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CHAPTER |

INTRODUCTION

A portion of this chapter was previously published as:

Foegeding NJ, Caston RR, McClain MS, Ohi MD, and Cover TL. (2016) An Overview of
Helicobacter pylori VacA Toxin Biology. Toxins 8,173

HELICOBACTER PYLORI

Chronic gastritis and stomach ulcers were for a long time believed to be caused
by elevated levels of acid in the stomach as a result of stress, smoking, or genetics (1).
It was not until the 1980s, when Drs. Robin Warren and Barry Marshall published two
seminal articles in the Lancet describing the isolation of a new bacterial species
associated with chronic gastritis and peptic ulcer disease (2, 3), that the idea that gastric
ailments could be caused by a bacterial infection began to take hold. Yet, many
physicians and scientists remained unconvinced; the stomach was considered to be too
harsh of an environment to be colonized by microorganisms (4). Frustrated by the
skeptics, and by the lack of an animal model required to prove causation, Marshall
drank a culture of Helicobacter pylori and developed gastritis within two weeks (Figure
1.1) (5). For their discovery of H. pylori and its role in gastric disease, Warren and

Marshall were awarded the 2005 Nobel Prize in Physiology or Medicine.
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Figure 1.1 Discovery of H. pylori as a causative agent of gastritis. (A) A comic
depicting Dr. Barry Marshall drinking a culture of H. pylori in order to fulfill Koch’s
postulates. Adapted from (1). (B) Spiral bacilli observed in a gastric biopsy specimen
collected from Marshall 10 days post ingestion of H. pylori. Adapted from (5).



H. pylori and gastric disease

H. pylori is a spiral shaped, Gram-negative, microaerophilic bacterium that
colonizes the human stomach (3). Infection with H. pylori causes chronic inflammation
of the gastric mucosa (gastritis), and although most individuals infected with H. pylori
never develop severe disease, infection with H. pylori can cause peptic ulcer disease
and gastric cancer (6).

More than 50% of the world’s population is chronically infected with H. pylori.
Therefore, even though < 2% of H. pylori infections progress to cancer, because the
prevalence of H. pylori infection is high, stomach cancer is a common malignancy. In
2012, stomach cancer was the 6™ most common cancer and the 3™ most common
cause of cancer related death worldwide (7). Approximately 89% of non-cardia gastric
cancer cases (representing ~ 78% of all gastric cancer cases) are attributable to chronic
H. pylori infection, making infection with H. pylori the leading cause of stomach cancer
(8, 9). As such, H. pylori is classified by the World Health Organization as a Group 1
carcinogen (9).

Prevalence of H. pylori infection varies widely between regions and countries
(10). In general, H. pylori infection is more prevalent in developing countries than in
industrialized countries. In the United States, Canada, Australia, New Zealand, and
parts of Europe, less than 40% of the population is infected with H. pylori. In Mexico,
China, Japan, and India, between 50 — 69% of the population is infected with H. pylori.
In Russia and parts of South America and Africa, more than 70% of the population is
infected with H. pylori. Infection usually occurs during childhood and, when left

untreated, persists throughout the lifetime of the host (11, 12). Transmission of H. pylori



remains poorly understood; the most likely route of transmission is considered to be
person-to-person contact (11, 12).

The factors that determine whether an H. pylori infection remains asymptomatic
or progresses into peptic ulcer disease or gastric cancer are not completely understood.
However, it is clear that disease progression can be influenced by strain specific H.
pylori virulence factors, host genetics, and diet (11, 12). For example, individuals
infected with strains of H. pylori that produce CagA, toxic forms of VacA, or BabA (three
H. pylori virulence factors) are at an increased risk of developing severe gastric disease
(13, 14). Similarly, infected individuals harboring polymorphisms in the promoter region
of the cytokine IL-13 associated with elevated /L-718 expression are at an increased risk
of developing severe H. pylori-mediated disease (15). Additionally, excessive dietary
salt intake and decreased dietary iron intake are associated with an increased risk of
gastric cancer (16-18), and it has been suggested that a diet low in fruits and
vegetables may influence disease pathogenesis (19).

The clinical course of H. pylori infection correlates with the location of gastritis
(20). Patients with gastritis in the gastric antrum, the most common form of H. pylori
gastritis, are predisposed to duodenal ulcers (Figure 1.2 A). Patients with gastritis in the
gastric body (also called the corpus) are predisposed to gastric ulcers and gastric
cancer (Figure 1.2 A). Two subtypes of gastric cancer exist: diffuse-type gastric
adenocarcinoma and intestinal-type gastric adenocarcinoma (11). Diffuse-type usually
occurs at a younger age and is less well defined. Intestinal-type usually occurs at
advanced ages and progresses through a well-defined series of stages (Figure 1.2 B)

(11, 19). During the development of intestinal-type gastric adenocarcinoma, chronic



supetficial gastritis transitions into atrophic gastritis, characterized by the loss of gastric
glandular cells, which then leads to intestinal metaplasia, or the encroachment of
intestinal-type epithelial cells into the normal gastric mucosa. This is followed by
dysplasia, which is characterized by cells of an abnormal type within a tissue, and finally
adenocarcinoma, or the presence of fully transformed malignant tissue. H. pylori
infection also significantly increases the risk of developing gastric MALT (mucosa-

associated lymphoid tissue) lymphoma (21).
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Figure 1.2 Anatomy of the stomach, and progression of intestinal-type gastric
adenocarcinoma. (A) Schematic illustration of the human stomach. Most diseases
associated with H. pylori occur in the antrum, corpus, or duodenum. Adapted from (4).
(B) Intestinal-type gastric adenocarcinoma involves a transition of superficial gastritis to
atrophic gastritis, followed by intestinal metaplasia, dysplasia, and gastric
adenocarcinoma. Several factors, like the presence of the cag island (which encodes
cagA and a type IV secretion system) within the H. pylori-infecting strain, or host
polymorphisms associated with high expression of the cytokine IL-1[3, contribute to the
development of gastric adenocarcinoma. Adapted from (11).

Early detection and eradiation of H. pylori infection can successfully prevent
peptic ulcer disease and gastric cancer (20). Infection with H. pylori is most commonly

treated with triple therapy regimens consisting of two antimicrobial agents and one acid



suppressor. Acid suppression enhances the effectiveness of certain antimicrobial
agents. Treatment regimens are ~80% effective in clearing H. pylori infection, with
antibiotic resistance and patient noncompliance being the two main reasons for
treatment failure. As a result of growing antibiotic resistance, alternative strategies are

being investigated to treat H. pylori infection and prevent disease.

H. pylori colonization and virulence factors

The human stomach poses a challenging environment for bacteria to colonize,
largely due to its acidic pH and presence of proteolytic enzymes (22). Secretion of
hydrochloric acid (HCI) from specialized gastric cells helps to maintain the lumen of the
stomach at a pH of < 4. Gastric epithelial cells are protected from the harsh luminal pH
by a thick layer of bicarbonate-rich mucus coating at the apical cell surface (23).
Bicarbonate ions within the barrier neutralize acid, and as a result, the mucus layer
provides a neutral pH barrier between the stomach lumen and the epithelial cells.

Several features permit H. pylori to evade gastric juice and establish colonization.
H. pylori are highly motile, having a spiral shape and several flagella emanating from
one end (24). This enables H. pylori to move towards, and burrow through, the neutral
mucus layer. H. pylori can be found either adherent to epithelial cells or free swimming
in the mucus layer, within 25 pm from the surface of the epithelium (25). H. pylori also
utilize chemotaxis to move directionally, away from the acidic lumen of the stomach and
towards the neutral epithelium (25, 26). As another tool, H. pylori generates urease,
which converts urea into the weak base ammonia, a process that protects H. pylori from

gastric acidity (27).



H. pylori produces several strain-specific virulence factors. Three virulence
factors in particular, CagA, VacA, and BabA, are associated with an increased risk of
developing severe H. pylori-mediated disease (11). CagA and BabA are briefly
introduced here, and VacA, a pore-forming toxin, is discussed in detail in a section to
follow. CagA (cytotoxin associated gene A) is a 120 — 145 kDa effector protein that is
translocated into the cytosol of host cells by a type IV secretion system (T4SS) (28).
Once inside the host cell, CagA localizes to the inner leaflet of the plasma membrane,
where it is phosphorylated, and induces changes in cell signaling and host cell
morphology. The cagA gene and all the genes required to build the T4SS are encoded
on a 40 kb region of the H. pylori genome referred to as the cag pathogenicity island
(cag PAI). Roughly 60% of H. pylori isolated from infected individuals in Western
countries are cagA-positive; however, in East Asia, almost 100% of isolates are cagA-
positive (11, 28). BabA (blood group antigen-binding adhesion) is an H. pylori outer
membrane protein that binds Lewis b (Le®) antigens expressed on gastric epithelial cells
(11). BabA expression is proposed to influence adhesion of H. pylori to the gastric

epithelium (29).

BACTERIAL PORE-FORMING TOXINS

Pore-forming toxins (PFTs) are the most common type of bacterial toxin, as 25 —
30% of all cytotoxic bacterial proteins are PFTs (30). PFTs function by forming channels
in host cell membrane, including both the plasma membrane and the membrane of
intracellular organelles. Disruption of membrane permeability by bacterial PFTs can

elicit a wide range of outcomes, including the death of target cells (31), intracellular



delivery of bacterial factors (32), release of nutrients from target cells (33), and escape
of intracellular bacteria from host-cell vacuoles (34).

Intact cellular membrane is critical to maintaining cellular homeostasis as a
membrane functions to enclose specific biological material and separate it from other
biological material (35). As a barrier, cellular membrane is permeable to certain
molecules and impermeable to others. In this way, two environments separated by
membrane can regulate and maintain different molecular compositions. Small, nonpolar
molecules readily associate with the hydrophobic interior of the lipid bilayer and
therefore freely diffuse across cellular membrane. Large, polar molecules and ions
readily associate with water and therefore do not freely diffuse across cellular
membrane. In order to take in nutrients, release unwanted intracellular material, and
regulate ion composition, cells have evolved ways to regulate the transport of molecules
across membrane. Transporters and channels, two types of membrane proteins, directly
shuttle small, polar molecules and ions across membrane, while mechanisms of
endocytosis and exocytosis regulate the exchange of large macromolecules across
membrane.

In general, PFTs are secreted from bacteria as water-soluble monomers that
form a channel by oligomerizing and inserting into target membrane. The oligomer
stoichiometry and, in turn, pore diameter vary greatly among PFTs. For example, the
Aeromonas hydrophila PFT aerolysin is a heptamer with a pore diameter of ~1.7 nm
(36), while a family of PFTs termed cholesterol-dependent cytolysins (CDCs) form large
oligomers made up of 30 — 50 monomers with pore diameters between 25 — 35 nm (37,

38). PFTs are classified as a- or 3-PFTs depending on whether the secondary structural



features of the membrane-spanning pore are a-helices or 3-barrels (37).

Although all PFTs disrupt membrane permeability, the molecules to which a
membrane becomes permeable vary depending on the properties of the PFT pore (39).
As a result, PFTs can cause a range of cellular disruptions and host responses.
Decades of research has helped to elucidate the molecular mechanisms of certain
PFTs, as well as the array of host pathways and immune responses PFT exposure can
trigger (37, 39-41). In order to introduce the pleiotropic effects of PFTs, two extensively
studied PFTs are briefly reviewed in the paragraphs to follow.

One of the first bacterial toxins to be identified as a PFT was Staphyloccus aureus
alpha-toxin (also called alpha-haemolysin) (42). S. aureus is a leading cause of skin
infections, endocarditis, osteomyelitis, and bacteremia, and infections caused by
methicillin resistant Staphylococcus aureus (MRSA) are increasingly difficult to treat.
Alpha-toxin is a major S. aureus virulence factor, being associated with skin necrosis
and lethal infection (43). Alpha-toxin is a B-PFT that forms heptameric oligomers with
pore diameters of 2-3 nm. Alpha-toxin targets multiple cell types, including
keratinocytes, endothelial cells, red blood cells, pneumocytes, and immune cells.
Depending on the toxin concentration to which the cell is exposed, alpha-toxin can
cause membrane barrier disruption, activation of signaling pathways, apoptosis, cell
lysis, or several other effects. Therefore, the role of alpha-toxin in the pathogenesis of
S. aureus disease is complex and not clearly defined.

Listeria monocytogenes is the causative agent of listeriosis, a disease that
primarily affects pregnant women, newborns, and immunocompromised individuals, and

can cause gastroenteritis or more serious outcomes, such as infections of the brain



(meningitis) or mother-to-fetus infections (44). Infection with L. monocytogenes occurs
upon ingestion of contaminated food. As an intracellular pathogen, L. monocytogenes
resides in vacuoles, but the bacterium must escape the vacuole in order to replicate in
the host cell cytosol. The release of L. monocytogenes from the vacuole has been
shown to depend on pore-formation by the L. monocytogenes PFT, listeriolysin O
(LLO). LLO is a member of the CDC family of B-PFTs and forms large oligomers made
up of =2 30 monomers, with pore diameters ranging between 25 — 35 nm (38). In addition
to its role in facilitating vacuole escape, LLO has been shown to activate signaling
pathways, cause ion flux across host cell plasma membrane, induce mitochondrial
fragmentation, modulate immune activity, and more, suggesting LLO may play multiple
roles in promoting bacterial virulence (44).

As these examples demonstrate, a single PFT can elicit complex cellular
responses in multiple cell types, making its precise contribution to bacterial

pathogenesis difficult to establish.

VACUOLATING CYTOTOXIN A

Vacuolating cytotoxin A (VacA) was discovered in 1988, when it was reported that
H. pylori broth culture filtrates contained a protein that caused cellular vacuolization
(45). VacA is a pore-forming toxin, and many of its effects on target cells are attributed
to the formation of membrane channels at the cell surface or at intracellular sites (46).
The most extensively studied VacA activity is its ability to induce cellular vacuolation,
but VacA has been found to elicit a wide range of responses from several cell types.

Although many bacterial toxins enter host cells and cause cellular alterations by

10



exerting an enzymatic activity, VacA has no known enzymatic activity.

VacA secretion, domain organization, and protein structure

The vacA gene encodes a 140 kDa precursor protein which undergoes cleavage
at the amino- and carboxy-terminals during secretion to yield an 88 kDa mature VacA
toxin (47-50). The VacA precursor protein is comprised of an N-terminal signal
sequence (3 kDa), the mature VacA toxin (88 kDa), a peptide of unknown function (12
kDa), and a C-terminal domain (35 kDa) predicted to be an autotransporter B-barrel
(Figure 1.3 A) (47-49, 51-53). For VacA to be secreted from H. pylori into the
extracellular environment, it must cross both the inner and outer membranes of the cell
envelope. The Sec-pathway is proposed to export VacA across the inner membrane,
cleaving the N-terminal signal sequence in the process (47, 52). The C-terminal
autotransporter domain is proposed to insert into the outer membrane, forming a
channel that exports the mature VacA toxin into the extracellular environment (54).

