was replaced with each media change to ensure
continuous PIKfyve inhibition. Alternatively, RAW macrophages were electroporated
with siRNA> or siRNATRP, plated for 29 h before being fed bacteria. In all treatments,
approximately 2x10° RAW macrophages were plated. Overnight E. coli DH5 v cultures
were sub-cultured for 1 h to an ODggg of 0.6, after which bacteria were pelleted and
added to RAW macrophages at a final suspension of 1 OD/mL. Bacteria were then
incubated with macrophages for 1 h to allow for phagocytosis, after which media was
aspirated, macrophages were washed with PBS and replaced with DMEM media
containing 100 pug/mL gentamicin to kill extracellular bacteria. After 30 min, cells were
either lysed immediately (0 h) or the media was aspirated and replaced with fresh
DMEM supplemented with 10% fetal bovine serum, and incubated for 2 h at 37°C to
allow time for phagosome maturation and bacteria killing. Subsequently, media was
aspirated and macrophages were scraped and lysed in 200 pL of 1% Triton X-100 for 5
minutes to release bacteria. Cell lysates were re-suspended in 800 plL of LB broth and
subjected to serial dilution. Ten microliters of each dilution were plated onto individual
LB plates and incubated overnight at 37°C. The number of colonies were then counted

and recorded.

3.5.8 Immunofluorescence
Cells were fixed with 4% PFA for 20 min and quenched with 100 mM glycine for 20 min.

When necessary, external beads were then stained with anti-human IgG and then cells
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were permeabilized with either 0.5% Triton X-100 for 10 min to stain for EEA1, or
treated with ice-cold methanol for 5 min to stain or co-stain with anti-LAMP1
antibodies. After washing with 0.5% bovine serum albumin in PBS, cells were
sequentially incubated for 1 h with primary and secondary antibodies at room
temperature. After mounting, cells were then visualized by fluorescence confocal
microscopy. LAMP1 compartments with a diameter 21 um were scored per cell per

condition to quantify the extent of swelling.

3.5.9 Microscopy, image processing and flow cytometry
Cells were visualized with a Quorum Spinning Disk Confocal Microscope as described in
(G. H. E. Kim et al.,, 2014). For live-cell imaging, cells on coverslips were placed on a
Leiden chamber and incubated with Hepes-buffered RPMI medium at 37 2C. To follow
2FYVE-GFP dynamics, time series composed of non-saturated 8-bit grayscale frames
were acquired at two frames per min. Images where then analysed by Imagel by
identifying regions of interest on the phagosomal membrane, cytosol and extracellular
space (for background subtraction). Fluorescence intensity values were then extracted,
followed by background subtraction and the ratio of phagosome to cytosol signal was
calculated. We synchronized the dynamics of 2FYVE-GFP to the time of phagosome
closure to ensure that the kinetics of phagosomal 2FYVE-GFP was not affected by
possible changes in the rate of phagocytosis.

Images were processed with Adobe Photoshop (v. 7.0.1, Adobe Systems Inc.) and
analyzed using Imagel (v. 1.47 bundled with 64-bit Java). All image processing was done

without altering relative values within each image and when comparing images.
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Pseudo-colour processing was done with Imagel by enabling “Fire” in Image/Look up
Tables such that white-yellow corresponded to grayscale intensities of 255-180, orange-
red corresponded to grayscale intensities of 180-80 and blue-purple corresponded to
grayscale intensities of 80-1.

We also used a BD FACS Calibur flow cytometer to quantify anti-LAMP1
phagosome staining. After defining the phagosome population by using beads alone,
we counted 10,000 events for each sample. We then used phagosomes incubated with
secondary-only (no primary) to gate for background staining. We then counted the
number of phagosomes that were above the 95" percentile of background. The

average fluorescence intensity was calculated for this population of phagosomes.

3.5.10 Calcium imaging during phagosome maturation

Lysosomes were labeled by allowing the cells to endocytose 2 uM Alexa647-conjugated
dextran (Life Technologies, ON) at 37 2C for 15 min and then chased for 1 h. Following,
8 UM of Fluo-4AM (Life Technologies, ON) was added to the media for 45 min, washed
and chased for 45 min at 37 2C. Cells were then imaged live by spinning disk confocal
microscopy in Hepes-buffered RPMI medium at 37 2C. Images were acquired before and
after adding IgG coated latex polymer beads to cells. The mean intensity of cytosolic
and lysosomal Fluo-4AM was measured using Imagel by defining random regions of

interest.
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3.5.11 Statistical Analyses

All data was subject to statistical analysis using either ANOVA, unpaired student t-test or
paired Student’s t-test as appropriate. Experiments were repeated a minimum of three
times. Specific sample size is indicated in each figure legend, along with the determined

mean, standard deviation and p-values.
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Figure S 3.1: The effect of PIKfyve and TRPML1 on bacterial uptake and survival.

A. Macrophaes were treated with DMSO or apilimod or B. electroporated with control (siRNA>)

or TRPML1-silencing oligos (siRNA™). Macrophages were then allowed to phagocytose live E.
coli as described in Methods, followed by immediately lysis (0 h, no chase) to estimate the
number of internalized bacteria in each condition or chased for 2 h to permit bacterial killing
within the phagosome. Macrophages were then lysed and lysates plated on LB-plates. The
number of bacterial colonies formed were then scored. Shown is the mean + SEM from four
independent experiments. The number of colonies formed at 2 h over 0 h estimates the rate of
bacterial survival within phagosomes and is shown in Figure 4E.
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Figure S 3.2: Fluo4-AM fluorescence changes in lysosomes and cytosol of RAW macrophages.

Using the regions of interest defined in Figure 8, we measured the normalized average Fluo4-
AM fluorescence intensity in individual lysosomes and cytosol regions before and after
phagocytosis in control, apilimod and TRPML1-silenced cells. Shown is the average + SEM based
on at least 10 lysosome readings per cell, with least five cells per condition per experiment.
Using one-way ANOVA, followed by Tukey’s post-hoc test, we found that A: Fluo4-AM
fluorescence in lysosomes of control cells after phagocytosis was statistically different from all
other treatments (p<0.01) and that B: the Fluo4-AM fluorescence in the cytosol of control cells
after phagocytosis was statistically different from all other treatments (p<0.01).
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4.2 Abstract

Neutrophils rapidly arrive at an infection site because of their unparalleled chemotactic ability,
after which they unleash numerous attacks on pathogens through degranulation, reactive
oxygen species (ROS) production, and by phagocytosis, which sequesters pathogens within
phagosomes. Phagosomes then fuse with lysosomes and granules to kill the enclosed
pathogens. A complex signalling network composed of kinases, GTPases and lipids such as
phosphoinositides helps coordinate all these processes. There are seven species of
phosphoinositides that are interconverted by lipid kinases and phosphatases. PIKfyve is a lipid
kinase that generates phosphatidylinositol-3,5-bisphosphate [PI(3,5)P,], and directly or
indirectly, phosphatidylinositol-5-phosphate [PtdIns(5)P]. PIKfyve inactivation causes massive
lysosome swelling, disrupts membrane recycling, and in macrophages, blocks phagosome
maturation. Yet, the role of PIKfyve in neutrophils has not been explored. Here, we show that
PIKfyve inhibition in murine neutrophils does not affect granule morphology or degranulation,
but causes LAMP1-positive lysosomes to engorge. Additionally, PIKfyve inactivation blocks
phagosome-lysosome fusion in a manner that can be rescued with Ca® ionophores or agonists
of TRPML1, a lysosomal Ca®* channel. Strikingly, PIKfyve is necessary for chemotaxis, ROS
production and stimulation of the Rac GTPases, which control chemotaxis and ROS. This is
consistent with observations in non-leukocytes that showed that PIKfyve and PtdIns(5)P control
Rac and cell migration. Overall, we demonstrate that PIKfyve has a robust role in neutrophils
and propose a model in which PIKfyve modulates phagosome maturation through PI(3,5)P; -
dependent activation of TRPML1, while chemotaxis and ROS are regulated by Ptdins(5)P-

dependent activation of Rac.
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4.3 Introduction

Neutrophils are the first responders to an infection and thus play an essential role in
coordinating the innate immune response (Lee, Harrison, & Grinstein, 2003b; Mayadas, Cullere,
& Lowell, 2014; Nauseef & Borregaard, 2014; Nordenfelt & Tapper, 2011). They do this because
of their unmatched chemotactic ability, sensing and tracking the chemical trail to sites of
infection (Mayadas et al., 2014). Once in contact with pathogens, they unleash a variety of
attacks including degranulation to secrete cytokines, hydrolytic enzymes and anti-bacterial
peptides, activation of the NADPH oxidase to generate reactive oxygen species (ROS), and
phagocytosis, to engulf and sequester the pathogens into phagosomes (Lee et al.,, 2003b;
Mayadas et al., 2014; Nordenfelt & Tapper, 2011; Sheshachalam, Srivastava, Mitchell, Lacy, &
Eitzen, 2014). Phagosomes then mature by fusing with granules and lysosomes to kill and digest
the pathogens (Nordenfelt & Tapper, 2011; A. W. Segal et al., 1980).

All these responses are coordinated through a variety of receptors and intracellular
signals, including small GTPases (Baker, Pan, & Welch, 2016) and the phosphoinositide (PI)
lipids (Lee et al., 2003b; Nordenfelt & Tapper, 2011; Tuosto, Capuano, Muscolini, Santoni, &
Galandrini, 2015). Based on the phosphorylation pattern of the head group, there are seven
species of Pls that typically function by differentially distributing to intracellular membranes
and then recruiting a set of protein effectors specific to that Pl species (Balla, 2013; Di Paolo &
De Camilli, 2006). Through this general process, phosphatidylinositol-4,5-bisphosphate and
phosphatidylinositol-3,4,5-trisphosphate help to coordinate actin and membrane dynamics to
direct chemotaxis and phagocytosis (Cunningham et al., 2001; Hannigan et al., 2002; Minakami

et al, 2010; Sadhu, Masinovsky, Dick, Sowell, & Staunton, 2003). In comparison,
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phosphatidylinositol-3-phosphate regulates endosomal membrane trafficking, phagosome
maturation and activation of the NADPH oxidase (Anderson et al., 2010; C. D. Ellson, Anderson,
et al., 2001; C. D. Ellson, Gobert-Gosse, et al., 2001; C. Ellson, Davidson, Anderson, Stephens, &
Hawkins, 2006; Minakami et al., 2010). However, there is a dearth of knowledge about the
importance of phosphatidylinositol-5-phosphate [PtdIns(5)P] and phosphatidylinositol-3,5-
bisphosphate PI(3,5)P, in neutrophil function.

PI(3,5)P, is synthesized by the |lipid kinase PIKfyve by phosphorylating
phosphatidylinositol-3-phosphate (Ho et al., 2012; Ognian C lkonomov et al., 2002; McCartney
et al.,, 2014). On the other hand, controversy remains about the source of Ptdins(5)P
(McCartney et al., 2014; Shisheva, Sbrissa, & lkonomov, 2015). In one model, PIKfyve
synthesizes PtdIns(5)P directly by phosphorylating Ptdins (Diego Sbrissa, Ikonomov, Filios,
Delvecchio, & Shisheva, 2012; Shisheva et al., 2015), while by another view PI(3,5)P, is
converted to PtdIns(5)P via the action of the myotubularin lipid phosphatases (McCartney et al.,
2014; Oppelt et al., 2013; Zolov et al.,, 2012). Regardless, loss of PIKfyve function causes
multiple defects attesting to its importance (Ho et al., 2012), including embryonic lethality in
PIKfyve'/' mice (Ognian C. lkonomov et al., 2011), swollen endolysosomes (O C Ikonomov et al.,
2001), hindered membrane recycling (de Lartigue et al., 2009; Rutherford et al., 2006), impaired
lysosomal Ca®" signalling (Dong, Shen, Wang, Dawson, Li, Zhang, Cheng, Zhang, Weisman,
Delling, & Xu, 2010), and defective autophagic flux (Ferguson et al., 2012; Martin et al., 2013).
Interestingly, PIKfyve has an emerging role in the immune response. For example, PIKfyve
inhibition disrupts TLR and cytokine signalling —in fact, the PIKfyve inhibitor, apilimod, was used

to suppress IL-12/1L-13 signalling before it was discovered to be a selective inhibitor of PIKfyve
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(Cai et al., 2013; Cai, Xu, Kim, Loureiro, & Huang, 2014). In addition, mice carrying a platelet-
specific PIKfyve'/' genotype suffer from massive macrophage activation and inflammation (Min
et al., 2014a). Lastly, inhibition of PIKfyve blocks phagosome maturation in macrophages (G. H.
E. Kim et al.,, 2014). This likely occurs because PI(3,5)P, is needed to activate TRPML1, a
PI(3,5)P, -gated lysosomal Ca®" channel (Dayam, Saric, Shilliday, & Botelho, 2015; Dong, Shen,
Wang, Dawson, Li, Zhang, Cheng, Zhang, Weisman, Delling, & Xu, 2010). When TRPML1 is
silenced or Ca” is chelated, phagosomes and lysosomes dock but fail to fuse (Dayam et al.,
2015). It remains possible that some of these defects are due to concomitant loss of PtdIns(5)P
when PIKfyve is inhibited. Indeed, PIKfyve and MTMR3, a myotubularin, are implicated in cell
migration via the PtdIns(5)P-dependent activation of the Rac GTPase, a critical coordinator of
actin remodelling (Oppelt et al., 2013, 2014).

Activation of the Rac GTPases is critically important for neutrophil chemotaxis,
phagocytosis and stimulation of the NADPH oxidase (Abo et al., 1991; Knaus, Heyworth, Evans,
Curnutte, & Bokoch, 1991; Roberts et al., 1999). Given all this, we postulated that PIKfyve
activity, through the synthesis of PI(3,5)P, and/or Ptdins(5)P, is essential for coordinating
various neutrophil functions. Indeed, we found that PIKfyve inhibition blocks phagosome
maturation, chemotaxis and the NADPH oxidase, but not degranulation. In part, PIKfyve
regulates these functions by modulating the lysosomal TRPML1 Ca®* channel and activation of

the Rac GTPases.
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4.4 Materials and Methods

4.4.1 Bone marrow-derived neutrophil isolation and stimulation

Bone marrow from the femur and tibia of C57BL/6 mice were extracted by flushing the bones
with complete DMEM (DMEM plus 10% fetal bovine serum) using a 27-gauge needle. Cells were
centrifuged at 1000 xg for 5 min to yield a pellet that was then resuspended in 1 mL of
complete DMEM and centrifuged at 1000 xg for 30 minutes over a Percoll gradient containing
55%,65%, and 80% Percoll. The band of neutrophils between the 80% and 65% Percoll was
collected, washed with PBS and resuspended in complete DMEM. To plate cells, glass coverslips
were previously coated with 3% BSA at room temperature for 30 min, followed by a PBS wash.
One million neutrophils were then plated by incubating for 30 min at 37 °C and at 5% CO,.