The amino acid sequence of the mature VacA protein is not closely related to
sequences of any other known bacterial toxin. The 88 kDa secreted VacA protein can
undergo limited proteolysis in the presence of trypsin or during prolonged storage to
yield 33 kDa and 55 kDa fragments (48, 55). These are considered to be two domains
of VacA (p33 and p55) (Figure 1.3 B). Mixtures of recombinant p33 and p55 proteins
can reconstitute a functionally active form of VacA (56, 57). The p55 domain has a
predominantly right-handed B-helical structure (58), which is a feature shared by the
passenger domains of several proteins secreted by an autotransporter mechanism in

other Gram-negative bacterial species (59). The p33 also has a predominantly right-

11



140 kDa precursor protein

1 1287
signal cleaved autotransporter
B peptide peptide domain
88 kDa mature toxin
1 311 312 821
S region i region m region
C 1 32
s1 AFFTTVIIPAIVGGIATGTAVGTVSGLLGWGL

S2 NTPNDPIHSESRAFFTTVIIPAIVGGIATGTAVGTVSGLLGWGL

Figure 1.3 VacA domain organization and regions of genetic variation. (A) VacA is
translated as a 140 kDa precursor protein (1287 amino acids). The signal peptide, a 12
kDa peptide of unknown function, and the autotransporter domain (grey regions) are
cleaved to yield the mature toxin (blue and red regions). The autotransporter domain is
proposed to insert into the outer membrane of H. pylori and form a channel through
which VacA is secreted. (B) The 88 kDa mature toxin (821 amino acids) secreted into
the extracellular space has two domains, p33 (blue) and p55 (red). There is a high level
of sequence variation between vacA alleles found in different H. pylori strains. The three
main regions of sequence variation (s-, i-, and m-region) are shown. (C) Representative
signal peptides from type s1 and s2 VacA proteins. The s-region contains a hydrophobic
stretch of 32 amino acids important for channel formation. Compared to s1-type VacA,
s2-type VacA proteins contain a 12-amino-acid hydrophilic extension that disrupts
channel formation.

handed B-helical structure with two short a-helices at residues 30-37 and 68-74 (60,
61). No high-resolution structural data are available for residues 1-26 in the p33 domain,
residues 300-334 between the p33 and p55 domains, or residues 812-821 at the C-
terminus of the p55 domain, suggesting these regions are highly flexible (60, 61).
Residues within both the p33 and p55 domains are involved in protomer-protomer

interactions to facilitate oligomerization (60, 61).



Both p33 and p55 are required for efficient binding of the toxin to the plasma
membrane (56). The p33 domain is required for insertion of VacA into membranes to
form anion-selective channels (62, 63). When expressed intracellularly, the minimal
VacA region required for cell vacuolation encompasses residues 1-422, which includes
the entire p33 domain plus 111 amino acids from the amino-terminal portion of the p55
domain (64-66).

The N-terminus of the p33 domain contains a sequence of 32 uncharged amino
acids, corresponding to the only predicted hydrophobic segment within VacA long
enough to span a membrane (62, 63, 67). Deletion of this region results in a VacA
mutant lacking vacuolating activity and defective in membrane channel formation in
planar lipid bilayers (62). The amino-terminal hydrophobic region of VacA includes three
tandem GXXXG transmembrane association motifs (defined by glycine residues at
positions 14, 18, 22, and 26) (63, 67, 68). Mutagenesis of amino acids within this region,
including glycine residues at positions 14 and 18 or a proline residue at position 9,
abolishes VacA channel formation and vacuolating activity (63, 69, 70).

Every strain of H. pylori contains the vacA gene, however only 50% of H. pylori
strains produce active VacA toxin (45, 47, 71). Lack of active VacA production may be
due to variation in VacA transcription efficiency (72), variation in the level of VacA
protein secretion (51), or vacA sequence variation (73). Indeed, there is a high level of
sequence variation between vacA alleles found in different strains of H. pylori, and
certain VacA variants have been shown to be more active than others (73). There are
three main regions of sequence variation; the signal sequence region (s-region), the

intermediate region (i-region), and the middle region (m-region) (Figure 1.3 B) (73, 74).
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The s-region corresponds to the amino-terminal signal sequence and the amino-
terminus of the mature toxin. Compared to s1-type VacA, s2-type VacA has a 12-amino-
acid hydrophilic extension that impairs pore formation and inhibits vacuolation (Figure
1.3 C) (73, 75). The i-region is located within the p33 domain and is not well
characterized, however i1-type VacA has been shown to be more active than i2-type
VacA (74, 76). The m-region corresponds to a stretch of ~250 — 300 amino acids in the
p55 domain with only 55 — 60% sequence similarity (73, 77). Variation within the m-
region has been linked to cell type specificity and may also influence channel activity
(78, 79). Multiple combinations of s-, i-, and m- regions can occur, and strains
containing s1, i1, or m1 forms of vacA are associated with a higher risk of gastric cancer
or peptic ulcer disease compared to strains containing s2, i2, or m2, forms of vacA (73,
74).

VacA oligomerizes in solution to form an assortment of flower- or snowflake-
shaped structures (Figure 1.4) (80). These include double-layered structures
(dodecamers and tetradecamers) as well as single layered structures (mainly hexamers
and heptamers, but occasionally higher order forms). Several lines of evidence indicate
that oligomerization is required for VacA activity (62, 81). Membrane-bound VacA
organizes into hexameric oligomers, therefore membrane channels formed by VacA are
proposed to be hexamers (82). It is thought that double-layered structures are favorable
formations of VacA in solution, as this organization would bury hydrophobic membrane
binding sites.

Exposure of VacA oligomers to acidic pH or alkaline pH results in the disassembly

of VacA oligomers into monomers (83, 84). When added to cultured cells, preparations
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Figure 1.4 Structural organization of VacA oligomers. A hexamer (left) and
dodecamer (right) are shown. Within each p88 protomer, p33 and p55 domains are
shown in blue and red, respectively. A crystal structure has been solved for a portion of
p55 (85), corresponding to peripheral elements of the oligomer (80). Single-layered
hexamers are proposed to be structurally similar to membrane channels formed by
VacA (82).

of VacA exposed to low pH or high pH have greatly increased cytotoxic activity
compared to preparations of oligomeric VacA (86, 87). Therefore, it is thought that VacA
first interacts with the plasma membrane of host cells as a monomer, where it

oligomerizes and inserts to form a functional membrane channel.

VacA activities in animal models

The precise role of VacA in H. pylori infection and disease is not well
understood, however in vitro studies suggest a few potential roles. It has been shown
that wild type H. pylori strains can colonize mice more efficiently than AvacA strains (88-
90) and can outcompete AvacA strains (89), indicating that VacA may function to
promote H. pylori colonization of the stomach. However, VacA is not essential for
colonization, as H. pylori AvacA strains successfully colonize mice, gerbils and
gnotobiotic piglets (89, 91-93). Other studies suggest VacA contributes to the

development of stomach ulcers. In mice studies, oral treatment with purified VacA or

15



with culture extracts from H. pylori vacA+ strains is reported to cause immune cell
infiltration, damage to gastric cells, and ulceration (48, 94-96). Gastric damage and
inflammation is reported to be more severe when H. pylori strains encode s1/i1
compared to s2/i2 vacA alleles (97). Additionally, in a study involving infection of gerbils
with H. pylori, gastric ulceration occurred less commonly in gerbils infected with a
AvacA strain compared to gerbils infected with a wild type strain (93). Finally, two
studies report VacA has immunomodulatory activities in mice, suggesting VacA may

facilitate immune tolerance to H. pylori infection (88, 98).

VacA activities in cell culture

Endosomal alterations. The most extensively studied activity of VacA is its ability
to cause vacuolation of cultured cells. Most studies of this phenomenon and other VacA
activities have been conducted with the most active form of VacA (type s1i1m1).
Vacuolation can be observed within a few hours after addition of VacA to cells and is
enhanced by the presence of weak bases (99). The membranes of VacA-induced
vacuoles contain markers typically found in membranes of late endosomes (LEs) and
lysosomes (100, 101), which suggests that the vacuoles arise from late
endosomal/lysosomal compartments. The current model for VacA-induced vacuolation
(46, 102) proposes that the secreted monomeric form of VacA binds to the plasma
membrane. Upon binding, VacA monomers form oligomers which are endocytosed and
trafficked to LEs, where they form anion-selective channels in the LE membrane (103-
107). Transit of chloride ions through VacA channels in the LE membrane leads to an

increase in intraluminal chloride concentration, which in turn triggers the enhancement
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of V-ATPase proton pumping activity and a decrease in intraluminal pH (108, 109).
Membrane-permeant weak bases diffuse into LEs, where they are protonated in the
acidic environment and trapped. As a result, LEs undergo osmotic swelling, resulting in
cell vacuolation (110). In addition to causing cell vacuolation, VacA causes a variety of
functional alterations related to disruption of proper endocytic compartment trafficking.
These include inhibition of intracellular degradation of epidermal growth factors (111),
inhibition of procathepsin D maturation (111), perturbation of transferrin recycling (112),
and in immune cells, inhibition of antigen presentation (113).

Mitochondrial alterations. Treatment of cells with VacA results in an assortment of
mitochondrial alterations, including reduction of mitochondrial transmembrane potential
(114-116), release of cytochrome ¢ (116-118), activation of Bax and Bak (116, 119),
and mitochondrial fragmentation (119). After entry into host cells, it has been shown that
VacA can localize to mitochondria (115, 117, 119, 120), leading to the hypothesis that
the toxin acts directly on mitochondria. In support of this model, VacA has been shown
to cause a reduction in the transmembrane potential of isolated mitochondria (115), and
there is evidence that VacA is imported into the inner mitochondrial membrane (IMM)
(121, 122). The ability of VacA to induce mitochondrial dysfunction is dependent on
VacA channel activity (115, 118, 119). Thus, one model proposes that VacA is imported
into mitochondria and induces mitochondrial transmembrane potential reduction,
perhaps by pore formation. This depolarization stimulates an initial release of
cytochrome c, the activation of Bax/Bak, and the subsequent Bax/Bak-dependent
release of cytochrome c. Another hypothesis is that VacA-induced mitochondrial

dysfunction is due to indirect actions of VacA. For example, VacA may act indirectly by
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activating pro-apoptotic factors to trigger mitochondrial-dependent apoptosis (116).

Epithelial barrier alterations. When added to cultured epithelial cells, VacA causes
increased plasma membrane permeability, resulting in efflux of several anions, including
chloride, urea, and bicarbonate, into the extracellular space (123, 124). VacA-induced
permeabilization of cells is attributed to the formation of VacA channels in the plasma
membrane (107). In addition to causing increased permeability of the plasma
membrane, VacA causes increased paracellular permeability of polarized monolayers
(125-127). The mechanism by which VacA causes increased paracellular permeability
is not well understood.

Altered cell signaling. Several cellular alterations can be detected very rapidly after
exposure of cells to VacA, and are likely due to the binding of VacA to the surface of
host cells. In both gastric epithelial cells (128, 129) and T cells (130), VacA activates
p38, a mitogen-activated protein (MAP) kinase. VacA-induced activation of the p38
signaling pathway leads to induction of cyclooxygenase 2 (COX-2) expression, which
results in enhanced prostaglandin E2 production (129). VacA-induced activation of the
p38 signaling pathway has also been shown to lead to the activation of activating
transcription factor 2 (ATF-2) (128). VacA can also activate other MAP kinases,
including ERK1/2 (128). In addition to activating MAP kinases, VacA can activate a
signaling pathway that activates G protein-coupled receptor kinase interactor (Git1)
(94), a signaling pathway that leads to the upregulation of vascular endothelial growth
factor (VEGF) (131), and the B-catenin signaling pathway (132). The VacA cell surface
receptors required for activating most of these pathways have not been characterized,

but RPTP-f3 is reported to be the VacA receptor required for activation of Git1 (94) and
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epidermal growth factor receptor is reported to be responsible for upregulation of VEGF
(131).

Autophagy. When added to cultured gastric epithelial cells, VacA induces
autophagy, the regulated degradation and recycling of cellular components in the
cytoplasm. VacA is necessary and sufficient for H. pylori-induced autophagy (133).
Similar to VacA-induced vacuole formation, VacA-induced autophagy is dependent on
the capacity of VacA to form membrane channels, but the autophagosomes formed in
response to VacA are proposed to be distinct from the more abundant and larger
intracellular vacuoles that form in response to VacA-induced vacuolation (133).
Although the mechanisms by which VacA induces autophagy are not fully understood,
VacA-induced autophagy has been shown to depend on binding of VacA to low-density
lipoprotein receptor-related protein 1 (LRP1) (134). Inhibition of autophagy leads to
increased stability of intracellular VacA and increased cell vacuolation (133). One
hypothesis is that the induction of autophagy upon exposure to VacA is a response
initiated by the host cell to degrade VacA and prevent additional toxin-induced cell
damage. Although acute exposure of host cells to VacA induces autophagy, prolonged
exposure of host cells to VacA has been shown to disrupt autophagy and promote H.
pylori infection (135, 136).

Cell death. VacA can induce cell death when cells are exposed to high
concentrations of the toxin for extended periods of time (137, 138). AZ-521 cells (which
are of duodenal origin) are particularly susceptible to VacA-induced cell death (139,
140). VacA-induced cell death is preceded by an assortment of mitochondrial alterations

(116, 118, 119, 141), which suggests that these alterations are mechanistically
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important in the process of VacA-induced cell death. VacA reduces the expression of
pro-survival factors (142) and causes ER stress (143), which could also contribute to
VacA-induced cell death. VacA can cause cell death by both apoptosis and necrosis
(139).

Effects on immune cells and parietal cells. VacA can alter the function of many
types of immune cells, including lymphocytes, macrophages, eosinophils (144, 145),
mast cells (146, 147), and dendritic cells (88, 148). VacA inhibits activation and
proliferation of T cells and B cells (130, 149-151), and can interfere with antigen
presentation in B cells (113). In macrophages, VacA contributes to the formation of
large vesicles termed megasomes, and impairs the maturation and function of vesicular
compartments (152, 153). VacA alters various signal transduction pathways in
macrophages (154, 155), and can cause macrophage apoptosis (156). These VacA-
induced effects may function to impair the ability of macrophages to engulf H. pylori. In
addition to immunosuppressive effects, VacA stimulates the expression of the
proinflammatory enzyme COX-2 in macrophages and neutrophils (130).

Two studies reported that VacA inhibits gastric acid secretion from parietal cells
(157, 158). In one study, exposure of parietal cells to VacA resulted in permeabilization
of the plasma membrane and calcium influx that ultimately caused the disruption of
actin arrangement in apical microvilli and an inhibition of acid secretion (158). At
present, it is not known whether this effect of VacA on parietal cells contributes to a
reduction in gastric acid secretion that is sometimes observed in the course of H. pylori

infection.
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VacA binding, internalization, and intracellular trafficking

Cell surface binding and receptors. Various studies have reached differing
conclusions about whether VacA binding to cells is saturable (159-161) or nonsaturable
(87, 162, 163). Therefore, it is unclear whether VacA binds to a single abundant, low-
affinity receptor or to multiple cell surface components. Multiple putative VacA receptors
on the surface of epithelial cells have been reported, including both protein and lipid
receptors. These include receptor protein tyrosine phosphatases (RPTP) a and (3 (84,
94, 164, 165), low-density lipoprotein receptor-related protein 1 (LRP1) (134), epidermal
growth factor receptor (EGFR) (166), heparan sulphate (167), sphingomyelin (168,
169), glycosphingolipids (170), and phospholipids (171). Although several putative
receptors for VacA have been identified on epithelial cells, B2 integrin subunit (CD18) is
the only VacA receptor that has been identified on T cells (172).

VacA binding to RPTP-3 triggers alterations in cell signaling that ultimately lead to
gastric tissue damage (94). Correspondingly, oral administration of VacA to wild-type
mice results in gastric damage, whereas RPTP-B knockout mice are resistant to VacA-
induced gastric damage (94). RPTP- is not the sole receptor for VacA, as VacA is still
internalized into the epithelial cells in RPTP-B knockout mice (94). VacA binding to
LRP1 is important for VacA-induced autophagy and apoptosis (134).

Pore formation at the cell surface. After binding to the cell surface, VacA increases
plasma membrane permeability and causes membrane depolarization (63, 107). These
alterations are attributed to insertion of VacA into the plasma membrane and formation
of anion-selective membrane channels (103-107).

VacA internalization and intracellular trafficking. Upon binding to the cell surface,
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VacA is internalized by a clathrin-independent, Cdc42 dependent, and Rac1 dependent
route that requires actin polymerization (173-175). Within 10 minutes after
internalization, VacA is found in glycosylphosphatidyl-inositol anchored protein (GPI-
AP)-enriched early endosomal compartments (GEECs), within 30 minutes in early
endosomes (EEs), and within 2 hours in LEs (175).

Several studies have provided evidence that the intracellular localization of VacA
is not limited to endosomal compartments. As one example, VacA has been detected in
association with mitochondria in host cells (115, 141). The mechanisms by which VacA
traffics to mitochondria are not well understood. One model proposes that a subset of
VacA-containing endosomes co-localize with mitochondria, and that VacA is transferred
directly from endosomes to mitochondria (141). Another model proposes that VacA is
released into the cytosol and is imported into mitochondria via mitochondrial import
proteins (121, 122). Although VacA gains access to the cytosol if expressed or
microinjected inside host cells (64, 117), it is not known whether VacA added externally
to cells can ultimately gain access to the cytosol (either by directly crossing the plasma
membrane or by release from endosomes). It has been suggested that VacA may travel
retrograde through the Golgi and endoplasmic reticulum (ER) (176), but this has not
been investigated in detail. Further studies are needed to better understand VacA

trafficking within host cells.

Summary
VacA is a pore-forming toxin that enhances H. pylori colonization of the stomach

and contributes to the pathogenesis of H. pylori-mediated disease. VacA can elicit a
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range of cellular responses from diverse cell types, yet it is currently unclear which of
these in vitro responses are most relevant to VacA activity in vivo. We sought to gain a
deeper understanding of 1) what structural features target VacA to host cells (Chapter
lll), 2) what the localization and fate of VacA is inside host cells (Chapter 1V), and 3)
what happens to cells following VacA intoxication (Chapter IV and V). Altogether, the
work presented here addresses cellular responses to VacA; from contact at the cell

surface, to intracellular localization, to changes in cellular homeostasis.
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CHAPTER I

MATERIALS AND METHODS

Materials and chemical inhibitors

Dil-C12 was purchased from Life Technology. Dithiothreitol (DTT) was purchased
from Research Products International. Formaldehyde and N-ethyl maleimide (NEM)
were purchased from Fisher Scientific. Crystal violet (0.5% final concentration) was
purchased from Sigma. Ammonium chloride (NHsCl;, 5 mM or 25 mM final
concentrations) and chloroquine (CQ; 100 uM final concentration) were purchased from
Sigma and were prepared in culture media from a water-based stock solution. High
levels of NH4Cl can cause cell death, however minimal reductions in cell viability are
observed in the presence of 5 mM NH4CI (177, 178). MG132 (5 uM final concentration)
was purchased from Calbiochem and bafilomycin A1 (Baf A1; 10 nM final concentration)
was purchased from Sigma. MG132 and BafA1 were prepared in culture media from a
dimethyl sulfoxide (DMSO)-based stock solution. 3-methyladenine (3-MA; 10 mM final
concentration) was purchased from Sigma was prepared in culture media from a water-
based stock solution made immediately before each experiment. Control cells were

mock treated with either water or DMSO as appropriate.
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Cell culture

HeLa and AGS cells were purchased from ATCC. AGS cells were verified by
ATCC to be an exact match of the ATCC human cell line CRL-1739. HeLa “Kyoto” cells
were a gift from Ryoma Ohi. HeLa ATG16L1 KO and parental cells were purchased
from Edigene (Beijing, China; Cat. no. CL0O031242024A). HelLa cells, HeLa “Kyoto”
cells, HeLa ATG16L1 KO and parental cells were cultured in DMEM supplemented with
10% FCS, penicillin, and streptomycin. AGS cells were cultured in RPMI 1640

supplemented with 10% FBS, 10 mM HEPES, penicillin, and streptomycin.

Purification and Alexa Fluor 488 labeling of VacA

All VacA variants and mutants used in this study were derived from WT VacA from
H. pylori strain 60190 (a type s1m1 form of the protein). Untagged WT VacA, VacA A6-
27, and VacA s2m1 were purified from H. pylori broth culture supernatants by gel
filtration as previously described (62, 75, 83, 87). Strep-tagged WT VacA (with a Strep-
tag Il at position 808) and Strep-tagged VacA A346-7 (with a Strep-tag Il at position
312) were purified using Strep-Tactin resin (IBA) as previously described (179). VacA
p55 was purified from E. coli as a recombinant protein, as previously described (58).
Details on the mutants used are provided in Table 3.2.

Purified VacA proteins were labeled using the Alexa Fluor 488 Microscale Protein
Labeling Kit (Molecular Probes) or the Alexa Fluor 488 Antibody Labeling Kit (Thermo
Fisher Scientific), both of which utilize an Alexa 488 tetrafluorophenyl (TFP) ester that
reacts with primary amines. Labeled VacA was flash frozen in liquid nitrogen in single

use aliquots and stored at -80°C.
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Isolation of GPMVs

GPMVs were isolated using both DTT and NEM methods (180). GPMV buffer (2
mM CaCl,, 10 mM HEPES, 0.15 M NaCl, pH 7.5) was supplemented with either 25 mM
formaldehyde and 2 mM DTT or 2 mM NEM to make active buffers. Cells were seeded
at around 60-70% confluency a day prior to GPMV isolation. The cells were washed
twice with PBS then incubated in the respective, active GPMV buffer for 1-2 hours.
GPMVs were isolated by decanting the solution. Prior to incubation with VacA, GPMVs
were labeled with Dil-C12 (0.5 pg/mL final concentration), a marker for disordered

phase (181, 182).

Treatment of GPMVs with VacA

Unless stated otherwise, purified VacA preparations were acid-activated before
addition to GPMVs. Acid-activation of purified VacA was accomplished by dropwise
addition of 0.1 M — 0.5 M HCI until the pH was reduced to ~4.0 (83, 86, 87). Acid-
activated, Alexa Fluor labeled-VacA was then added to GPMVs at a final concentration

of 5 pg/mL.

Measurement of VacA phase partitioning

All imaging was performed within 2 hours of incubation with VacA. Individual
GPMVs were imaged using Zeiss LSM 510 confocal microscope using a 40X 1.3 NA oil
objective. GPMVs were allowed to settle on the slide. Only GPMVs that were phase
separated, exhibited a detectable signal in the Dil-C12 channel and had no visible

vesiculation were selected for imaging. The fluorophores were excited using the 488 nm
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line of a 40 mW Argon laser (VacA) and 543 nm line of a HeNe laser (Dil-C12). The
confocal pinhole was set at 5 airy units for all experiments for both wavelengths. A
single Z-plane image of individual GPMVs was collected at 10X optical zoom for
quantifying raft localization. Imaging was performed at 2-10°C using a Peltier stage
cooler (Physitemp Instruments), a temperature at which the GPMVs exhibited clear
phase partitioning even in the absence of VacA binding (183). Partitioning of VacA was
quantified as previously described (181) and is elaborated in Figure 3.3. Briefly, a
linescan was drawn across the GPMV to determine the fluorescence intensity of VacA
in both the ordered and the disordered phase. A moving average of 3 pixels was used
to smooth the data and the fluorescence intensity of VacA at the ordered (l.) and
disordered (lhon-ratt) phase was determined. The raft partitioning coefficient (Prart) was
calculated as Pratt = lai/(latt + Ihonrat).- In all merged images, the disordered phase
marked with Dil-C12 is displayed in red and 488-VacA is marked in green. In the text,
Pt values are reported as mean * standard error. Table 3.1 summarizes P, values

measured in all the experiments.

Stable cell line generation

Non-targeting scramble control shRNA and ATG5 shRNA (Sigma) expressed from
the pLKO.1 vector (Addgene) were used to create stable ATGS KD cell lines using
lentiviral transduction. Lentivirus particles containing the shRNA sequences were
generated as previously described (184). For lentivirus transduction, AGS cells were
grown to 70% confluency, media was supplemented with 10 ug/mL polybrene (Millipore

Sigma), and cells were infected with lentivirus for 24 hr. After infection, cells were
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allowed to recover for 24 hr. Cells were then cultured in media supplemented with 4
pMg/mL puromycin to select for stable integration. After selection, AGS scramble and
ATGS KD cells line were cultured in media containing 2 ug/mL puromycin. The cell line
created from shRNA clone TRCN0000151963 is referred to as ATGS KD1 cell line. The
cell line created from shRNA clone TRCN0000330392 is referred to as ATGS KD2 cell

line.

Treatment of cells with VacA

For all experiments involving VacA treatment of intact cells, VacA was acid-
activated before use by adding 200 mM HCI drop wise until the pH was reduced to ~4.0
(83, 86, 87). For cell viability assays in Figure 4.1, cells were treated with 5 uyg/mL (55
nM) or 20 pg/mL (222 nM) of VacA once a day for five days. For VacA trafficking studies
or for analysis of VacA levels by Western blot, cells were treated with a pulse of 5
pug/mL VacA for either 1 hr at 4°C or 5 min at 37°C. In general, the treatment method of
1 hr at 4°C was used for experiments involving Western blots, in order to ensure
sufficient binding of VacA to cells important for the subsequent detection of protein, and
for experiments involving a 0 min time point, in order to ensure endocytosis is inhibited.
Alternatively, for time course experiments requiring addition of VacA to cells in a multi-
well plate at multiple time points, cells were pulsed with VacA for 5 min at 37°C in order
to avoid the repeated exposure of cells to 4°C temperatures. Then medium overlying
cells, containing unbound VacA, was removed, cells were washed with PBS, warm
culture media was added, and cells were incubated at 37°C for the indicated times in

the presence of respective inhibitors or mock treatments. Transmitted light images were
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acquired with an EVOS FL digital inverted microscope (AMG) to assess for vacuolation.

Cell viability assay

Cell viability was quantified using the ATPlite 1step Luminescence Assay (Perkin
Elmer) according to the manufacturer’s instructions. Cells were seeded in 96-well flat
bottom black polystyrene plates (Corning). Luminescence was measured with a

Synergy HT microplate reader (BioTek).

Transfections and live-cell imaging

Plasmid transfections were performed using Lipofectamine 2000 (Invitrogen)
according to manufacturer’s instructions. The following amounts of plasmid DNA were
transfected into cells for all experiments: 1 pg/mL Mito-RFP, mCherry-Rab5a, and
mCherry-Rab7.

For live-cell imaging of VacA trafficking, transfected cells were seeded on glass-
bottom poly-D-lysine coated dishes (MatTek) ~24 hr post-transfection and treated with
VacA ~24 hr post-seeding. Cells were imaged in the presence of CO, at 37°C in movie
media (Leibovitz's L-15 Medium without phenol red, 10% FCS, penicillin, streptomycin,
7 mM HEPES, pH 7.7) using a 60x 1.4 NA objective (Olympus) on a DeltaVision Elite
imaging system (GE Healthcare) equipped with a Cool SnapHQ2 CCD camera (Roper).
Optical sections were collected at 200 nm intervals and deconvolved in SoftWorx (GE

Healthcare). Movies and images were prepared for publication using ImageJ.
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Immunostaining and fixed-cell imaging

Cells were fixed with 4% paraformaldehyde (Electron Microscopy Sciences and
Alfa Aesar) for 15 min at 37°C. The following primary antibodies were used in this study:
and anti-MTCO02 at 1:200 (Abcam), anti-LAMP1 at 1:100 (Cell Signaling Technology),
and anti-LC3 at 1:200 (Medical and Biological Laboratories). Cells were incubated with
primary antibodies for 1 hr 45 min. Secondary antibodies conjugated to Alexa 488 or
Alexa 647 (Invitrogen) were used at 1:1000 for 45 min. DNA was counterstained with 5
pug/mL Hoechst 33342. Stained cells were mounted with Prolong Gold (Invitrogen) and
imaged using a 60X 1.4 NA or a 100x 1.4 NA objective (Olympus) on the
aforementioned DeltaVision Elite system. Either single optical slices or z-sections
spaced 200 nm apart were acquired and deconvolved in SoftWorx (GE Healthcare),
unless noted otherwise. Images were prepared for publication using ImagedJ. To
determine the Pearson correlation coefficient (PCC), single z-slice images were
collected using the 100x 1.4 NA objective and the PCCs were determined in ImageJ
from non-deconvolved images using the Intensity Correlation Analysis plugin (185).
Nuclei were excluded from the colocalization analysis. The number of experimental
replicates and the number of cells measured are listed in Table 4.1. To quantify
fluorescence intensities, z-sections were collected using the 60X 1.4 NA objective and
Imaged was used to create maximum intensity z-projections and measure the integrated

densities of individual cells.

Preparation of total cell lysate

To analyze VacA protein levels in treated cells, trypsinized VacA-treated cells were
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pelleted, washed with PBS, resuspended in ice-cold NP40 lysis buffer (10 mM sodium
phosphate, pH 7.2, 150 mM NaCl, 2 mM EDTA, 1% NP40) with protease inhibitors, and
incubated for 15 min on ice. Total cell lysate was clarified by spinning at max speed
(16,000 rcf) for 15 min at 4°C. Extracts were transferred to new microcentrifuge tubes
on ice and protein concentration was determined using a Bradford assay (Bio-Rad). To
store samples, protein extracts were mixed with 4X LDS Sample Buffer (Invitrogen) with

supplemental BME (Sigma), boiled for 5 min, and frozen at -20°C.

Immunoblotting

Equivalent amounts (20-60 pg) of protein extracts were resolved on 4-12% Bis-Tris
SDS-PAGE gels (Life Technologies) and transferred onto PVDF (EMD-Millipore) or
nitrocellulose membrane (PerkinElmer). Immunoblots were blocked with 50% (v/v)
Odyssey Blocking Buffer diluted in PBS or 2% milk diluted in TBST for 1 hr at RT and
then probed with primary antibody overnight at 4°C or 1 hr at room temperature. The
following primary antibodies were used in this work: anti-VacA (51, 186) (1:5000 or
1:10,000), anti-DM1a (1:5000) (Sigma-Aldrich), anti-ubiquitin (Life Sensors), anti-ATG5
(1:1000) (Abcam), anti-ATG16L1 (1:5000) (Abcam), and anti-GAPDH (1:1000) (Abcam).
For fluorescence detection, secondary antibodies conjugated to Alexa Fluor 700
(Invitrogen) or Alexa Fluor 800 (LI-COR Biosciences) were used at 1:5000 for 45 min at
room temperature and bound antibodies were detected using an Odyssey CLx imaging
system (LI-COR Biosciences). For chemiluminescence detection, secondary antibodies
conjugated to horseradish peroxidase (HRP) (Promega) were used at 1:10,000 for 1 hr

at room temperature and bound antibodies were detected by x-ray fiim. ImageJ was
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used to quantify signal intensity.

Measurement of oxygen consumption rates

Experiments were performed using the Cell Mito Stress Test kit (Agilent; Cat. no.
103015-100) according to the manufacturer’s instructions and carried out using an
Agilent Seahorse XFe96 Analyzer (Agilent) at the Vanderbilt High-Throughput
Screening Facility. One day prior to the assay, AGS and/or AZ521 cells were seeded
(20,000 cells per well) in an XF Cell Culture Microplate (Agilent) and placed in a tissue
culture incubator at 37°C, and a Utility Plate (Agilent) was hydrated with tissue culture
grade water at 37°C in a non-CO; incubator. On the day of the assay, spent culture
medium was replaced with fresh medium, cells were treated either with acid-activated
VacA (see figure legend for final concentration) or with acidified buffer and placed in a
tissue culture incubator at 37°C for 4 hr. Immediately prior to completing the assay,
spent medium was removed, cells were washed once with 200 pyL Seahorse XF RPMI
Medium, pH 7.4 (Agilent; Cat. no. 103576-100) supplemented with 2 mM L-glutamine
and 11 mM glucose (hereon referred to as Agilent Complete Medium) pre-warmed to
37°C, medium was replaced with 180 pyL Agilent Complete Medium, and cells were
placed in a non-CO2 incubator at 37°C for 1 hr. Also immediately prior to completing the
assay, water was removed from the Ultility Plate and replaced with 200 pyL of pre-
warmed, 37°C XF Calibrant (Agilent) and placed in a non-CO; incubator for 45 min to 1
hr. Stock compounds were prepared and loaded into Sensor Cartridge (Agilent) ports
according to the manufacturer’s instructions, maintaining a final well concentration of 1

MM oligomycin, 0.25 pM FCCP, and 0.5 pM rotenone/antimycin A across all
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experiments. Basal respiration, maximal respiration, and spare respiratory capacity

were calculated according to the manufacturer’s instructions.