Animal handling and treatment was done according to Institutional Animal Care Ethics Board.

4.4.2 PIKfyve inhibition and vacuolation

To inhibit PIKfyve, neutrophils were treated with the indicated concentrations of apilimod
(Cedarlane, Burlington, ON) and periods of time. To quantify vacuolation, cells were imaged live
in the continuous presence of apilimod for a period of no more than 20 min using differential
interference contrast microscopy. Vacuoles were defined as being greater than 1 um.

Alternatively, cells were stimulated and processed for live-cell imaging or fixed.

4.4.3 Phagocytosis and phagosome maturation assays
For phagocytosis and phagosome maturation, we used polymer beads with a diameter of 2.08
um (Bangs Laboratories, IN) opsonized with human IgG as described in (Dayam et al., 2015) or

DH5 v E. coli grown overnight and resuspend in PBS to a final ODgyo of 1. Particles were then
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added to neutrophils and synchronized by centrifugation of the cells for 5 min at 400xg.
Afterwards, cells were washed 3x with PBS and incubated with complete DMEM at 37 °C and
5% CO, for 15 min to allow internalization of the beads or E. coli. For phagocytic index, cells
were fixed with 4% PFA for 20 min at room temperature, followed by quenching with 100 mM
glycine for 20 min. For phagosome maturation, cells were incubated for a chase time of 1 h at

37 °C and 5% CO, before fixing and processing for immunofluorescence.

4.4.4 Stimulation of degranulation

Neutrophils were plated and pre-treated with 30 nM of apilimod for 30 min at 37 oc prior to
addition of 1 uM latrunculin A (Abcam, Cambridge, MA) for 30 min. Degranulation was induced
by adding 300 nM of fMLP (Sigma-Aldrich, Oakvile, ON) for 3 min followed by fixation with 4%
PFA for 20 min and quenching with 100 mM glycine. To assess degranulation for primary

granules cells were stained with anti-CD63 antibodies (see below).

4.4.5 Immunofluorescence

After the required manipulation, neutrophils were washed and fixed with 4%
paraformaldehyde (PFA) for 20 min, followed by 3x PBS washes and quenching using 100 mM
glycine in PBS for 20 min. For intracellular immunostaining, cells were permeabilized with either
0.5% Triton X-100 for 10 min at room temperature to stain with rabbit anti-mouse polyclonal
antibodies to MPO, MMP9, lactoferrin (all used at 1:100, One World Lab, San Diego, CA), or
CD63 (H-193, 1:200, Santa Cruz Biotech, Paso Robles, CA). Alternatively, cells were
permeabilized with 100% ice-cold methanol for 5 min to stain with rat anti-mouse LAMP1

monoclonal antibodies (clone 1D4B, 1:100, Developmental Hybridoma Bank, lowa City, 10). For
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extracellular staining, no permeabilization was performed before immunostaining. All primary
antibodies were incubated for 1h at room temperature in 0.5% BSA, followed by 3x PBS washes
and 1 h with fluorescently-labelled secondary antibodies at 1:1000 (Cedarlane, Burlington, ON).
Lastly, cells were washed every 5 min with 0.5% BSA for 30 min to remove the excess secondary

antibodies. The coverslips were mounted with Dako mounting media and visualized.

4.4.6 Microscopy and image analysis

For scoring vacuolation, live-cell imaging was done using an inverted Olympus IX83 microscope
(Olympus, Richmond Hill, ON) with a Hamamatsu ORCA-flash 4.0 digital camera. Cells plated on
coverslips were placed in a chamber with HEPES-buffered RPMI medium at 37 °C and were
imaged by differential interference contrast (DIC). For fluorescence imaging, we used a Quorum
spinning disk confocal microscope (Quorum, Guelph, ON) equipped with a Hamamatsu C9100-
13 EMCCD camera and 100X oil objective (NA 1.4) to obtain single-plane images. Images were
then analyzed using Imagel (v. 1.47 bundled with 64-bit Java) and processed with Adobe
Photoshop (v. 7.0.1, Adobe Systems Inc., San Jose, CA) without altering the relative
fluorescence intensity of the images. To quantify phagosome maturation, phagosome-
associated LAMP1 fluorescent intensities were clustered into three groups (strong,
intermediate and weak) using pseudo-color processing as described in (Dayam et al., 2015; G.

H. E. Kim et al., 2014).

4.4.7 Zigmond Chamber Chemotaxis Assay
One million bone-marrow neutrophils in 100 pl HBSS with 1% gelatin were incubated with

different concentrations of apilimod for 30 minutes at 37°C. They were then plated onto 5%

175



BSA-coated microscope cover glass (22 x 40mm) for 10 minutes. The cover glass was then
inverted onto a Zigmond chamber with 100 puL HBSS media and 100 pL HBSS containing 1 uM
fMLP added to the right and left chambers, respectively. Time-lapse video microscopy was used
to record neutrophil movements in the Zigmond chambers for 15 minutes (1 frame/20
seconds). Captured images were analyzed using cell-tracking software (Retrac Version 2.1.01

freeware) for cell direction and speed. Data were collected from five independent experiments.

4.4.8 Cytochrome C Oxidation Assay

To measure reactive oxygen species generation, we employed oxidation of cytochrome C. One
million bone-marrow neutrophils in 100 ul PBS with 10 mM D-glucose were incubated with
different concentrations of apilimod for 30 minutes. They were then mixed with 880 pl PiCM-G
(138 mM NaCl, 2.7 mM KCL, 0.6 mM CaCl,, 1.0 mM MgCl,, 5 mM glucose, 10mM
NaH,;PO4/Na;HPO4, pH 7.4) supplemented with 0.1 mM cytochrome C and incubated for
another 10 minutes at 37°C. Cells were then stimulated with 1 uM fMLP or 1 pM PMA for 30
minutes at 37 °C. The absorbance of reduced cytochrome C at 550 nhm was then recorded and
background corrected (reaction lacking cell lysates). Data were collected from five independent

experiments.

4.4.9 Preparation of recombinant GST-PBD protein

To quantify Rac GTPase activation, we employed affinity chromatography using a fusion protein
of glutathione-S-transferase (GST) and the p21-binding domain (PBD) of PAK as described
previously but with a few modifications (Benard, Bohl, & Bokoch, 1999). Briefly, recombinant

proteins were induced in BL21  E. coli in the presence of 0.4 mM IPTG for 3h at 30 °C. Fifty ODs
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of bacterial culture were then centrifuged before addition of 50 mL of bacterial lysis buffer (10
mM Tris, pH 8.0, 1 mM EDTA, 150 mM NacCl, 100ug/mL lysozyme, 5 mM DTT, 1% triton X-100,
and supplemented with bacterial protease inhibitor cocktail (Bio Basic, Markham, ON) and 1
mM PMSF. Bacteria were then grinded using a pastel and mortar with 1 g of celite (Sigma-
Aldrich). Lysates were then cleared by centrifugation and supernatant was added to reduced
glutathione-sepharose (Invitrogen, Carlsbad, CA) and incubated at 4 °C for 1h with agitation

followed by 3x wash with bacterial lysis buffer.