Total cell count

Immediately following completion of the Cell Mito Stress Test on the Seahorse
XFe96 Analyzer, cells were incubated with 4 yM Hoechst 33342 for 20 min at 37°C to
stain nuclei. Images were acquired using a 4x objective with an ImageXpress Micro XL
at the Vanderbilt High-Throughput Screening Facility and cell nuclei were quantified

using MetaXpress Software.

Flow cytometry

Mitochondrial mass was measured by flow cytometry (3-laser BD LSRIIl) and data
were analyzed using FlowJo software (FlowJo, LLC), both available at the Vanderbilt
Flow Cytometry Shared Resource. To stain mitochondria, cells were incubated for 25
min with 200 nM MitoTracker Green (MTG) (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Cells were then washed 3x with PBS, trypsinized,
resuspended in phenol red-free RPMI 1640 medium, and immediately analyzed by flow

cytometry.

Targeted metabolomics
AGS cells were treated for 4 hr with acid-activated VacA (20 pg/mL) or acidified
buffer. Confluent cells from three T75 flasks were harvested per condition. Briefly, cells

were placed on ice, culture medium was removed, and cells were washed 3x with ice-
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cold 0.9% saline solution. Cells were lysed on ice in 1.5 mL 80% mass spec grade
methanol (20% mass spec grade water), then scraped using cell scrapers and
transferred to tubes on ice. Scraped and collected cells were exposed to three cycles of
freeze thawing using liquid nitrogen and a 37°C water bath. Lysate was cleared by
centrifugation at 16,000 g for 20 min at 4°C.

Analysis of metabolites were performed at the Vanderbilt University Mass
Spectrometry Research Center using an Acquity UPLC system (Waters, Milford, MA)
interfaced with a TSQ Quantum triple-stage quadrupole mass spectrometer (Thermo
Scientific), using heated electrospray ionization operating in multiple reaction monitoring
(MRM) mode. To 100 pl of each cell lysate sample, 10 pL of a methanol solution was
added that contains stable isotope-labeled internal standards: tyrosine-d, and lactate-ds;
(Cambridge Isotope Lab, Tewksbury, MA). After centrifuging at 10,000 g for 10 minutes,
90 uL supernatant was transferred and injected into UPLC. Chromatographic separation
was performed with a Zic-cHILIC column, 3 pym, 150 x 2.1 mm (Merck SeQuant,
Darmstadt, Germany) at a flowrate of 300 yL/min. The mobile phases were A) 15 mM
ammonium acetate with 0.2% acetic acid in water/acetonitrile (90:10, v/v), and B) 15
mM ammonium acetate with 0.2% acetic acid in acetonitrile/water/methanol (90:5:5,
v/v). The gradient was as follows: 0 min, 85%B, 2 min, 85%B, 5 min, 30%B, 9 min,
30%B, 11 min, 85%B, 20 min, 85%B. Spray voltage was set to 5 kV and the capillary
and vaporizer temperatures were 300°C and 185°C; with sheath gas, and auxiliary gas
set to 50 and 5 psi, respectively. The skimmer offset was set to -10 V and the collision

pressure was 1.5 mTorr.
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Statistical analysis

GraphPad Prism 5 was used to generate all graphs and perform statistical
analysis. Differences between two groups were assessed by a t test. Differences
between multiple groups were assessed by an ANOVA followed by the Dunnett's

Multiple Comparison Test.
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CHAPTER IlI

DETERMINANTS OF VACA LIPID RAFT PARTITIONING

A modified version was previously published as:
Raghunathan K*, Foegeding NJ*, Campbell AM, Cover TL, Ohi MD, Kenworthy AK.
(2018) Determinants of Raft Partitioning of the Helicobacter pylori Pore-Forming Toxin

VacA. Infection and Immunity 86:e00872-17
*co-first authors

INTRODUCTION

A number of bacterial toxins bind to lipid raft microdomains in cell membranes
(reviewed in (187). Lipid rafts are membrane microdomains enriched in cholesterol,
glycosylphosphatidylinositol anchored proteins (GPI-APs), and sphingolipids (188, 189).
For oligomeric toxins, lipid rafts are advantageous targets as they concentrate receptors
(190, 191). Indeed, VacA is an example of an oligomeric toxin that is proposed to
associate with lipid rafts (168, 169, 173, 174, 186, 192-194). In support of this
hypothesis, VacA was shown to co-migrate with detergent-resistant membrane (DRM)
domains (168, 174, 186). Furthermore, depleting cholesterol and GPI-AP in cell
membranes inhibits VacA-induced vacuolation and, to varying degrees, VacA cell
binding and internalization (186, 194, 195). These observations suggest that intact lipid

rafts are required for VacA toxicity. Multiple putative VacA receptors on the surfaces of
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cells have been identified (196) and VacA can also bind lipid bilayers directly (82, 192).
Thus, partitioning of VacA into rafts could potentially occur immediately upon or shortly
after it associates with cell membranes. Consistent with the latter possibility, the toxin
has been postulated to undergo receptor-mediated translocation into rafts (193).
However, the mechanisms responsible for targeting VacA to lipid rafts have not been
fully defined.

An ongoing challenge in studying the association of proteins with raft-like domains
in cells is the small size and dynamic nature of these domains in live cells (197). In
recent years, giant plasma membrane vesicles (GPMVs) have emerged as a tractable
model system with which to study raft targeting mechanisms (198-201). Derived from
the plasma membrane of adherent cells, GPMVs represent an attractive system that
combine the experimental simplicity of working with in vitro model membranes while
retaining the compositional complexity of plasma membranes (202, 203). These blebs
are distinct from apoptotic blebs, have a composition similar to that of intact plasma
membranes (204), and are devoid of cytoskeleton (205). Importantly, GPMVs have
been shown to phase separate into coexisting liquid phases akin to model membranes,
without the need to disrupt membrane organization with harsh detergents and/or
globally altering cell membrane lipid composition (202-204). The two liquid phases seen
in GPMVs, ordered and disordered, are thought to correspond to lipid raft and non-raft
regions in cellular plasma membrane, respectively (200). These domains reach much
larger sizes than are seen in cell membranes, presumably as the result of eliminating
cytoskeletal barriers that limit the size of rafts in intact cells (206). Furthermore, it has

been shown that biochemically-defined raft associated proteins partition into the liquid
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ordered region while non-raft associated proteins partition into the liquid disordered
region (207). These features have made GPMVs an ideal model system to understand
mechanisms underlying raft association and formation as well as to probe potential
biological functions of lipid rafts (181, 182, 208-217). In the current study, we use
GPMVs to characterize the phase preference of VacA and dissect the structural

features of VacA that dictate its affinity for raft domains.

RESULTS
VacA localizes to the liquid ordered phase of GPMVs

VacA has been previously been shown to bind to lipid rafts in cell membranes,
based on experiments using biochemical approaches (168, 174, 186, 194). Therefore,
we first set out to test whether the protein localizes to the ordered phase in GPMVs. To
address this question, we generated GPMVs from HelLa cells, a cell line commonly
used to study VacA trafficking (174, 218). At room temperature, GPMVs derived from
HelLa cells form coexisting raft and nonraft phases that can be readily visualized by
fluorescence microscopy (219). These GPMVs can be used to directly measure the
degree of raft association of a given protein by comparing their localization to that of a
marker of the ordered or disordered phase (200).

To examine the phase preference of VacA in GPMVs, we first labeled VacA with
Alexa Fluor 488. Control experiments verified that Alexa 488-labeled VacA was able to
oligomerize, enter cells, and induce vacuolation (Figure 3.1). GPMVs were isolated
from HeLa cells and labeled with Dil-C12 (1,1-didodecyl-3,3,3’,3’-

tetramethylindocarbocyanine perchlorate), a dye that marks the disordered phase. The
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GPMVs were then incubated with 5 pg/ml of Alexa Fluor 488-labeled VacA and imaged
within 2 hr of incubation. All imaging was performed at temperatures at which a large

fraction of HelLa cell-derived GPMVs are known to exhibit phase separation (183).

e

Figure 3.1 Labeling VacA with Alexa Fluor 488 does not disrupt VacA
oligomerization, internalization, or activity. (A) Negative stain image of 488-VacA.
(B) AGS cells were treated with 5 ug/mL of acid-activated 488-VacA (green) for 24 hr in
the presence of 5 mM NH4Cl. DNA, blue. (C) A corresponding transmitted light
micrograph was taken to assess for vacuolation.

We found that in the majority of GPMVs, Alexa Fluor 488-VacA was primarily
excluded from the phase labeled by Dil-C12, indicating that VacA associates with the
liquid ordered phase of GPMVs (Figure 3.2 A). This result was verified across several
independent experiments in which we quantified the phase preference of VacA in
multiple GPMVs by measuring the fluorescence intensity / of VacA in the liquid ordered
phase (/1) and the liquid disordered phase (lhonrat). The raft partition coefficient P was
then calculated as Prag = latt/(katt + Ihonratt) (200). A P of between 0 and 0.5
corresponds to a nonraft-preferring protein, whereas P, between 0.5 and 1.0
corresponds to a raft-preferring protein (181). In GPMVs derived from Hela cells, the
Pt for VacA ranged from 0.47 to 0.82, with a mean raft partitioning coefficient (+
standard error of the mean [SEM]) of 0.67 (£ 0.01) (Table 3.1). These results indicate

that in a majority of GPMVs, VacA shows significant localization to raft domains.
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Figure 3.2 VacA primarily localizes to the liquid ordered phase of GPMVs. (A)
Representative images of GPMVs isolated from HelLa and AGS cells using the DTT
method as well as from Hela cells using the NEM method. GPMVs were incubated with
Dil-C12 (red) and acid-activated 488-VacA (green) and imaged within 2 hr at 2 C (HelLa
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cells with the NEM method), 5 C (AGS cells with the DTT method), or 10°C (HeLa cells
with the DTT method). The temperature differences in imaging relate to the differences
in transition temperature between the different samples. Dil-C12 marks the disordered
phase (l4). Scale bar, 5 ym. (B) Quantification of the phase preference of VacA for each
condition represented in panel A. Each data point represents a raft partitioning
coefficient measured from a single GPMV. VacA preferentially partitioned into the
ordered phase (gray-shaded area) in the majority but not all of the GPMVs across the
conditions tested. Nonshaded area represents the liquid disordered phase. Bars and
whiskers represent mean values + standard deviations (SD). (C) Representative image
of a GPMV isolated from AGS cells using the DTT method in which VacA partitioned
into the disordered phase. Around 20% of the GPMVs exhibited this behavior. GPMVs
were incubated with Dil-D12 (red) and acid-activated 488-VacA (green) and imaged
within 2 hr. Dil-C12 marks the disordered phase. Scale bar, 5 ym

Table 3.1 Summary of raft partition coefficients across experiments.

Total number of

Condition/ Raft partition | Number of
Figure Number | form of VacA coeff‘i)cient independent DN EEl T
studied (Mean £ SEM) | experiments L quh
condition
HelLa-DTT 0.67 £ 0.01 3 48
Figure 3.2 AGS-DTT 0.56 + 0.03 2 42
HelLa-NEM 0.55 + 0.02 2 29
Activated WT 0.67 £ 0.01 2 48
Figure 3.4 Non—c\c/::tll_vated 0.60 + 0.01 > 43
Figure 3.5 A346-7 0.61 +£0.02 3 80
Figure 3.6 N6-27 0.54 +0.02 2 50
' s2m1 0.61 £ 0.01 2 47
Figure 3.7 p55 0.55 + 0.01 2 29

To test the generality of this finding, we explored whether VacA associates with
the liquid ordered phase of GPMVs isolated from a different cell type. For this, we used
AGS cells, a gastric cancer cell line that has been used extensively in studies of H.
pylori-host cell interactions (138, 174, 193). Consistent with its phase preference in
GPMVs isolated from HelLa cells, VacA also localized to the liquid ordered phase of

GPMVs isolated from AGS cells (Figure 3.2 A), with a mean raft partitioning coefficient
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of 0.56 (£ 0.03). Interestingly, in GPMVs isolated from AGS cells, we observed a
biphasic behavior of VacA raft partitioning: in ~20% of the GPMVs, VacA was localized
to the disordered phase (Figure 3.2 B and C). Therefore, despite VacA being a raft-
preferring toxin, our data suggest that VacA has the potential to bind to the nonraft
phase.

To ensure that VacA’s preference for the liquid ordered phase of GPMVs was not
an artifact of the way the GPMVs were prepared, we determined the phase preference
of VacA in GPMVs isolated using the N-ethyl maleimide (NEM) method (180). This
alternate method of GPMV preparation, unlike the most commonly used dithiothreitol
(DTT) method, avoids the nonspecific cross-linking of proteins (180, 200, 220). It also
preserves protein palmitoylation, which is disrupted by the DTT method (212). Using
NEM, we found that VacA also localized to the liquid ordered phase of the majority of
GPMVs (Figure 3.2 A and B), with a mean raft partitioning coefficient of 0.55 (+ 0.02).
Once again, there was a small subset of GPMVs where VacA bound to the disordered
phase. Nevertheless, irrespective of the method of GPMV preparation, in the majority of
the GPMVs, VacA behaves as a raft-associated toxin.

Having established that VacA associates preferentially with raft domains, we next
investigated which regions of VacA are required for its raft partitioning. For consistency,
all subsequent studies were performed with GPMVs derived from HelLa cells using the

DTT method.

Acid activation is not required for VacA lipid raft association

In solution at neutral pH, VacA can assemble into large, double-layered oligomeric

42



complexes, in which the hydrophobic membrane-binding interfaces are partially
occluded (80, 82). Acid activation triggers the disassembly of inactive VacA oligomers
into monomers and enhances VacA cell binding and activity (83, 87, 103). It was
previously reported that acid activation, in addition to enhancing VacA cell binding and
activity, is required for VacA association with DRMs, suggesting that acid activation is
required for VacA to bind lipid rafts (186). To test this hypothesis, we asked whether
nonactivated VacA is able to localize to the liquid ordered phase of GPMVs. For these
experiments, we incubated GPMVs with Alexa Fluor 488-VacA that was not acid
activated.

Compared to fluorescence signals in GPMVs labeled with identical amounts of
acid-activated VacA, increased fluorescence in the medium surrounding the GPMVs
and decreased VacA fluorescence were observed for GPMVs labeled with nonactivated
VacA (Figure 3.3). These findings suggest that binding of nonactivated VacA to GPMVs
is decreased compared to the binding of acid-activated VacA. However, independent of
its membrane affinity, nonactivated VacA still partitioned to the liquid ordered phase
similarly to acid-activated VacA, with a mean raft partitioning coefficient of 0.60 (+ 0.01)

(Figure 3.4).
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Figure 3.3 Acid activation increases binding of VacA to membrane. (A)
Representative GPMV image with a typical line scan. (B) Line scan of intensity. The
average of the first three pixels of the line scan as highlighted in the red box is used as
the intensity of the background lpg and the average of the pixel intensity as highlighted
by the green box is used as the intensity of the GPMV, lgpmy. The ratio of the two values
(Igomv/ lng) Was quantified as the relative binding of VacA to the GPMV. (C) Relative
binding of VacA to GPMVs under acid activated and nonactivated conditions.
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Figure 3.4 Acid activation is not required for VacA lipid raft association. (A)
Representative images of GPMVs, isolated from HelLa cells using the DTT method,
after incubation with either acid-activated (top) or nonactivated (bottom) Alexa Fluor
488-VacA. Note that the extent of binding of nonactivated VacA to GPMVs was
markedly lower than that of acid-activated VacA and the VacA signal in the medium
surrounding the GPMVs was higher for nonactivated VacA compared to acid-activated
VacA. Scale bar, 5 ym. (B) Quantification of the phase preferences of activated and
nonactivated VacA. Each data point corresponds to a raft partitioning coefficient
measured from a single GPMV. Bars and whiskers represent mean values + SD. |,
liquid ordered phase (gray-shaded area); |4, liquid disordered phase (nonshaded area).
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Oligomerization is not required for VacA lipid raft association

Oligomerization has been shown to drive raft association of other bacterial toxins

(181, 191, 221). Therefore, we next tested whether this is also the case for VacA by

using a nonoligomerizing mutant, VacA A346-7, which lacks aspartic acid 346 and

glycine 347 (Table 3.2). VacA A346-7 cannot oligomerize in solution or on membranes

(82, 179, 222), but it is able to bind membranes (82). Surprisingly, the binding behavior

of VacA A346-7 was very similar to what was observed for wild-type VacA. A majority of

VacA A346-7 localized to the liquid ordered phase (Figure 3.5), with a mean raft

partitioning coefficient of 0.61 (x 0.02). In ~ 20% of GPMVs, VacA A346-7 partitioned

into the nonraft phase. Thus, oligomerization is not essential for the targeting of VacA to

lipid rafts.

Table 3.2 VacA variants and mutants used in this study.

Variant Oligomerizes Forms Pores Vaccu;::tes References
s1m1 (WT) v v v 52,71,79,102
A346-7 x x x 80,178
N6-27 v Inefficiently x 61,73
s2m1 4 Inefficiently x 73,221

p55 x2 x x 57,58,59,61

@ Although the p55 domain does not oligomerize into flower-shaped hexamers, it is

purified as a dimer.
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Figure 3.5 Oligomerization is not required for VacA lipid raft association. (A) A
representative image of GPMVs incubated with Alexa Fluor 488-VacA A346-7
demonstrates that the nonoligomerizing mutant localizes to the ordered phase. Scale
bar, 5 ym. |4, liquid disordered phase. (B) Quantification of the phase preference of
VacA A346-7. Each data point corresponds to a raft partitioning coefficient measured
from a single GPMV. Bars and whiskers represent mean values + SD. Gray-shaded
area represents the liquid ordered phase, and nonshaded area represents the liquid
disordered phase.

Disruptions of the amino-terminal, pore-forming region do not abrogate VacA
lipid raft association

We next asked whether sequences contributing to VacA'’s ability to form pores also
influence its raft binding preference. Regions of the p33 domain of VacA have been
proposed to insert into the lipid bilayer to form a membrane channel (82). For instance,
the amino-terminal portion of the p33 domain (residues 1 to 32) contains three tandem
GXXXG transmembrane dimerization motifs (62, 63, 67). To test the importance of

these repeats for raft association, we examined the phase preference of VacA A6-27, a
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mutant lacking these three GXXXG motifs due to a deletion of a strongly hydrophobic
22-amino-acid stretch in the amino terminus (62). For comparison, we also examined
VacA s2m1, a variant of VacA that contains 12 additional residues at the N-terminus
that are known to disrupt pore formation (75). Both VacA A6-27 and VacA s2m1 can
assemble into oligomeric structures, but they exhibit reduced channel activity and fail to
induce cellular vacuolation (Table 3.2) (62, 75, 80, 223). When incubated with GPMVSs,
VacA A6-27 and VacA s2m1 predominantly partitioned into the liquid ordered phase
(Figure 3.6), with mean partition coefficients of 0.54 (£ 0.02) and 0.61 (x 0.01),

respectively. Similarly to wild-type VacA and VacA A346-7, in a small proportion of
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Figure 3.6 Disruptions to the VacA amino-terminal pore-forming region do not
abrogate VacA lipid raft association. (A) Representative images of GPMVs after
incubation with either acid-activated Alexa Fluor 488-VacA A6-27 (top) or acid-activated
Alexa Fluor 488-VacA s2m1 (bottom). Scale bar, 5 ym. lg, liquid disordered phase. (B)
Quantification of the phase preference of VacA A6-27 and VacA s2m1. Each data point
corresponds to a raft partitioning coefficient measured from a single GPMV. Bars and
whiskers represent mean values + SD. Gray-shaded area represents the liquid ordered
phase, and nonshaded area represent the liquid disordered phase.

GPMVs, VacA A6-27 partitioned into the nonraft phase. These data show that
alterations of the amino-terminal, pore-forming region of VacA do not abrogate its lipid
raft association and suggest that VacA need not be able to form a functional pore in

order to associate with lipid rafts.

The p55 domain is sufficient to target VacA to lipid rafts

Since none of the tested mutants with mutations in the p33 region disrupted VacA
raft partitioning in GPMVs, we hypothesized that the p55 domain may be sufficient to
target VacA to lipid rafts. The isolated p55 domain is known to bind membranes, but it is
unable to assemble into large oligomeric structures (Table 3.2) (56, 58, 63). To test our
hypothesis, we incubated recombinant p55 with GPMVs and measured its phase
preference. We found that indeed, the p55 domain alone bound to GPMVs, where it
localized to the liquid ordered phase (Figure 3.7 A and B) with an average raft
partitioning coefficient of 0.55 (+ 0.01). Thus, the p55 domain is sufficient to target VacA

to lipid rafts.
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Figure 3.7 The p55 domain is sufficient for VacA partitioning into lipid rafts. (A)
Representative images of GPMVs incubated with Alexa Fluor 488-VacA p55. Scale bar,
5 um. |4, liquid disordered phase. (B) Quantification of the phase preference of the VacA
p55 domain. Each data point corresponds to a raft partitioning coefficient measured
from a single GPMV. Bars and whiskers represent mean values + SD. Gray-shaded
area represents the liquid ordered phase. Nonshaded area represents the disordered
phase.

DISCUSSION

Many bacterial protein toxins, including VacA, are thought to utilize lipid rafts as
the first step in intoxication of host cells (187). To provide a direct measure of VacA’s
association with rafts, as well as to define features of the protein that mediate its affinity
for raft versus nonraft domains, we analyzed VacA’s phase preference using GPMVs. A
major advantage of using GPMVs is that they contain the inherent compositional

complexities of the plasma membrane and permit the direct visualization of lipid
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organization by light microscopy (200). Thus, GPMVs minimize many of the artifacts
that arise in other experimental systems and have proven to be a powerful tool for the
study lipid rafts (203).

We show that VacA predominantly binds the ordered phase in GPMVs isolated
from both HeLa and AGS cells, and we detect this phenomenon using two different
approaches to isolate GPMVs. This finding is in agreement with previous studies that
identified VacA as a raft-associated protein, using biochemical approaches (168, 174,
186, 194). Using GPMVs, we were also able to quantify the raft partitioning coefficient of
VacA, and found that, on average, it ranged between 0.5 and 0.6 for essentially all the
forms of VacA studied here. This is similar to the raft partitioning coefficient of the
canonical lipid raft marker, cholera toxin B subunit, measured using the same approach
(181). Thus, all forms of VacA analyzed partition primarily as raft-preferring proteins.
Importantly, under the conditions of our experiments, GPMVs exhibit phase separation
prior to the addition of VacA. Therefore, VacA binding is not responsible for driving raft
formation in the GPMVs. We did, however, observe several behaviors that suggest that
the extent to which VacA associates with rafts is a regulated process. First, in a small
fraction of GPMVs, including those isolated from AGS cells, VacA partitioned into the
disordered phase. Given that VacA is proposed to bind a wide range of receptors, it is
possible that localization of VacA to nonraft domains in a subset of the GPMVs could be
due to an interaction between VacA and a nonraft receptor (discussed in more detalil
below) (193). Second, the mean raft partitioning coefficients for VacA variants, while all
within the raft-preferring range, were slightly lower than that of wild-type VacA (see

Table 3.1). This suggests that wild-type VacA represents the most highly optimized form
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of the toxin in terms of its raft partitioning activity.

To enhance VacA cell binding and activity in vitro, oligomeric VacA preparations
are typically exposed to a low pH in order to acid activate the toxin (83, 86). It has
previously been proposed that nonactivated VacA does not associate with lipid rafts, on
the basis of studies of its association with DRMs. This led to the conclusion that acid
activation not only enhances VacA cell binding but is also required for VacA to bind lipid
rafts (186). In contrast, our data show that acid activation is not required for VacA to
associate with lipid rafts, as both acid activated and nonactivated VacA bind the ordered
phase of GPMVs.

Oligomerization has been shown to facilitate the raft association of several
oligomeric bacterial toxins, including the classic AB5 toxins, cholera toxin B and Shiga
toxin (181, 190, 224, 225). Additionally, it was shown that oligomerization of anthrax
toxin is a prerequisite for its association with rafts and that artificial cross-linking of
anthrax toxin monomers is sufficient to localize anthrax toxin and its receptor to lipid
rafts (226). Our results indicate that oligomerization is not required for VacA to bind lipid
rafts as the nonoligomerizing mutant, VacA A346-7, associates with the liquid ordered
phase. Thus, we conclude that raft association of VacA is not an emergent behavior
arising as a consequence of oligomerization but is due to the inherent affinity of
monomeric VacA for lipid rafts.

Our results also provide insights into specific regions in the toxin that are
responsible for raft association, including domains that contribute to pore formation.
VacA has complex membrane interactions; both the p33 and p55 domains of VacA are

thought to be involved in membrane binding (56, 161), while portions of the p33 domain
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insert into membrane and are essential for pore formation (62, 63, 75). We utilized two
mutants that do not form pores efficiently, VacA A6-27 and VacA s2m1, to probe
whether the amino terminus of the toxin (a principal region involved in pore formation) is
also involved in VacA’s raft preference. Since both VacA A6-27 and VacA s2m1
associate with the liquid ordered phase, our results indicate that the lipid raft partitioning
of VacA is not dependent on the amino-terminal hydrophobic region responsible for
pore formation. Nevertheless, given that VacA associates with a raft-like environment,
pore formation might preferentially occur in rafts. To further define the regions of VacA
needed for raft partitioning, we utilized recombinant p55 containing the m1 region. Our
results show that the p55 domain on its own is able to bind lipid rafts. Unfortunately,
difficulties in purifying properly folded recombinant p33 make it challenging to determine
whether the p33 domain alone is also able to bind lipid rafts. Therefore, although we
conclude that the p55 domain is sufficient for VacA to bind lipid rafts, the role of p33

remains to be determined. A model summarizing all our results is shown in Figure 3.8.
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Figure 3.8 Working model of VacA partitioning into lipid rafts. Initially, acid
activation promotes disassembly of VacA oligomers (1) into monomeric VacA (2).
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Monomeric VacA primarily binds raft domains in cell membranes. Given that the p55
domain alone partitions into lipid rafts, we expect the p55 domain to play a large role in
targeting VacA into the raft phase (3). VacA oligomerizes and potentially forms a pore in
the raft phase. It is not known whether these two steps occur simultaneously or
sequentially (4). In the absence of acid activation, VacA binds more weakly to cell
membranes (in either an oligomeric or monomeric form) but is still targeted to lipid rafts.

The distinct preference of VacA for raft domains raises the question of whether
specific receptors are involved in targeting VacA to lipid rafts or if the toxin instead
recognizes lipid components of lipid rafts. To date, VacA has been proposed to bind a
diverse list of receptors including epidermal growth factor receptor (EGFR), receptor-
type tyrosine-protein phosphatase alpha (RPTPa), RPTPB, low-density lipoprotein
receptor-related protein 1 (LRP1), B2 integrin, and sphingomyelin (196). While some of
these receptors are likely raft associated, suggesting that they could be directly
responsible for bringing VacA to rafts, a subset of putative VacA receptors, such as
RPTPB and some forms of sphingomyelin, have been found to be associated with the
nonraft phase (193, 227). Interestingly, the VacA-RPTPB complex has been reported to
translocate to rafts, suggesting that even nonraft receptors can potentially contribute to
VacA's raft preference (193). It should also be noted that despite years of research, it is
still unclear whether VacA binds to a single abundant-yet-low-affinity receptor or to
multiple cell surface components (196). Indeed, previous studies have not agreed as to
whether VacA displays saturable or nonsaturable binding to host cells (87, 159-163).
Furthermore, VacA is known to bind artificial lipid membrane in the absence of any
protein receptors (82, 103-105, 192). For example, although sphingomyelin localizes to
lipid rafts and is proposed to be a receptor for VacA, one study showed that VacA

bound large unilamellar vesicles equally well regardless of the presence or absence of
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sphingomyelin (82). Thus, the interaction between VacA and lipid membrane is complex
and thorough analysis of VacA-receptor interactions will be required to clarify the role
VacA receptors play in VacA raft association and cellular intoxication.

VacA is but one of many toxins that appear to utilize lipid rafts for binding and
entry into cells (191). However, VacA is different from many of these toxins in that its
raft association appears to be independent of its oligomerization status and properties
required for membrane pore formation (181, 191, 228). We anticipate that further
studies of VacA and GPMVs will provide important insights into our understanding of the

raft  association of other, less-well-characterized pore-forming  toxins.
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CHAPTER IV

INTRACELLULAR DEGRADATION OF VACA AS A DETERMINANT OF GASTRIC
EPITHELIAL CELL VIABILITY
A modified version was previously published as:
Foegeding NJ, Raghunathan K, Campbell AM, Kim SW, Lau KS, Kenworthy AK, Cover

TL, Ohi MD. (2019) Intracellular Degradation of Helicobacter pylori VacA Toxin as a
Determinant of Gastric Epithelial Cell Viability. Infection and Immunity 87:e00783-18

INTRODUCTION

One of the most extensively characterized VacA activities is its ability to induce
the formation of large cytoplasmic vacuoles in cultured cells (46, 51). A current model
for VacA-induced vacuolation (102, 229) proposes that VacA forms anion-selective
channels in late endosomal/lysosomal membranes (62, 63, 101, 230), leading to an
influx of chloride into endosomes, which stimulates increased proton pumping by the
vacuolar ATPase and a subsequent decrease in intraluminal pH (104, 106, 107, 109).
Membrane-permeant weak bases that diffuse into the endosome are protonated in the
acidic environment and trapped, triggering osmotic swelling that manifests as cell
vacuolation (108, 110).

Most cell types are relatively resistant to VacA-induced cell death, which requires
exposure of cells to high concentrations of the toxin for long time periods (137-139,

141). One possible explanation is that cells might have mechanisms to protect from
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VacA-induced toxicity. Indeed, there is growing evidence indicating that cells are able to
respond and survive following exposure to several bacterial pore-forming toxins (PFTs),
including Staphylococcus aureus alpha-toxin (231-233), Vibrio cholera cytolysin (234),
Aeromonas hydrophila aerolysin (41), Listeria monocytogenes listeriolysin O (41), and
Streptococcus pyogenes streptolysin O (235). Inhibiting cellular repair mechanism(s)
enhances the toxicity of these PFTs (231, 233, 234).