4.4.10 Affinity precipitation of GTP-bound Rac GTPase and Western blotting

One million neutrophils were pre-treated at 37 °C for 30 min with either 50 nM of apilimod or
DMSO, followed by addition of 1 uM fMLP or vehicle for 1 min. Cells were placed immediately
on ice and lysed with 100 pL of ice-cold 5X MLB lysis buffer (125 mM HEPES, pH 7.5, 25 mM
EDTA, 1% Triton X-100, 750 mM NaCl, 25 mM MgCl,, and 50% glycerol, supplemented with
mammalian protease inhibitors (Sigma-Aldrich). Cell lysates were clarified by centrifugation at
10,000 xg for 5 min at 4 °C. Ten percent of cell lysates were removed to measure protein levels
across each sample. The remaining cell lysates were incubated with 50 uL of glutathione-
Sepharose beads attached to GST-PBD or GST (50% suspension) and incubated for 1h at 4 °C
with agitation. The samples were centrifuged for 2 min at 10,000 xg and the supernatant was
removed. The pellets were washed 3x with 1xMLB lysis buffer before protein elution with 2x
Laemmli buffer containing 2-mercaptoethanol. Protein eluants were then loaded and separated
in a 12% SDS-PAGE, transferred to a PVDF membrane and processed for Western blotting with
mouse anti-Racl antibodies (clone 23A8, 1:2500, Genetex, Irvine, CA ) and HRP-linked goat anti-

mouse secondary antibodies used at 1:10000 (Cedarlane). Enhanced chemiluminescence was
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detected and analysed by band densitometry using a Bio-Rad gel documentation system (Bio-

Rad, Mississauga, ON).

4.4.11 Statistical Analyses

All experiments were repeated at least three times and all data was subjected to statistical
analysis using either unpaired or paired Student’s t-test for single-parameter experiments or
using ANOVA and Tukey's post-hoc test for multi-parameters experiments. Statistical significant

was drawn at p<0.05.
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4.5 Results

4.5.1 Lysosomes but not granules vacuolate in PIKfyve-inhibited neutrophils

The importance of PIKfyve activity in neutrophils has not been previously examined. To
investigate this, we employed a pharmacological approach to acutely block PIKfyve activity by
using apilimod, a selective antagonist of PIKfyve (Cai et al., 2013). First, we examined the
sensitivity of neutrophils to apilimod by testing different concentrations and incubation times
and scoring the number of vacuoles > than 1 um in diameter. By incubating cells for 1 h, we
noted a gradual rise in the number of vacuoles in neutrophils exposed to increasing amounts of
apilimod (Fig. 4.1A, C). We then employed an intermediate concentration of 20 nM to examine
the rate of vacuolation. Neutrophils began to significantly vacuolate within 30 min of drug
exposure and became highly vacuolated at 90 min of exposure (Fig. 4.1B, D). Thus, to minimize
off-target and indirect effects of PIKfyve inhibition, we generally treated neutrophils for less

than 1 h at <50 nM apilimod, unless otherwise noted.
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Figure 4.1: Potency and kinetics of apilimod-induced vacuolation in neutrophils.
A. Neutrophils were exposed to vehicle or to the indicated apilimod concentrations for 1 h,
followed by live-cell imaging. B. Neutrophils were exposed to vehicle or 20 nM apilimod for the
indicated time points, before live-cell imaging. C and D. Vacuolation was quantified by scoring
the number of vacuoles greater than 1 um in diameter per cell. Shown are the mean number of
vacuoles per neutrophil £+ SEM from n= 3 independent experiments. Asterisk (*) indicates
statistically difference (p<0.05) relative to control (vehicle or t = 0 min) using Student’s t-test.
We next attempted to identify the nature of the vacuoles in neutrophils. Neutrophils
are not only equipped with lysosomes, but also possess the lysosome-related primary granules
(or azurophilic granules), secondary and tertiary granules (Cieutat et al., 1998; Dell’Angelica,
Mullins, Caplan, & Bonifacino, 2000; Mayadas et al., 2014), which can be labelled with

antibodies to LAMP1, MPO, MMP9 and lactoferrin, respectively. While we clearly observed

vacuolation of LAMP1-positive lysosomes in neutrophils treated for 1 h with 20 nM apilimod,
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we did not discern vacuolation of organelles that labelled with the other markers (Fig. 4.2). This
suggests that LAMP1-positive lysosomes are susceptible to swelling, while primary, secondary

and tertiary granules resist enlargement in neutrophils acutely inhibited for PIKfyve.

Control Apilimod
LAMPI MPO

LAMPI MPO Merge

LAMPI MMP9 Merge

LAMPI Lactoferrin Lactoferrin Merge

Figure 4.2: PIKfyve inhibition engorges lysosomes but not granules.

Neutrophils were treated with vehicle (control) or 20 nM apilimod for 1 h before processing
and staining for LAMP1, MPO, MMP9 and lactoferrin, which respectively identify lysosomes and
primary, secondary and tertiary granules. Apilimod caused swelling of LAMP1-positive
structures while granules remained punctate. Scale bar =10 um.

4.5.2 PIKfyve controls phagosome-lysosome fusion in neutrophils

We had previously shown that PIKfyve has an important role in phagosome maturation in
macrophages (G. H. E. Kim et al., 2014). Since neutrophils are also professional phagocytes, we
assessed the role of PIKfyve in phagocytosis and phagosome maturation. First, we evaluated
the ability of neutrophils to engulf non-opsonized E.coli by measuring the phagocytic index
before and after apilimod-treatment. As indicated in Figure 4.3A, the phagocytic index of
neutrophils pre-treated with up to 20 nM apilimod was similar to vector-treated neutrophils,

this despite extensive vacuolation. However, treatment with 30 nM apilimod caused a
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reduction in phagocytic appetite (Fig. 4.3A), which is reminiscent of our prior observations with
macrophages (G. H. E. Kim et al., 2014).

To investigate the impact on phagosome maturation, we then treated neutrophils with
20 nM apilimod, which is sufficient to vacuolate neutrophils but is permissive for phagocytosis.
After elapsing 1 h post-phagocytosis to elicit phagosome maturation, we processed, stained
and quantified phagosomal acquisition of LAMP1 to track phagosome-lysosome fusion as
previously described (Beertsen et al., 2008; Dayam et al., 2015; G. H. E. Kim et al., 2014). We
observed a remarkable inhibition of phagosome maturation in cells blocked for PIKfyve. In
vector-treated neutrophils, ~ 60% of phagosomes labelled strongly with LAMP1 (LAMP1") while
only ~10% were negative (LAMP1’; Fig. 4.3B, C). In striking comparison, neutrophils inhibited for
PIKfyve had < 5% of their phagosomes as LAMP®, while ~ 70% scored as LAMP1 (Fig. 4.3B, C). By
contrast, control and apilimod-treated cells had similar levels of MPO signal associated with
phagosomes, suggesting that PIKfyve activity is not necessary for phagosome fusion with
primary granules (Supplemental Fig. S4.1).

We then assessed the mechanism by which PIKfyve might control phagosome
maturation in neutrophils. Given our prior work in macrophages, we postulated that PIKfyve is
necessary to stimulate TRPML1 to release lysosomal Ca’* and trigger phagosome-lysosome
fusion. To test this, we exposed apilimod-treated cells to ionomycin, a Ca** ionophore, or to
MLSA1, a TRPML1 agonist to see if these agents could rescue phagosome-lysosome fusion in
PIKfyve-inhibited cells. First, and as a control, we showed that ionomycin or MLSA1 alone did
not impact LAMP1-staining of phagosomes (Figure 4.3B, C). Second, and most pressing, both

ionomycin and MLSA1 were able to decrease the number of phagosomes devoid of LAMP1
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staining, which went from ~70% in apilimod-alone neutrophils to ~30% in apilimod-treated cells
exposed to either ionomycin or MLSA1 (Fig. 4.3C, D). However, the rescue was partial and most
phagosomes became partially-stained with LAMP1, as defined in the Methods section.
Consistent with a role of TRPML1 and lysosomal Ca®* in phagosome-lysosome fusion in
neutrophils, we showed that Ca** chelation with BAPTA-AM potently hindered LAMP1-labelling
of phagosomes (Fig. 4.3C, D). Overall, these data suggest that PIKfyve controls phagosome-
lysosome fusion in neutrophils in part by stimulating TRPML1 and releasing lysosomal Ca** to
trigger fusion. This is consistent with our previous work in macrophages (Dayam et al., 2015),
and previously observed peri-phagosomal increase in cytosolic Ca®* in neutrophils (Clark &

Petty, 2010; Jaconi et al., 1990).
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Figure 4.3: PIKfyve inhibition blocks phagosome-lysosome fusion.

A. Bimodal effect of PIKfyve inhibition on phagocytosis. Neutrophils were exposed to vehicle or
with apilimod as indicated for 1 h before challenged with E. coli for 20 min. The number of
internalized particles was then scored as the phagocytic index (number of particles per 100
cells). B. Neutrophils were treated as control or with 20 nM apilimod for 1 h before
phagocytosis of IgG-coated beads for 20 min and maturation for 1 h. Cells were then stained
for LAMP1 to determine phagosome maturation. Please see Methods for details. lonomycin and
MLSA1 co-treatment with apilimod partially rescued LAMP1 staining of phagosomes. Arrows
indicate LAMPI-positive phagosomes and arrowheads indicate LAMPI-negative phagosomes. C.
Semi-quantification of LAMP1 staining of phagosomes as described in Methods section.
Apilimod inhibits labelling of phagosomes with LAMP1. This is partially rescued with ionomycin
and MLSA1 treatment. A, C and D: Data are shown as the mean + SEM from n = 3 independent
experiments, followed by analysis with ANOVA and Tukey's post-hoc test. Asterisk indicates
statistically significant difference (p<0.05). Where shown, scale bar = 10 um.

4.5.3 PIKfyve is not necessary for fMLP-induced degranulation

In addition to phagocytosis and phagosome maturation, neutrophils rely on degranulation to
eliminate pathogens (Sheshachalam et al., 2014). Since PIKfyve and TRPML1 have been linked
to regulated exocytosis (Gerasimenko et al., 2001; Osborne et al., 2008; M. Samie et al., 2013),
we postulated that PIKfyve activity might govern some aspects of degranulation. Given that
primary granules are lysosome-related organelles and their secretion can depend on Ca** (Lew
et al., 1986; Niessen, Kuijpers, Roos, & Verhoeven, 1991; Sheshachalam et al., 2014; Tapper,
Furuya, & Grinstein, 2002), we examined the appearance of CD63 on the cell surface after
stimulation with fMLP. We observed that resting neutrophils and those treated with only
apilimod had comparable levels of surface-level CD63, showing that PIKfyve inhibition does not
affect basal levels of degranulation. In comparison, fMLP exposure enhanced the levels of cell

surface CD63 relative to resting neutrophils (Fig. 4.4). The fMLP-induced degranulation was

unabated in neutrophils pre-treated with the PIKfyve antagonist (Fig. 4.4). Overall, these data
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show that acute loss of PIKfyve activity does not impair fMLP-induced exocytosis of primary

granules, though we cannot rule out an effect during chronic PIKfyve loss.
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Figure 4.4: PIKfyve activity does not affect degranulation.

A. Neutrophils were treated with the indicated conditions, followed by fixation and staining of
external CD63. Scale bar =10 um. B. Fluorescence intensity of external CD63 in neutrophils
treated as indicated. Data are shown as the mean £ SEM from n = 3 independent experiments,
followed by analysis with ANOVA and Tukey's post-hoc test. Asterisk indicates statistically
significant difference from control (p<0.05).
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4.5.4 PIKfyve activity is necessary for fMLP-directed chemotaxis

PIKfyve and MTMR3 cooperate to synthesize Ptdins(5)P, which together activate the Rac
GTPase to coordinate cell migration (Oppelt et al., 2013, 2014; Viaud et al., 2014). Hence, we
postulated that PIKfyve activity might regulate neutrophil chemotaxis. To test this hypothesis,
we examined the ability of neutrophils to move towards an fMLP chemical gradient by
quantifying their speed and directionality towards the fMLP source at different concentrations
of apilimod. As expected, vector-exposed neutrophils exhibited remarkable capacity to orient
and move towards the fMLP gradient. By mapping the position of neutrophils relative to their
starting position, we found that ~80% of neutrophils had moved towards the fMLP gradient
(within the right most quadrants in Figure 4.5A) and travelled at an average speed of 8.8 +0.2
um/min (Fig. 4.5B). Strikingly, at concentrations as low as 10 nM apilimod, neutrophils became
disoriented with only 54% of the cells moving towards the gradient (Fig. 4.5A). At 35 and 70 nM
apilimod, neutrophils were effectively spread equally across each quadrant and travelled a
shorter overall distance (Fig. 4.5A), which effectively suggests randomized and slower
movement by neutrophils. Indeed, neutrophil speed was significantly abated at 10 nM apilimod
(5.120.5 pm/min) and brought to a near standstill at 70 nM (Fig. 4.5B). Overall, these
experiments reveal an incredibly important function for PIKfyve activity in neutrophil

chemotaxis.
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Figure 4.5: PIKfyve activity is important for neutrophil chemotaxis.

A. Neutrophils were exposed to fMLP gradient in a Zigmond chamber in the absence or
presence of apilimod as indicated. Shown is the positional displacement of each cell after 15
min relative to starting point. Cells found in the right most quadrants moved towards the fMLP
source. B. Neutrophil migration speed was calculated by tracking each neutrophil over 15 min.
Data are shown as the mean + SEM from n =5 independent experiments, followed by analysis
with ANOVA and Tukey's post-hoc test. Asterisk indicates statistically significant difference
(p<0.05).

4.5.5 PIKfyve activity is necessary for fMLP-induced ROS production

Lastly, we considered the possibility that PIKfyve activity may be necessary for ROS synthesis,
which primarily occurs through activation of the NADPH oxidase (Nauseef & Borregaard, 2014).
To test this, we measured ROS production in response to fMLP in control and apilimod-treated
neutrophils using the Oxydase assay. Resting neutrophils and those treated with apilimod-
alone at 10, 35 or 70 nM had similar levels of ROS production (Fig. 4.6). As expected,
neutrophils exposed to stimulants like fMLP or phorbol esters displayed a large increase in ROS
(Fig. 4.6). Even at 10 nM apilimod pre-treatment, ROS production was subdued in neutrophils
exposed to fMLP or PMA (Fig. 4.6). At 35 and 70 nM apilimod, ROS synthesis was essentially
thwarted in stimulant-exposed neutrophils (Fig. 4.6). Overall, this suggests that PIKfyve activity

is important for ROS generation, likely by stimulating the NADPH oxidase.
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Figure 4.6: PIKfyve activity is essential for reactive oxygen species generation in neutrophils.