Both the formation of VacA-induced vacuoles and VacA-induced cell death are
enhanced in the presence of ammonium chloride (NH4Cl), a weak base (51, 99, 108,
110, 138, 236). Consequently, in experimental studies in which cells are treated with
purified VacA, the cell culture medium is often supplemented with NH4CI. The presence
of weak bases in cell culture medium may mimic the conditions in the stomach during H.
pylori infection, as H. pylori generates ammonia in vivo through the actions of urease
and other enzymes, such as y-glutamyl transpeptidase, asparaginase, and glutaminase
(237-239). In this study, we investigated the mechanism(s) by which NH4ClI influences
the magnitude of VacA-induced cell death. We report that the presence of supplemental
weak bases (such as NH4Cl) inhibits intracellular VacA degradation, while having no
detectable effect on VacA intracellular trafficking. Our results indicate that intracellular
VacA degradation is independent of autophagy and proteasome activity, but dependent
on lysosomal acidification. We propose that intracellular degradation of VacA in the
lysosome enables host cells to resist VacA-induced vacuolation and cell death, and

weak bases enhance VacA activity by inhibiting intracellular degradation of the toxin.
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RESULTS
VacA-induced cell death is enhanced in the presence of supplemental NH4ClI

As a first step in analyzing VacA-induced cell death, we performed experiments
in which cells were treated with multiple successive doses of the toxin, potentially
similar to conditions in the stomach where cells continually encounter newly synthesized
VacA, in the absence or presence of NH4Cl. Specifically, we treated AGS gastric
epithelial cells once a day for five days with VacA (5 pg/mL) in the absence or presence
of 5 mM NH4CI. Cell vacuolation was detected in the absence of NH4ClI, but the cells
continued to proliferate (Figure 4.1 A to C). In the presence of NH4ClI, VacA-induced
vacuolation was enhanced (Figure 4.1 D), and cell proliferation was inhibited (Figure 4.1
E and F). NH4CI alone did not induce significant vacuolation (Figure 4.1 G to L). After
collecting transmitted light images, cellular ATP levels were determined to quantitatively
assess cell viability. A small reduction in cell viability was observed in the presence of
VacA alone or in the presence of NH4Cl alone, but a large reduction in cell viability was
only observed in the presence of both VacA and NH4Cl (Figure 4.1 M). Thus, the
reduction in cell viability in the presence of both VacA and NH4Cl was synergistic, not
additive. When the experiment was repeated with higher doses of VacA (20 pg/mL),
once again the cells treated with VacA in the absence of NH4Cl grew to confluency,
whereas cells treated with VacA in the presence of NH4CI did not (Figure 4.1 N).
Therefore, in the absence of NH4Cl, repetitive treatment of cells with either low or high
concentrations of VacA did not induce substantial cell death. Consistent with previous

reports (138, 139), these data indicate that NH4Cl enhances VacA-induced cell death.

58



- VacA

N + 20 pg/mL
- -VacA VacA
1.0 © © 9] - :
0.84
0.64
0.4-
0.24
0 L) 1) | ) L)
1 2 3 4 5
Days

Day 5

o -NH,Cl -VacA O -NH,CI +VacA
e +NH,Cl -VacA e +NH,Cl +VacA

59



Figure 4.1 Loss of cell viability requires treatment with both VacA and
supplemental NH4Cl. (A-L) AGS cells were treated once a day for five days with 5
pug/mL of VacA (A-F) or acidified buffer (G-L) in the absence (A-C, G-I) or presence (D-
F, J-L) of 5 mM NH4Cl. Transmitted light micrographs were collected after each
successive day of VacA intoxication to assess for vacuolation. Scale bar, 50 ym. (M)
Quantification of A-L using an ATPlite 1step Luminescence Assay to measure cellular
ATP levels. Values represent luminescence signal normalized to control (- NH4Cl -
VacA) cells. (N) AGS cells were treated once a day for five days with 20 ug/mL of VacA
in the absence or presence of 5 mM NH4ClI. After five days, cells were fixed and stained
with 0.5% crystal violet for 15 min to assess for the presence of cells.

NH4CI does not promote VacA trafficking to mitochondria

It has been suggested that VacA can induce cell death by directly trafficking to
mitochondria and forming pores in mitochondrial membrane (115, 117, 119, 120, 141).
Therefore, we tested whether NH4Cl augments VacA-induced cell death by promoting
VacA trafficking to mitochondria. To test this, we used Alexa Fluor 488-labeled VacA
(488-VacA) to quantify VacA colocalization with mitochondria over time in the absence
and presence of NH4Cl. We observed that VacA was largely excluded from
mitochondria (Figure 4.2 A) and we did not detect any consistent increase in VacA
colocalization with mitochondria over time, regardless of whether cells were treated with
VacA in the absence or presence of NH4Cl (Figure 4.2 B and C and Table 4.1).
Furthermore, there was no significant increase in VacA colocalization with mitochondria
in the presence of NH4Cl compared to VacA colocalization with mitochondria in the

absence of NH4Cl (Figure 4.2 D).
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Pearson’s coefficient

Figure 4.2 Treatment with NH4Cl does not promote VacA trafficking to
mitochondria. AGS cells were treated with a pulse of 488-VacA (1 hr at 4°C for the O
min time point; 5 min at 37°C for all other time points), washed and incubated for
various lengths of time in the absence or presence of 5 mM NH4CI, then fixed and
stained with anti-MTCO02 (mitochondria). (A) Representative image of a cell at the 24 hr
time point in the presence of NH4CI. Image is a single, non-deconvolved z-slice. Scale
bars, 10 ym in the full size image and 2 ym in the zoom. (B-D) The Pearson correlation
coefficient was used to quantify colocalization of VacA with MTCO2 in the (B) absence
and (C) presence of NH4CIl. Panel (D) represents the combined data. Open circles
indicate absence of NH4Cl and closed circles indicate presence of NH4CIl. Each data
point represents the Pearson’s coefficient of an individual cell measured using ImageJ
from a single, non-deconvolved z-slice. n = 10 cells per condition per experiment from
two independent experiments. (B,C) Error bars, + SD. The means for each dataset are
statistically different (p < 0.0001) as determined by an ANOVA. ***, p < 0.001 as
determined by a Dunnett’s Multiple Comparison Test. (D) Error bars, + SD. ns, p > 0.05;
*, p = 0.0206 as determined by an unpaired, two-tailed t test.
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Table 4.1 Summary of the Pearson correlation coefficient for MTCO2, LAMP1, and
LC3 with VacA?

» _ PCC Statistical Total number of
Condition | Time (mean * Significance cells measur:e'd for
SD) each condition

0 min 0.34 £0.14 47
(-) NH4CI 15 min 0.26 £0.14 * 46
4 hr 0.47 £0.17 e 34
MTCO2 24 hr 0.39+£0.18 ns 38
0 min 0.39£0.15 44
(+) NH4CI 15 min 0.28 £0.14 ** 33
4 hr 0.45+£0.15 ns 34
24 hr 0.30£0.13 * 32
0 min 0.27 £0.16 30
(-) NH4CI 15 min 0.36 £0.18 ns 36
4 hr 0.71£0.15 il 50
LAMP1 24 hr 0.80£0.15 b 50
0 min 0.33+0.18 41
(+) NH4CI 15 min 0.33+£0.14 ns 43
4 hr 0.73£0.11 b 26
24 hr 0.82 £0.11 il 36
0 min 0.36 £0.14 51
(-) NH4CI 15 min 0.36 £0.14 ns 47
4 hr 0.47 £0.17 * 48
LC3 24 hr 0.47 £0.18 ** 41
0 min 0.47 £0.14 39
(+) NH4CI 15 min 0.38 £0.16 * 35
4 hr 0.60 £0.13 b 47
24 hr 0.70 £ 0.11 b 44

“The table is a summary of data from two independent experiments using Pearson’s
correlation coefficient (PCC) to assess VacA colocalization with mitochondria (MTCO2),
lysosomes (LAMP1), and autophagosomes/autophagosomes (LC3). Statistical tests
were done to determine whether the mean Pearson’s coefficient at 15 min, 4 hr, or 24 hr
was significantly different than the respective Pearson’s coefficient at 0 min. The means
for each dataset are statistically different (p < 0.0001) as determined by an ANOVA. ns,
p > 0.05; %, p<0.05; *, p <0.01; **, p <0.001 as determined by a Dunnett’s Multiple
Comparison Test.
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We also used live cell imaging to monitor VacA localization in relation to
mitochondria. If VacA localizes to mitochondrial membrane, we expected to observe
stable colocalization between VacA and mitochondria. However, we did not detect
stable colocalization of VacA with mitochondria over time in either the presence (Figure

4.3) or absence of NH4ClI (Figure 4.4). VacA-containing vesicles that appeared to be
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Figure 4.3 Analysis of VacA localization with mitochondria in living cells in the
presence of NH4Cl. (A-C) Live cell imaging of AGS cells transfected with Mito-RFP.
Cells were treated with a pulse of 488-VacA for 5 min at 37°C, then washed and
incubated at 37°C in medium supplemented with 5 mM NH4Cl. Movies were collected at
(A) 0.5 hr, (B) 4 hr, and (C) 24 hr post VacA treatment. Left, a single frame of the cell
being imaged. Right, sequential images of the regions indicated in boxes. Time is
indicated in seconds relative to the initial frame. Images are single z-slices. Scale bars,
10 um in the full size images and 2 ym in the zooms. (D-F) Lines scans of the regions
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indicated by yellow dashed lines in (A-C). Magenta line represents normalized Mito-RFP
fluorescence intensity. Green line represents normalized 488-VacA fluorescence
intensity. (D,F) The initial frame reveals VacA appearing near mitochondria, but
subsequent frames reveal VacA moving away from mitochondria. (E) The frames reveal
VacA initially appearing away from mitochondria, moving near mitochondria, then
moving back away from mitochondria.

w
o
[}
o

»
’
e

merge vacA mito

20"

4
7y
10”

merge vacA mito

0’
0’
/ \‘p \
4 5
el A
0’
RS
} 3
’

"
w
Q
o' >y
s
Q

merge vacA mito

Figure 4.4 Analysis of VacA localization with mitochondria in living cells in the
absence of NH4CI. (A-C) Live cell imaging of AGS cells transfected with Mito-RFP.
Cells were treated with a pulse of 488-VacA for 5 min at 37°C, then washed and
incubated at 37°C. Movies were collected at (A) 0.5 hr, (B) 4 hr, (C) 24 hr and post
VacA treatment. Left, a single frame of the cell being imaged. Right, sequential images
of the regions indicated in boxes. Time is indicated in seconds relative to initial frames.
Images are single, z-slices. The initial frame reveals VacA appearing near mitochondria,
but subsequent frames reveal VacA moving away from mitochondria. Scale bars, 10 ym
in the full size images and 2 ym in the zooms.
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near or colocalized with mitochondria moved away from mitochondria over time (Figure
4.3 D to F). In contrast, colocalized movement of VacA with early and late endosomes
was routinely observed (Figure 4.5). These data indicate that NH4CIl does not promote
VacA trafficking to mitochondria. Additionally, this analysis suggests that either VacA is
not targeted to mitochondria or that only a minor subpopulation of VacA traffics to

mitochondria, making the interaction difficult to detect.
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Figure 4.5 Analysis of VacA localization with early and late endosomes in living
cells. (A,B) Live cell imaging of AGS cells transfected with (A) mCh-Rab5a or (B) mCh-
Rab7 and treated with a pulse of 488-VacA for 1 hr at 4°C, then washed and incubated
at 37°C. Movies were collected at (A) 20 min and (B) 45 min post treatment. Left, a
single frame of the cell being imaged. Right, sequential images of regions indicated in
boxes. Time is indicated in seconds relative to initial frames. Images are single z-slices.
Scale bars, 10 ym in the full size images and 2 ym in the zooms. (C,D) Line scans of
regions indicated by the yellow dashed lines in (A,B). Magenta line represents
normalized (A) mCh-Rab5a or (B) mCh-Rab7 fluorescence intensity, appearing as two
peaks due to their membrane localization. Green line represents normalized 488-VacA
fluorescence intensity. Frames reveal a stable co-localization of VacA with early
(Rab5a) and late (Rab7) endosomes.
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NH4CI inhibits intracellular VacA degradation

While analyzing the fluorescence microscopy images from fixed cells, we noticed
that at 24 hr, the intracellular level of VacA was significantly higher in cells treated with
VacA in the presence of NH4Cl compared to cells treated with VacA in the absence of
NH4Cl (Figure 4.6 A and B). This difference was not attributable to NH4Cl-induced
alterations in the amount of VacA that binds and is internalized into cells, because the
levels of VacA associated with cells 0.5 hr after addition of the toxin were similar in the
absence and presence of NH4Cl (Figure 4.6 C and D). Ammonium ions accumulate
within acidic intracellular organelles, resulting in increased intralysosomal pH, which in
turn inhibits the activation of acid proteases required to break down cargo material (240-
242). Therefore, we hypothesized that host cells degrade VacA and that NH4CI might
augment VacA-induced cell death by inhibiting intracellular VacA degradation. To test
this hypothesis, we monitored the stability of VacA in AGS cells using western blot
analysis. In the absence of NH4Cl, VacA was nearly undetectable 4 hr after addition of
the toxin to cells (Figure 4.6 E), while in the presence of NH4ClI, VacA levels remained
stable throughout the 8 hr time course (Figure 4.6 F). At a 24 hr time point after the
addition of VacA to cells, there was a significantly higher level of VacA in the presence
of NH4Cl compared to in the absence of NH4CIl (Figure 4.6 G and H). VacA levels
detected by Western blot analysis correlated with the presence of cellular vacuolation
(Figure 4.6 1). Similar results were obtained with HelLa cells (Figure 4.7). Altogether,

these data indicate that cells degrade VacA and that NH4ClI inhibits VacA degradation.
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Figure 4.6 NH,Cl inhibits intracellular VacA degradation. (A) Sum intensity z-
projections of AGS cells treated with a pulse of 488-VacA for 5 min at 37°C, then
washed and incubated for 24 hr in the absence or presence of 5 mM NH4CI. DNA, blue.
Lookup Tables (LUTs) for the 488 channel are scaled identically. Scale bar, 20 ym. (B)
Quantification of (A). n = 50 cells per condition. Error bars, + SD. ****, p < 0.0001 as
determined by an unpaired, two-tailed t test. (C) Sum intensity z-projections of AGS
cells treated with a pulse of 488-VacA for 5 min at 37°C, then washed and incubated for
0.5 hr in the absence or presence of 5 mM NH4Cl. DNA, blue. LUTs for the 488 channel
are scaled identically. Scale bar, 20 ym. (D) Quantification of C. n = 59 cells per
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condition. Error bars, = SD. ns, p = 0.9784 as determined by an unpaired, two-tailed t
test. (E,F) Western blots of whole cell lysates prepared from AGS cells treated for 5 min
at 37°C with VacA, then washed and incubated for various lengths of time in the (E)
absence or (F) presence of 25 mM NH4Cl. Blot was probed with antibodies targeting
VacA or tubulin (DM1a). 100 and 58 kDa references marked to the left. (G) Western blot
of whole cell lysates prepared from AGS cells treated for 1 hr at 4°C with VacA, then
washed and incubated for 0.5 or 24 hr in the absence or presence of 5 mM NH4CI. Blot
was probed with antibodies targeting VacA and tubulin (DM1a). 100 and 58 kDa
references marked to the left. (H) Quantification of (G), n=4. Error bars, + SD. **** p <
0.0001; *, p = 0.0163; **, p = 0.0016 as determined by a paired, two-tailed t test. (l)
Transmitted light micrographs of cells used in (C,D) at each successive time point.
Scale bars, 20 pym.

A
0.5 hr 24 hr

NH4CI(mM) 0 5 25 0 5 25
100 | VacA

58 e e - D)1

Figure 4.7 NH4CI inhibits VacA degradation in HelLa cells. (A) A Western blot of
whole cell lysates prepared from HelLa cells treated for 1 hr at 4°C with VacA, then
washed and incubated for 0.5 or 24 hr in the presence of increasing concentrations of
NH4CI. Blot was probed with antibodies targeting VacA and tubulin (DM1a). 100 and 58
kDa references marked to the left. (B) Transmitted light micrographs of cells used in A)
after 24 hr of VacA treatment. Scale bar, 20 pm.
VacA accumulates in lysosomes and autophagosomes/autolysosomes in both
the absence and presence of NH,Cl

To determine if NH4Cl altered the intracellular trafficking of VacA to lysosomal or

autophagosomal compartments, which are likely sites of intracellular VacA degradation,

we evaluated VacA colocalization with lysosomal and autophagosomal markers
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(LAMP1 and LC3, respectively). VacA colocalized with LAMP1 and LC3 in both the
absence and presence of NH4Cl (Figure 4.8). At 4 hr and 24 hr after addition of VacA, in
both the absence and presence of NH4Cl, there was a statistically significant increase in
the colocalization of VacA with LAMP1 compared to what was observed in the 0 min
control samples (Figure 4.8 B and C and Table 4.1). The same result was observed for
VacA colocalization with LC3 (Figure 4.8 D and E and Table 4.1). These data indicate
that VacA can localize to both lysosomes and autophagosomes/autolysosomes and that

the presence of NH4Cl does not disrupt VacA trafficking to these compartments.

D E
LAMP1, + NH,CI LC3, - NH,CI LC3, + NH,CI

Pearson’s coefficient
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Figure 4.8 VacA accumulates in lysosomes and autophagosomes/autolysosomes
in both the absence and presence of NH4Cl. AGS cells were treated with a pulse of
488-VacA (1 hr at 4°C for the 0 min time point; 5 min at 37°C for all other time points),
washed and incubated for various lengths of time in the absence or presence of 5 mM
NH4Cl, then fixed and stained with anti-LAMP1 (lysosomes) or anti-LC3
(autophagosomes/autolysosomes) antibody. (A) Representative images of cells at the
24 hr time point in the presence of NH4CI. Images are single, non-deconvolved z-slices.
Scale bars, 10 ym in the full size image and 2 ym in the zoom. (B-E) The Pearson
correlation coefficient was used to quantify colocalization of VacA with LAMP1 and LC3
in the (B,D) absence and (C,E) presence of NH4CI. Open circles indicate absence of
NH4Cl and closed circles indicate presence of NH4Cl. Each data point represents the
Pearson’s coefficient of an individual cell measured using ImageJ from a single, non-
deconvolved z-slice. n = 10 cells per condition per experiment from two independent
experiments. Error bars, £ SD. The means for each dataset are statistically different (p <
0.0001) as determined by an ANOVA. **, p < 0.01; ***, p < 0.001 as determined by a
Dunnett’s Multiple Comparison Test.

VacA degradation is independent of proteasome activity and autophagy, but
dependent on lysosomal acidification

Next, we sought to determine the cellular pathway(s) involved in VacA
degradation. To test the role of the proteasome, we used the proteasome inhibitor
MG132. Treatment of cells with MG132 did not result in increased VacA levels or
increased vacuolation compared to what was observed in control cells (Figure 4.9). To
test the role of autophagy in VacA degradation, we used both chemical and genetic
approaches to inhibit autophagy. First we treated cells with 3-methyladenine (3-MA),
which inhibits type Ill phosphatidylinositol 3-kinases (PI3K) to block autophagosome
formation (243, 244). While we noted that 3-MA alone induced a low level of
vacuolation, treatment of cells with VacA in the presence of 3-MA did not result in
increased cellular VacA levels or increased vacuolation compared to control cells

(Figure 4.10 A to C). We then analyzed VacA degradation in two stable ATG5
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Figure 4.9 MG132 does not inhibit VacA degradation. (A) A Western blot of whole
cell lysates prepared from AGS cells treated for 1 hr at 4°C with VacA, then washed and
incubated for 0.5 or 8 hr in the presence of 5 yM MG132, or 5 mM NH4CI, or mock
treated. Blot was probed with antibodies targeting VacA and tubulin (DM1a). 100 and 58
kDa references marked to the left. (B) Transmitted light micrographs of cells used in (A)
at the 8 hr time point. Scale bar, 20 um. (C) To confirm that treatment of cells with 5 yM
MG132 for 8 hr inhibits proteasome activity, cell lysate from the 8 hr time point in the
absence or presence of MG132 was probed with antibodies targeting ubiquitin and
GAPDH. A reduction in proteasome activity is indicated by an increase in ubiquitin-
conjugated proteins in the presence of MG132 compared to in the absence of MG132.

knockdown (KD) cell lines generated using two different ATG5 shRNA clones. The
ATG5 KD cell lines had knockdown efficiencies of 80% for ATG5 KD1 and 88% for
ATG5 KD2 (Figure 4.10 D and E). Inhibition of autophagy by knocking down ATGS did
not result in increased VacA levels or increased vacuolation compared to control cells
(Figure 4.10 F to H). We also analyzed VacA degradation in HeLa ATG16L1 KO cells
generated using CRISPR/Cas9 (Figure 4.10 I). Inhibition of autophagy by knocking out
ATG16L1 did not result in increased VacA levels or increased vacuolation compared to

control cells (Figure 4.10 J to L).

71



>

w

o
o

05hr 24 hr £ = 3-MA +3-MA
< N B 3
3IMA - o+ -+ 210 \ '
58 p —ns o
SRR o
"bx§ %’Q "bxv %’Q
’ X ’ X
0.5hr 24 hr ©
| &8
57
NS

80| | ATG16L1

46E GAPDH

H
scramble ATG5 KD1 ATG5 KD2
N
1
J 0.5hr 24 hr L
':& ':éD tal ATG16L1 KO
arental
2L 3

S0 6,0
I &<

Figure 4.10 VacA degradation is independent of autophagy. (A) Representative
Western blot of AGS cells treated for 1 hr at 4°C with VacA, then washed and incubated
for 0.5 or 24 hr in the absence or presence of 10 mM 3-MA. Blot was probed with
antibodies targeting VacA and tubulin (DM1a). (B) Quantification of (A), n=3. Error bars,
+ SD. ** p = 0.0006; **, p = 0.0018; ns, p = 0.4227; paired, two-tailed t test. (C)
Transmitted light micrographs of cells used in (A) after 24 hr of VacA treatment. (D)
Representative Western blot to validate ATG5 knockdown in AGS cells. Blot was
probed with antibodies targeting ATG5 and GAPDH. (E) Quantification of (D), n=3. Error
bars, + SD. The knockdown (KD) was 80% efficient in cell line ATG5 KD1 (generated
from shRNA clone TRCNO0000151963) and 88% efficient in cell line ATG5 KD2
(generated from shRNA clone TRCN0000330392). (F) Representative Western blot of
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whole cell lysates prepared from a scramble control cell line and two AGS ATG5 KD cell
lines treated for 1 hr at 4°C with VacA, then washed and incubated for 0.5 or 24 hr. Blot
was probed with antibodies targeting VacA and tubulin (DM1a). (G) Quantification of
(F), n=3. Error bars, + SD. ***, p < 0.001; paired, two-tailed t test. ns, p = 0.9211;
ANOVA. (H) Transmitted light micrographs of cells used in (F) after 24 hr of VacA
treatment. (I) Representative Western blot to validate ATG16L1 knockout in HelLa cells.
Blot was probed with antibodies targeting ATG16L1 and GAPDH. (J) Representative
Western blot of whole cell lysates prepared from parental HeLa and HeLa ATG16L1 KO
cells treated for 1 hr at 4°C with VacA, then washed and incubated for 0.5 or 24 hr. Blot
was probed with antibodies targeting VacA and tubulin (DM1a). (K) Quantification of (J),
n=3. Error bars, £+ SD. ****, p < 0.0001; **, p = 0.0013; ns, p = 0.5992; paired, two-tailed
t test. (L) Transmitted light micrographs of cells used in (J) after 24 hr of VacA
treatment. For all blots, molecular weight (kDa) references marked to the left. Scale
bars, 20 ym.

To test the role of the lysosome in VacA degradation, we used chloroquine and
bafilomycin A1 to inhibit lysosome acidification. Treatment of cells with chloroquine, a
lysosomotrophic weak base which raises intralysosomal pH similarly to NH4ClI, resulted
in increased VacA levels and increased vacuolation compared to levels in control cells
(Figure 4.11 A to C) (240). Furthermore, treatment of cells with bafilomycin A1, which
raises intralysosomal pH by inhibiting the vacuolar H*-ATPase, also resulted in
increased VacA levels (Figure 4.11 D and F) (245). Since the vacuolar H*-ATPase has
previously been shown to be required for osmotic swelling of endosomes in response to
VacA (246, 247), bafilomycin A1 inhibited VacA-induced vacuolation despite high
intracellular levels of VacA (Figure 4.11 F). Altogether, these results provide evidence
that cells degrade VacA through processes independent of proteasome activity and

autophagy, but dependent on lysosomal acidification.
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Figure 4.11 VacA degradation is dependent on lysosome acidification. (A)
Representative Western blot of AGS cells treated for 1 hr at 4°C with VacA, then
washed and incubated for 0.5 or 24 hr in the absence or presence of 100 uM
chloroquine (CQ). (B) Quantification of (A), n=4. Error bars, £ SD. ****, p < 0.0001; ns, p
= 0.1839; *, p = 0.0275; paired, two-tailed t test. (C) Transmitted light micrographs of
cells used in (A) after 24 hr of VacA treatment. (D) Representative Western blot of AGS
cells treated for 1 hr at 4°C with VacA, then washed and incubated for 0.5 or 24 hr in the
absence or presence of 10 nM bafilomycin A1 (BafA1). (E) Quantification of (D), n=3.
Error bars, £ SD. *™** p < 0.0001; ns, p = 0.1532; paired, two-tailed t test. (F)
Transmitted light micrographs of cells used in (D) after 24 hr of VacA treatment. All blots
were probed with antibodies targeting VacA and tubulin (DM1a). For all blots, molecular
weight (kDa) references marked to the left. Scale bars, 20 pm.

DISCUSSION

In this study, we analyzed factors that influence the capacity of H. pylori VacA
toxin to cause death of gastric epithelial cells. Consistent with previous reports, we
show that the presence of supplemental NH4Cl in cell culture medium enhances VacA-
induced cell death (138). Conversely, we show that, in the absence of supplemental

NH4Cl, cells can resist VacA-induced vacuolation and cell death by degrading VacA.
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Our results indicate that VacA degradation is inhibited when cells are treated with NH4CI
or two other agents that interfere with lysosomal acidification, chloroquine and
bafilomycin A1. NH4Cl is known to enhance VacA-induced vacuolation, a phenomenon
that has been attributed to the accumulation of NH4Cl (a weak base) within endosomal
compartments, leading to osmotic swelling (108, 110). In contrast, the role of NH4Cl in
enhancing VacA-induced cell death and mechanisms underlying this phenomenon has
not been investigated in any detail. Our work suggests that VacA is degraded in the
lysosome and that NH4Cl enhances VacA-induced cellular damage by inhibiting VacA
degradation within lysosomes.

Previous studies have shown that VacA can induce significant vacuolation and
cell death in the absence of supplemental NH4Cl if cells are co-cultured with VacA-
producing H. pylori strains or treated with broth culture filtrate (BCF) from VacA-
producing H. pylori strains (137-139, 248). In these experimental systems, ammonia is
present at concentrations sufficiently high to influence VacA-induced vacuolation (238).
In addition, ammonia-producing H. pylori enzymes, such as urease, y-glutamyl
transpeptidase, asparaginase, and glutaminase, are also present (50, 238, 239).
Therefore, previous studies using H. pylori strains or BCF were not able to assess the
effect of VacA on host cells in the absence of ammonia. Experiments in the current
manuscript were performed using purified VacA, which allowed us to specifically
evaluate the interactions of VacA with host cells in the presence of ammonia, as well as
in the absence of ammonia and ammonia-producing H. pylori enzymes. This approach
also permitted the concentration of VacA to be experimentally determined and carefully

controlled.
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Our work reveals that cells can degrade VacA within 4 hr after exposure to the
toxin. In contrast, two earlier studies reported that VacA can persist inside cells for
substantially longer time periods (87, 249). One study detected VacA by immunoblot
analysis in lysates from MKN 28 cells that were treated with H. pylori BCF for 16 hr,
then washed and incubated with medium for an additional 72 hr (249). BCF was
dialyzed to remove ammonia prior to addition of the BCF to cells, but we presume that
urease and/or y-glutamyl transpeptidase in the BCF would subsequently generate
additional ammonia from urea and glutamine, respectively, in the tissue culture medium.
Another study reported that VacA persists inside cells for hours with no noticeable
degradation (87), but the tissue culture medium was supplemented with 10 mM NH4CI
in that study.

We propose that the influence of NH4CI on VacA degradation is due to the well-
established ability of weak bases to raise intralysosomal pH (241). The activity of
lysosomal enzymes is known to be dependent on lysosomal pH (242); therefore, it is not
possible to discriminate whether the observed effects of NH4CIl on intracellular VacA
levels are specifically due to changes in lysosomal acidification, impaired protease
activity, or a combination of these factors. We considered the possibility that NH4CI
might alter intracellular VacA stability by preventing VacA trafficking to lysosomes.
Indeed, weak bases can alter the pH of both endosomes and lysosomes, and regulated
acidification is important for endosome maturation (250). However, we show that VacA
localizes to both lysosomes and autophagosomes/autolysosomes in both the absence
and presence of NH4Cl. This suggests that NH4Cl does not inhibit VacA degradation by

disrupting the trafficking of VacA to the lysosome.
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Recent studies have shown that upon exposure to pore-forming toxins (PFTs),
cells can potentially respond, adapt, and survive (40, 41, 231, 251). Degradation of the
toxin is one strategy that may be employed by cells to limit the extent of PFT-induced
damage (234, 235, 252). Interestingly, a previous study suggested that the stability of
intracellular VacA is modulated by autophagy (133). The authors reported that AGS
cells treated with a pulse of BCF for 6 hr and chased for 24 hr degrade VacA over time,
concomitant with the disappearance of cell vacuoles, while no degradation of VacA was
observed in ATG12 KD cells and vacuoles remained present (133). In contrast, we
show that neither knockdown of ATGS nor knockout of ATG16L1 has an effect on VacA
degradation. One possible explanation for why our results differ from the previous study
is that cells may have a differing response to VacA following a short exposure to the
purified toxin (1 hr pulse at 4°C in our study) versus an extended exposure to BCF from
VacA-producing H. pylori strains (6 hr pulse at 37°C in a previous study) (133). Perhaps
the toxin molecules internalized into cells following a short exposure are primarily
degraded in the lysosome, whereas cells that internalize high doses of VacA following a
long exposure might utilize both lysosomal-degradation and autophagy to degrade the
toxin.

VacA has been reported to induce cell death via both apoptosis and necrosis
(137-139); conversely, a recent study reported that VacA-induced cellular alterations do
not induce apoptosis (253). Proposed mechanisms by which VacA induces cell death
include direct pore formation in the mitochondrial membrane (117, 121, 122), or
processes independent of mitochondrial targeting (116). In our analysis of VacA

localization using live and fixed cell imaging, we did not detect a consistent increase in
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VacA localization to mitochondria over time, and NH4Cl had no detectable effect on
VacA localization to mitochondria. Inability to observe VacA targeting to mitochondria in
the current study is consistent with the results of one previous study (116), but differs
from results of multiple other studies that used fluorescence microscopy to detect
mitochondrial localization of VacA (115, 117, 119-121, 141). Other studies have
detected interactions of VacA or VacA-containing vesicles with mitochondria using
subcellular fractionation, in vitro experiments with isolated mitochondria, or immunogold
labeling (117, 121, 122, 141, 254). The difference in results reported in the current study
compared to previous studies may be attributable to the use of different methodology for
detecting VacA localization. Specifically, this is the first time quantitative colocalization
measurements have been combined with live-cell imaging to analyze the putative
interaction between VacA and mitochondria. In a static fluorescence microscopy image,
two objects that are in close proximity can appear colocalized due to resolution
limitations. The benefit of live-cell imaging is that it permits the visualization of
intracellular dynamics. The use of live-cell imaging allowed us to see that most VacA-
containing vesicles that appear to be colocalized with mitochondria at a single time point
did not remain colocalized with mitochondria over time. This implies that VacA is
sometimes detected in the vicinity of mitochondria but is not stably localized to
mitochondria. Consistent with our results, the only other study that used quantitative
methods to assess VacA colocalization with mitochondria over time also found that
most intracellular VacA is not associated with mitochondria (253). Therefore, the results
in the current study suggest that VacA-induced cell death might occur through

mechanisms that do not require direct targeting of mitochondria by the toxin. While we
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cannot rule out the possibility that a minor, subpopulation of VacA localizes to
mitochondria or that the conditions of our experiments did not permit the targeting of
VacA to mitochondria, our results clearly indicate that, in the absence of exogenous
NH4ClI, cells are resistant to VacA-induced cell death.