Neutrophils were treated with the indicated apilimod levels before being exposed to fMLP or
PMA or remaining at a resting state. Reduction of cytochrome C was then measured by
spectrophotometry as an indication of ROS production. Data is as the mean £ SEM fromn =5
independent experiments, followed by analysis with ANOVA and Tukey's post-hoc test. Asterisk
indicates statistically significant difference (p<0.05).

4.5.6 PIKfyve activity is necessary for fMLP-induced Rac activation

Our observations so far indicate that PIKfyve activity affects chemotaxis, activation of the
NADPH oxidase and can impact phagocytosis. A common factor in all these processes is that
they depend on the activation of the Rac GTPases (Anderson et al., 2010; C. D. Ellson, Gobert-
Gosse, et al., 2001; Knaus et al., 1991; Koh, Sun, Zhu, & Glogauer, 2005; Roberts et al., 1999).
Moreover, PIKfyve activity, through the action of MTMR3, has been linked to Rac GTPase
activation to catalyse migration of non-leukocytes (Oppelt et al., 2013, 2014; Viaud et al., 2014).
Finally, PtdIns(5)P has been shown to bind and stimulate Tiam1, a guanyl exchange factor for

Rac (Viaud et al., 2014). Given all this, we postulated that PIKfyve activity was necessary to
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stimulate Rac GTPases in neutrophils. To test this hypothesis, we employed an affinity
chromatography assay that uses a GST-chimeric protein of the PBD domain of p21-activated
kinase to precipitate GTP-bound Rac, followed by Western blotting against the Racl GTPase. As
expected, GST alone did not recover any Racl from cells stimulated with fMLP (Fig. 4.7). In
addition, GST-PBD recovered little Racl in resting cells or cells treated with 50nM apilimod-
only. In striking contrast, fMLP-treatment led to a strong recovery of the Racl GTPase, which
was abolished by pre-treatment with 50nM apilimod (Fig. 4.7). Overall, these results support a
model in which PIKfyve activity is necessary for Rac GTPase activation during neutrophil

stimulation to control chemotaxis, ROS production and phagocytosis.
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Figure 4.7: PIKfyve is essential to Rac GTPase stimulation in neutrophils.

A. Western blot against Racl GTPase after affinity precipitation for Rac1-GTP (top blot) from
neutrophils treated as indicated and as described in Methods. GST alone is a negative control
showing that Rac1-GTP is not interacting with the matrix or GST itself. Total Racl (10% of the
input for the pull-down) shows equal loading for each sample. B. Quantification of Rac1-GTP
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normalized to total Racl GTPase. Shown is the mean = SD from n= 3 experiments. Asterisk (*)
indicates statistical significance against the control (resting cells) using Student’s t-test (p<0.05).

4.6 Discussion

Neutrophils are exceptionally important for the immune response, rapidly targeting sites of
infection by chemotaxis and unleashing a series of attacks on pathogens including ROS
generation, secretion of anti-bacterial peptides and engulfment and digestion of pathogens by
phagocytosis (Mayadas et al., 2014; Nauseef & Borregaard, 2014; Nordenfelt & Tapper, 2011).
These processes are dependent on and coordinated by a complex signaling network that
employs small GTPases and phosphoinositide signals. However, the importance of PIKfyve
activity, which synthesizes PI(3,5)P, , and directly or indirectly, Ptdins(5)P, for neutrophil
function remained unexplored. Here, we investigated this and found that PIKfyve activity is
critical for neutrophils to perform chemotaxis, generate ROS and undertake phagosome fusion
with lysosomes, but not for degranulation. Moreover, we propose a model by which
phagosome maturation in neutrophils employs the PI(3,5)P, effector, TRPML1 to mediate
lysosomal Ca”* release and trigger phagosome-lysosome fusion, while chemotaxis and ROS

proceed through PIKfyve-dependent activation of the Rac GTPase, likely through Ptdins(5)P.

4.6.1 Impact of PIKfyve on neutrophil lysosomes and granules

PIKfyve is well established to regulate lysosome morphology. In the absence of its activity,
lysosomes in a multitude of cells, including the yeast vacuole, undergo massive enlargement
(Ho et al., 2012; McCartney et al., 2014). However, to our knowledge and with the exception of

platelet dense granules (Min et al., 2014b), lysosome-related organelles have not been
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examined for their susceptibility to enlarge in the absence of PIKfyve activity. Here, we show
that neutrophils contain a distinct LAMP1-compartment that becomes engorged by acute
impairment of PIKfyve activity. In contrast, none of the neutrophil granules that we examined
underwent perceptible changes in morphology under acute inhibition of PIKfyve. In addition,
primary granules could still secrete and fuse with phagosomes in neutrophils impaired for
PIKfyve activity, which suggests that PIKfyve has little direct oversight in granule function in
neutrophils. These results seem consistent with the normal biogenesis and stimulus-dependent
secretion of alpha and dense granules found in platelets in mice carrying a platelet-specific
PIKfyve gene deletion (Min et al., 2014b). Nevertheless, it remains possible that chronic
deficiency of PIKfyve in neutrophils could impair biogenesis and function of the various
neutrophil granules - this will require the generation of mice carrying a neutrophil-specific

PIKfyve gene deletion.

4.6.2 PIKfyve in phagosome maturation

Neutrophils and macrophages have distinct phagosome maturation processes. While both
employ phagosome-lysosome fusion, phagosomes in neutrophils also merge with primary
granules, acquire a high concentration of ROS and do not acidify significantly (Nordenfelt &
Tapper, 2011; Tapper et al., 2002). Here, we showed that phagosomes enclosing IgG-coated
particles require PIKfyve activity and Ca®* to fuse with LAMP1-positive lysosomes in neutrophils.
Importantly, ionomycin or the TRPML1 agonist, MLSA1, partly rescued phagosome acquisition
of LAMP1 in PIKfyve-inhibited cells. This suggests that phagosome-lysosome fusion proceeds
through a PI(3,5)P2 -dependent activation of TRPML1 to release lysosomal Ca®* and trigger

phagosome-lysosome fusion. These observations are consistent with our earlier findings in
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macrophages, which also require the PIKfyve-TRPML1-Ca** axis to trigger fusion between
docked phagosomes and lysosomes (Dayam et al., 2015; G. H. E. Kim et al., 2014). In contrast,
PIKfyve was not necessary for phagosome fusion with primary granules, suggesting a different

mechanism for this process.

4.6.3 PIKfyve activity is necessary for Rac activation in neutrophils
Ablation of PIKfyve activity strongly impaired chemotaxis, ROS production and activation of Rac
in response to fMLP signalling. Given that the NADPH oxidase, the primary source of ROS, and
chemotaxis both employ Rac signaling, this suggests that PIKfyve impairs these functions by
obstructing Rac function. The importance of PIKfyve for chemotaxis fits the observations by
Oppelt et al. showing that PIKfyve regulates cell migration of fibroblasts and cancer cells
(Oppelt et al., 2013, 2014). These authors suggested that PIKfyve collaborates with MTMR3 to
generate Ptdins(5)P, which then stimulates Rac (Oppelt et al., 2013, 2014). More recently,
Vlaud et al. showed that PtdIins(5)P binds preferentially to the C-terminal PH found of Tiam1
found within the canonical DH domain that serves as a hallmark for a large number of Rho-
family GEF proteins (Viaud et al., 2014). We envision that a similar process may be ensuing in
stimulant-exposed neutrophils. In fact, neutrophils express various GEFs that contain a DH-PH
domain that could conceivably be targeted by PtdIns(5)P, including Tiam1, Tiam2, P-Rex and
Vav (Baker et al., 2016; Boespflug et al., 2014; Mizrahi et al., 2005; Welch et al., 2005).

Overall, we provide evidence that PIKfyve activity is necessary for a multitude of
neutrophil functions. We posit that PIKfyve function is split between two signalling branches: i)
a PI(3,5)P2 -dependent arm that governs phagosome maturation and lysosome activity through

TRPML1 and ii) a Ptdins(5)P-dependent arm that regulates Rac, thus modulating the NADPH
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oxidase and chemotaxis. Unfortunately, attempts to biochemically measure PI(3,5)P2 and
PtdIns(5)P in neutrophils were not successful due to low 3H—myo—inositol incorporation (Ho,
Choy, & Botelho, 2016). Thus, we could not test whether these Pls change during stimulation
with fMLP or treatment with apilimod. Finally, it is noteworthy that apilimod was initially
discovered as an anti-1L12/13 inhibitor and clinically-tested against Crohn's Disease (Cai et al.,
2013, 2014) - it is enticing to consider whether apilimod-dependent neutrophil suppression

contributes to these clinically-relevant outcomes.
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Figure S 4.1: PIKfyve inhibition does not block phagosome acquisition of MPO, a primary
granule marker.

A. Neutrophils were treated with vehicle (control) or 20 nM apilimod, followed by phagocytosis
of IgG-coated beads and a chase of 1 h. Cells were then stained for LAMP1 and MPO to detect
lysosome and primary granule fusion with phagosomes. Scale bar = 10 um (add arrows). B.
Quantification of phagosome-associated MPO fluorescence signal as described in Methods.
Shown is the mean + SEM from n= 3 experiments. Using Student’s t-test, there was no apparent
difference between control and apilimod-treated cells.
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5.1 PIKfyve inhibition interferes with phagosome and endosome maturation in
macrophages

Control and prevention of infection remains a critical problem because many infectious agents
have evolved strategies that circumvent the immune system. For example, Mycobacterium
tuberculosis prevents fusion of phagosomes with lysosomes, thus protecting themselves from
lysosomal degradation (Vergne et al., 2004). Therefore, it is very important to understand how
phagosome maturation is being regulated in immune cells such as macrophages and
neutrophils. In our study, we identified PIKfyve as a key regulator of phagosome maturation in
macrophages and neutrophils, a lipid kinase that produces PI(3,5)P, and PI(5)P. We determined
that in addition to phagocytosis, PIKfyve is required for phagosome maturation, in which cells
depleted for PIKfyve failed to acquire lysosomal markers such as LAMPI and cathepsin D.
Moreover, PIKfyve inhibition did not interfere with acquisition of PI(3)P; however, there was a
delay in loss of PI(3)P from early phagosomes. In addition, inhibition of PIKfyve interfered with
degradative capacity of lysosomes while it had no impact on lysosomal pH.

PIKfyve produces PI(3,5)P, and, directly or indirectly, PI(5)P. Therefore, to be able to
determine which of these lipids regulates phagocytosis and phagosome maturation in
macrophages and neutrophils, more studies will be needed to address this question. For
instance, one can look at the dynamics of PIKfyve products, PI(3,5)P, and PI(5)P, during the
process of phagocytosis and phagosome maturation using fluorescently labelled probes that
bind specifically to PI(3,5P), and PI(5)P. This will help visualize localization as well as changes in
the level of each PIP during phagocytosis. However, to date, only few effector proteins have

been identified to bind to PI(3,5)P, and PI(5)P and the use of specific protein domain probes
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remains controversial to track these lipids in living cells. Therefore, future research trying to
identify a probe that binds to these PIPs with high specificity will help us track changes in the
level of these lipids during phagocytosis.

We speculate that PI(3,5)P, is required for phagocytosis to helps regulate TRPML], a
lysosomal calcium channel. Upon activation of TRPML1, calcium diffuses into the cytosol and
high level of calcium near the site of internalization causes lysosomes to fuse with the plasma
membrane. This fusion process helps deliver more membrane to the site of phagocytosis, which
is required for phagocytic cup formation and internalization of the particle. Moreover, to
understand how PI(3,5)P; helps control phagosome maturation, we tried to look at one of the
downstream effectors of PI(3,5)P,, TRPML1, and its role in phagosome maturation. TRPML1 was
chosen to be one of the target downstream effectors of PI(3,5)P, since it is a lysosomal calcium

channel and calcium is known to be a key regulator of membrane fusion.

5.2 The phosphoinositide-gated lysosomal Ca** channel, TRPML1, is required for
phagosome maturation

Our results indicate that TRPML1 is required for phagosome maturation in macrophages in
which loss of TRPML1 interferes with phagosomal fusion with lysosomes post-docking. In
addition, we have shown that the cytosolic level of calcium increases during phagosome
maturation. This calcium elevation that is involved in phagosome-lysosome fusion seems to
originate from lysosome stores and not from the ER or extracellular space. We were able to
show that phagosome maturation could be rescued in TRPML1 knock down macrophages by

using the calcium ionophore, ionomycin, or over expressing TRPML1-wt. Performing these
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experiments side-by-side with PIKfyve inhibited cells, we observed a similar outcome in which
phagocytosis and phagosome maturation were blocked in PI(3,5)P,-deficient and TRPML1
knockdown macrophages. Therefore, we concluded that PI(3,5)P, might help regulate
phagosome maturation in macrophages by activating the TRPML1 channel. The question that
remains unanswered is that, if TRPML1 and PI(3,5)P, are always present on the lysosomal
membrane, then why is TRPML1 not always open basal conditions. Therefore, further research
is needed to look into the signaling cascade that coordinates TRPML1 binding to PI(3,5)P, with
docking of phagosomes to lysosomes during phagosome maturation. We speculate that
formation of the trans-SNARE complex may communicate with TRPML1 or PIKfyve activity to
provide specificity to TRPML1 opening.

Membrane fusion requires Ca** and since there are many sources of Ca** such as the
extracellular space, mitochondria, endoplasmic reticulum, and lysosomes. In this study, we
showed that lysosomal Ca**, not extracellular and ER, is required during phagosome
maturation. However, it is not well understood whether this increase in the level of Ca*'is local,
near the site of fusion and only involves those lysosomes that are fusing with the phagosome,
or if a few lysosomes involved in phagosome maturation can trigger release of calcium from the
entire lysosome population in the cell to elevate cytosolic Ca®*. To answer this question,
lysosomal targeted genetically-encoded Ca’* release sensors, GCaMP3-ML1 and LAMP1-
GCaMP3 (Shen et al., 2012), may be used in the future to measure local Cca** changes during
phagosome-lysosome fusion. GCaMP3, is a genetically encoded Ca** sensor created from the
fusion of calmodulin, GFP, and M13, a peptide sequence of myosin light chain kinase which in

this case serves as the Ca**-calmodulin binding domain. The GFP is circularly permutated in a
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way that creates a solvent pathway, which leads to protonation of the chromophore and poor
absorbance of the light; therefore, leaving GFP with a poor fluorescent state. However, in the
presence of Ca®*, calmodulin binds to four Ca®' ions, causes a conformational change in
calmodulin and the Ca®*-calmodulin complex binds to the M13 domain. This structural shift
eliminates the water pathway in circular GFP and leads to de-protonation of the chromophore

and emission of light (Figure 5.1 A) (Akerboom et al., 2009).

| - Ca® GCaMP3-ML1
@ » Cytosol C '

Figure 5.1: Lysosomes targeted genetically encoded Ca®* sensors, GCaMP3-ML1.

A. Schematic diagram of GCaMP3, a Ca®t sensing complex. In the absence of Ca®*, GFP is
circularly permutated so the chromophore cannot be deprotonated, results in no fluorescence
signal. High fluorescence signal is seen in the presence of Ca®*. B. structure of GCaMP3-ML1,
GCaMP3 is fused to the N terminal of TRPML1 on the surface of the lysosome. Figure from
(Shen et al., 2012)

GCaMP can be conjugated to the cytosolic N-terminus of different proteins such as

TRPML1 and LAMPI on the lysosomal surface (Figure 5.1 B). Upon transfection, GCaMP3-ML1
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and LAMP1-GCaMP3 will be expressed on the lysosomal surface, which helps to visualize and
monitor lysosomal Ca** dynamics during phagocytosis and phagosome maturation. We can
speculate that in PI(3,5)P,-deficient cells TRPML1 remains inactive; therefore, no Ca® signal
should be seen after phagocytosis in cells that are transfected with GCaMP3-ML1 or LAMP1-
GCaMP3. In addition, when TRPML1 knockdown cells are transfected with LAMP1-GCaMP3,
there should be no Ca”** signal after phagocytosis, explaining the block in phagosome
maturation in TRPML knockdown cells.

In addition to fusion between phagosomes and lysosomes, PIKfyve and TRPML1 may
also modulate phagosome fission and resolution, events that remain poorly understood.
Indeed, phagolysosomes undergo a late stage of maturation characterized by fission (Krajcovic,
Krishna, Akkari, Joyce, & Overholtzer, 2013). We speculate that this fission plays a role in
recycling material degraded within phagosomes, as suggested by Overholtzer’s lab, but also in
reforming lysosomes, for which there is a precedent in autophagy (Krajcovic, Krishna, Akkari,
Joyce, & Overholtzer, 2013).

During phagosome maturation, multiple lysosomes fuse with a phagosome; thus, the
number of lysosomes in the cell decreases. Recent studies have tried to investigate the
molecular machinery involved in autophagosome resolution and lysosome reformation.
Autophagy, which is initiated during cell starvation, is a process in which cytoplasmic
constituents are isolated within a double membrane vesicle called autophagosome. After
maturation, their contents are degraded and recycled to support cellular anabolism.
Autophagosome formation and maturation is followed by tubulation, budding and fission

events, leading to the formation of small lysosomal-like organelles called proto-lysosomes,
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which then mature into functional lysosomes (Yu et al., 2010). Soon after tubulation,
enrichment of PI(4,5)P, is seen on buds, which recruits adaptor protein 2 (AP2), necessary for
the recruitment of clathrin, which plays a crucial role in budding and reformation of lysosomes
(Rong et al., 2012).

Additional studies provided further understanding of the molecular machinery and
signaling events during autophagic lysosome reformation. Degradation of autophagosomal
contents provide nutrients and growth factors, that leads to the activation of mTOR, which in
turn down regulates autophagy and triggers lysosomal reformation. Therefore, mTOR along
with microtubules are shown to play an important role in lysosome reformation and
homeostasis in the cell (Yu et al.,, 2010). In addition, fragmentation of phagolysosomes
(containing apoptotic bodies) is known to be mTOR-dependent; after phagosome maturation,
MTORC1 localizes on the surface of the phagosome, leads to fragmentation and distribution of
phagosomal contents into lysosomal networks (Krajcovic et al., 2013). Thus, | propose that
future work should explore the connection between PIKfyve and phagosome resolution and the
reformation of lysosomes post-phagosome maturation.

This mechanism may have relevance for immunity but also tissue homeostasis since
macrophages play an important role in clearing apoptotic and senescent cells. For example, red
pulp macrophages internalize damaged/dying red blood cells (RBCs) into phagosomes ,and
after catabolism of hemoglobin molecules, the iron is recycled and returned to the bone
marrow (de Back, Kostova, van Kraaij, van den Berg, & van Bruggen, 2014). Regulation of this
process is very important since iron recycling is necessary to maintain the production of new

RBCs — an adult produces about 25 x 10%° RBCs/day (Gordon-Smith, 2007). In addition,
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disruption of this pathway leads to accumulation of dead RBCs in tissues that can cause
inflammation. However, events that lead to resolution of the RBC-containing phagosomes and
recycling of the phagosomal contents are not well studied. Therefore, future studies should
focus on understanding the molecular machinery that controls phagolysosome resolution and
lysosome reformation, which is very important to maintain tissue homeostasis. | postulate that

PIKfyve may be necessary for this.

5.3 The lipid kinase PIKfyve coordinates the neutrophil immune response through the
activation of the Rac GTPase

In addition to macrophages, neutrophils play an important role in our innate immune response;
in fact, they are the first immune cells arriving at the site of infection for pathogen clearance.
Neutrophils employ processes such as chemotaxis, phagocytosis, ROS production, phagosome
maturation and degranulation to resolve infection and tissue damage. Here we show that
among other regulators, PIKfyve plays a crucial role in neutrophil phagocytosis and phagosome
maturation, possibly through the synthesis of PI(3,5)P, and the activation of lysosomal calcium
channel, TRPML1. Indeed, our data support this model since we could rescue phagosome
maturation in PIKfyve inhibited cells by using ML-SA1, a selective TRPML 1 agonist, as well as by
increasing the intracellular calcium level using the calcium ionophore, ionomycin. These data
indicate that lysosomal calcium release is necessary for phagolysosome biogenesis in
neutrophils, indicating that macrophages and neutrophils employ PIKfyve and TRPML1 similarly

to control phagosome maturation.
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In addition, inhibition of PIKfyve also interferes with ROS production as well as
chemotaxis in neutrophils. Our work suggests that PIKfyve controls these processes by
stimulating Rac GTPases, a major trigger for both chemotaxis and ROS. This is consistent with
work by Oppelt et al. that showed that PIKfyve was important for cell migration of cancer cells
(Oppelt et al., 2013, 2014). Our work does not address how PIKfyve helps stimulate Rac
GTPases. We speculate that PIKfyve, through its lipid products, may recruit or activate a Rac-
GEF, which replaces GDP for GTP. We suspect that Tiam1, a Rac-GEF, may be important in this
process because Tiam1 is reported to bind PI(5)P, which can be directly or indirectly synthesized
by PIKfyve. Future experiments should examine the membrane recruitment and localization of
Rac GEFs such as Tlam1 in resting and activated neutrophils inhibited for PIKfyve. In addition,
one could test if exogenously added PI(5)P or PI(3,5)P2 can stimulate Rac activity and ROS
production in PIKfyve-inhibited cells. Since PIKfyve is involved in synthesis of both PI5P and
PI(3,5)P,, the addition of a specific PIP may help determine which lipid is important for which
process.

Overall, in this thesis, | have collected a body of evidence supporting a critical role for
PIKfyve, its lipid products and effector proteins such as TRPML1 in the regulation and function
of phagocytosis, phagosome maturation and associated functions in macrophages and
neutrophils. These cells are essential players in immune innate response, coordination of the
adaptive immune response and in tissue homeostasis. It is tantalizing to consider the role of
PIKfyve in immune-related functions including inflammatory damage of tissues since once of its
most selective inhibitors, apilimod, was and is being clinically assessed as an anti-inflammatory

agent and to fight cancer growth (Gayle et al., 2017).
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