VacA is known to maintain activity in low pH conditions and is relatively resistant
to proteolytic digestion (83, 86). Therefore, it has been proposed that the toxin might
resist degradation in lysosomes (249). The current study provides evidence that cells
are capable of degrading intracellular VacA, and the data indicate that intracellular
degradation of VacA allows cells to resist VacA-induced cell death. Conversely, if this
process is impaired and intracellular levels of VacA accumulate, cells eventually
undergo cell death (Figure 4.12). We speculate that VacA induces cell death by forming

pores at the cell surface and in endosomes/lysosomes to disrupt cellular homeostasis.
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Figure 4.12 Proposed model for the cellular response to VacA. In a healthy cell,
VacA is internalized, trafficked to the lysosome, and degraded. If lysosome activity is
inhibited, VacA can accumulate in the lysosome, and cells exhibit vacuolation and
eventually cell death.

79



More specifically, we propose that cells are able to tolerate a low level of VacA-induced
homeostatic imbalances, but that when intracellular levels of VacA accumulate, these
disruptions to cellular homeostasis reach a tipping point and trigger pro-cell death
pathways. In support of this model, a recent study reported alterations in cellular amino
acid homeostasis following treatment of cells with VacA (255).

In conclusion, this study shows that the ability of weak bases to enhance VacA
activity is due at least in part to an ability of weak bases to inhibit VacA degradation. We
presume that the effects of VacA on host cells are determined by the concentrations of
toxin to which cells are exposed, as well as the rate at which intracellular VacA is
degraded. Individuals infected with H. pylori are reported to have elevated levels of
ammonia in their stomach due to the activity of H. pylori urease and other enzymes
(256-258). Therefore, during infection, the concentration of ammonia or other weak
bases in the mucus layer overlying gastric epithelial cells may influence the magnitude
of VacA toxicity. Cells in the gastric mucosa directly in contact with H. pylori, exposed to
high concentrations of VacA and high concentrations of ammonia, would be at the
highest risk of undergoing cell death. Conversely, cells localized at a distance from H.
pylori, exposed to lower concentrations of VacA and lower concentrations of ammonia,
would be less likely to undergo VacA-induced cell death; subtle VacA-induced changes
in these cells could potentially confer benefits to H. pylori in vivo. The manipulation of
host cell lysosome activity to prevent toxin degradation is presumably not a unique
property of H. pylori. Many intracellular pathogens are capable of subverting lysosomal
function, which potentially alters the degradation of secreted bacterial proteins. In future

studies it will be important to investigate whether the manipulation of host cell
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degradation pathways is a strategy commonly utilized by extracellular bacteria to inhibit

toxin degradation.
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CHAPTER YV

VACA INTOXICATION MODULATES MITOCHONDRIAL RESPIRATION

INTRODUCTION

VacA has been shown to modulate mitochondrial function, causing cytochrome ¢
release (115, 117), dissipation of mitochondrial transmembrane potential (114, 115),
and mitochondrial fragmentation (119). Properly functioning mitochondria are critical for
the generation of ATP and for the maintenance of cellular metabolic processes (35,
259). A recent study suggested that mitochondrial dysfunction caused by VacA may
modulate host cell metabolism (255). Specifically, the authors found that VacA
intoxication caused a reduction in cellular amino acid levels, resulting in an inhibition of
mammalian target of rapamycin complex 1 (mTORC1) (a key regulator of cellular
metabolism), leading to autophagy (255). However, whether mitochondrial dysfunction
caused by VacA modulates the respiratory capacity of mitochondria has not been
closely investigated.

In this study, we tested whether cellular exposure to VacA has an effect on
mitochondrial respiration. We report that VacA reduces the maximal rate of
mitochondrial respiration while having no effect on basal respiration rates. VacA-

induced disruption in mitochondrial respiration rates is associated with decreased
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glutamine levels, but is not associated with changes in mitochondrial mass. Our results
indicate that VacA intoxication can modulate mitochondrial respiration, potentially due to
a depletion of glutamine and other sources of metabolic fuel, and we propose that this

may reduce the capacity of VacA-treated cells to respond to added energy demands.

RESULTS
VacA causes changes to mitochondrial respiration

The ability of mitochondria to facilitate oxidative phosphorylation and generate
ATP reflects the functional state of a cell. VacA has been shown to disrupt mitochondrial
function and dynamics (114, 115, 117, 119), yet its ability to influence the respiratory
capacity of mitochondria has not been investigated. To test whether VacA causes
changes in mitochondrial respiration, we assessed oxygen consumption rates (OCR)
from AGS and AZ521 cells treated with VacA for 4 hr. The OCRs were measured first
under basal conditions and then after sequential additions of oligomycin (an ATP
synthase inhibitor)) FCCP (an uncoupling agent that disrupts mitochondrial
transmembrane potential), and a mixture of rotenone and antimycin A (a complex |
inhibitor and a complex Il inhibitor, respectively) at the indicated times in order to
measure different parameters of mitochondrial function. A reduction in OCRs was
observed in both AGS and AZ521 cells following exposure to increasing concentrations
of VacA for 4 hr (Figure 5.1 A and B). To confirm that the reduction in OCRs was not
due to a loss in total cell number, which may occur as a result of VacA exposure, we
quantified the total number of cells in each condition immediately after collecting OCR

measurements. The reduction in OCRs did not correlate with a reduction in total cell
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Figure 5.1 VacA causes changes to mitochondrial respiration in both AGS and
AZ521 cells. (A, B) Oxygen consumption rates (OCRs) measured from A) AGS and B)
AZ521 cells mock-treated or treated with the indicated concentration of VacA for 4 hr.
The OCRs were measured first under basal conditions and then after sequential
additions of oligomycin, FCCP, and a mixture of rotenone and antimycin A at the
indicated times in order to measure different parameters of mitochondrial respiration. n
= 6 wells per condition from a single experiment. Error bars, + SD. (C, D) Total cell
numbers for C) AGS and D) AZ521 cells quantified after OCRs were measured. Error
bars, £+ SD. (E-J) OCRs for basal respiration (E,F), maximal respiration (G,H), and
spare capacity (1,J) in AGS (E, G, I) and AZ521 cells (F, H, J) derived from panels A and
B. For each data set, differences between means were assessed by an ANOVA
followed by the Dunnett’'s Multiple Comparison Test. ns, p > 0.05; *, p < 0.05; **, p <
0.01; **, p £0.001 as determined by a Dunnett’s Multiple Comparison Test.
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Figure 5.2 Assessment of total cell count accuracy. Cells were seeded, stained with
Hoechst to label nuclei, and cell number was quantified. The experimental average is
the average number of cells per condition as quantified using MetaXpress. The
theoretical average was calculated from the lowest experimental average. Percent error,

defined as |22exe—2theor| 100, is indicated above respective data points. n = 12-18

avgtheor

wells per condition from a single experiment.

number (Figure 5.1 C and D) and the method used to quantify total cell numbers was
accurate, having a percent error of 13.9 — 14.5% (Figure 5.2). Therefore, VacA causes
changes to mitochondrial respiration in a dose-dependent manner.

Further analysis of the data reveled that VacA treatment had no effect on basal

respiration in either cell line tested (Figure 5.1 E and F). In contrast, maximal respiration
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and spare respiratory capacity, two parameters of mitochondrial respiration, were
reduced in both AGS and AZ521 cells following exposure to increasing concentrations

of VacA (Figure 5.1 G to J).

Oligomerization and pore-formation are necessary for VacA to induce maximal
changes to mitochondrial respiration

Many cellular effects elicited by VacA require the ability of VacA to oligomerize
and form a membrane channel (75, 115, 222). Therefore, we next used VacA A346-7
and VacA s2m1 (a non-oligomerizing mutant and a VacA variant, respectively) to test
whether oligomerization and pore formation were necessary for VacA induced changes
to mitochondrial respiration. Details on the mutants used are provided in Table 3.2.
VacA A346-7 lacks two amino acids in the p55 domain and does not oligomerize or
induce cell vacuolation, but it is able to bind membrane (82, 179, 222). VacA s2m1
contains a 12-amino acid hydrophilic extension at the N-terminus that disrupts the
capacity of VacA to form active membrane channels and inhibits the ability of VacA to
induce cellular vacuolation (75, 223). A reduction in OCRs was observed in AGS cells
following 4 hr of exposure to VacA s1m1 compared to VacA A346-7 and VacA s2m1
(Figure 5.3 A) and this reduction did not correlate with a reduction in total cell number
(Figure 5.3 B). Further analysis of the data revealed that there was no significant
difference in basal respiration between AGS cells treated with s1Tm1, s2m1, or A346-7
(Figure 5.3 C). AGS cells treated with s1Tm1 showed a trend toward reductions in
maximal respiration and spare respiratory capacity compared to cells treated with either

s2m1 or A346-7 (Figure 5.3 D and E), however the difference between the means is not
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statistically significant. These data indicate that oligomerization and pore-formation are

required for VacA to cause maximal changes to mitochondrial respiration.
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Figure 5.3 Oligomerization and pore-formation are necessary for VacA to induce
maximal changes to mitochondrial respiration. (A) OCRs measured from AGS cells
treated with 40 pg/mL of s1m1, s2m1, or A346-7 VacA for 4 hr. The OCRs were
measured first under basal conditions and then after sequential additions of oligomycin,
FCCP, and a mixture of rotenone and antimycin A at the indicated times in order to
measure different parameters of mitochondrial function. n = 4 wells per condition from a
single experiment. (B) Total cell numbers quantified after OCRs were measured. ns, p =
0.7258; ANOVA. (C-E) OCRs for basal respiration (C), maximal respiration (D), and
spare capacity (E) in AGS cells, calculated from data in panel A. (C) ns, p = 0.9709;
ANOVA. (D, E) Although both the mean maximal respiration rate and the mean spare
respiratory capacity rate are lower for cells treated with s1Tm1 compared to cells treated
with A346-7 or s2m1, the difference between the means is not statistically significant.
(D) ns, p = 0.2299; ANOVA. (E) ns, p = 0.1185; ANOVA. All error bars, + SD.
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VacA does not cause changes to mitochondrial mass

We next asked whether the reduction in mitochondrial respiration detected in
cells in response to VacA exposure was due to a decrease in total mitochondrial mass.
To test this hypothesis, we used flow cytometry to assess mitochondrial mass in AGS
cells following 4 hr of exposure to increasing concentrations of VacA. Mitochondria were
labeled with MitoTracker Green (MTG), which localizes to mitochondrial membrane
irrespective of membrane potential. We found that mitochondrial mass was not reduced
following VacA treatment (Figure 5.4). This result suggests that VacA-induced changes

in mitochondrial respiration are not due to a reduction in cellular mitochondrial mass.
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Figure 5.4 VacA does not cause changes to mitochondrial mass. AGS cells were
mock treated or treated with the indicated concentration of VacA for 4 hr, then stained
with MitoTracker Green (MTG) to assess mitochondrial mass by flow cytometry. MTG
labels mitochondria independent of membrane potential.

VacA causes a reduction in glutamine and glutamic acid
We hypothesized that the reduction in mitochondrial respiration may be due to a
decrease in available substrate(s) required for the tricarboxylic acid (TCA) cycle and

oxidative phosphorylation. A key fuel for mitochondrial respiration is glutamine, which is
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converted inside mitochondria into alpha-ketoglutarate, an intermediate in the TCA
cycle (260). A previous study reported that treatment of HEK293T cells with VacA
caused a reduction in cellular amino acid levels (255). Of the amino acids measured in
this study, the level of cellular glutamine showed the largest reduction in response to
VacA intoxication (255). Therefore, we tested whether VacA caused a similar reduction
in cellular glutamine levels under our experimental conditions. To test this, we used
targeted mass spectrometry to assess the level of a panel of metabolites in lysate from
AGS cells treated in the presence or absence of VacA for 4 hr. Glutamine and 18 other
amino acids were included in the panel. We detected a trend toward reduced levels of
glutamine, as well as glutamic acid, in lysate from cells treated with VacA compared to
lysate from mock treated cells (Figure 5.5 and Table 5.1). These data indicate that
treatment of AGS cells with VacA causes a reduction in the level of cellular glutamine

and glutamic acid.
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Figure 5.5 VacA causes a reduction in glutamine and glutamic acid. AGS cells
were either mock-treated or treated with 20 pg/ml VacA for 4 hr, then cell lysate was
collected and analyzed by targeted mass spectroscopy to detect changes in the levels
of a panel of metabolites in VacA-treated cells compared to mock-treated cells. The
‘response ratio” is the ratio of the metabolite signal compared to the signal of an internal
control. n = 3 replicates per condition from a single experiment. Error bars, + SD. p
values were calculated using an unpaired, two-tailed t test.
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Table 5.1 List of the metabolites that were identified in cell lysate using targeted
mass spectrometry to assess a panel of metabolites®

Name Ratio: VacA / mock p value
1 | Malic Acid 0.362 0.001
2 | Choline 1.635 0.018
3 | Taurine 0.415 0.031
4 | Lactic Acid 0.482 0.041
5 | Pantothenic Acid 0.356 0.069
6 | Glutamic Acid” 0.638 0.075
7 | Glutamine 0.569 0.096
8 | Asparagine 0.562 0.127
9 | Glutamic Acid® 0.668 0.127
10 | Carnitine 0.762 0.134
11 | Alanine 0.649 0.153
12 | Hydroxyproline_aminolevul_1 0.765 0.175
13 | Tyrosine 0.787 0.284
14 | G-1-P_F-1-P 1.17 0.285
15 | Reduced Glutathione 0.778 0.286
16 | Inositol 0.764 0.339
17 | Proline 0.815 0.34
18 | Histidine 0.771 0.349
19 | Leucine_lsoleucine 0.861 0.388
20 | ATP” 0.918 0.428
21 | Aspartic Acid 0.809 0.448
22 | Oxidized Glutathione 1.141 0.49
23 | Cystine 0.772 0.515
24 | Phenylalanine 0.904 0.578
25 | Arginine 0.853 0.609
26 | Valine 0.916 0.649
27 | Ornithine 0.914 0.679
28 | ATP¢ 0.929 0.705
29 | Lysine 1.056 0.737
30 | ADP 1.086 0.738
31 | Creatinine 0.966 0.882
32 | Methionine 1.005 0.978

“The table is a list of the 32 metabolites detected in cell lysate from a targeted mass
spectrometry analysis of a panel of 99 metabolites, ranked from smallest to largest p
value. The middle column represents the ratio of metabolite signal intensity detected in
lysate from VacA-treated cells compared to mock-treated cells. Red indicates the
metabolite level is decreased in VacA-treated cells compared to control, green indicates
the metabolite level is increased in VacA-treated cells compared to control. p values
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were calculated using an unpaired, two-tailed t test. Grey shaded rows indicate a p
value of > 0.05.

®Detected in the negative ionization mode of the mass spectrometer

“Detected in the positive ionization mode of the mass spectrometer

DISCUSSION

In this study, we analyzed the respiratory capacity of mitochondria following
exposure of cells to VacA. We show that mitochondrial respiration is perturbed following
VacA treatment, concomitant with a reduction in cellular glutamine, an important
metabolic fuel for mitochondrial respiration. No reduction in mitochondrial mass was
observed. Our results suggest that VacA treatment can impact cellular metabolism and
the ability of cells to respond to energy demands.

We show that VacA treatment causes a reduction in the maximum rate of
respiration achieved by mitochondria and depletes the spare respiratory capacity of
cells. In contrast, no changes in baseline respiration rates occur following VacA
treatment. Together, these results indicate that the baseline rates of mitochondrial
respiration occurring in a VacA-treated cell are similar to those occurring in a mock-
treated cell, as long as the cell is unperturbed. When challenged with increased energy
demands, however, a VacA-treated cell will not be able to achieve the same maximal
rate of respiration as an untreated cell, and may therefore have a reduced capacity to
respond. Of note all experiments were completed in the absence of supplemental
NH4Cl. Therefore, the effect of VacA on mitochondrial respiration is not dependent on
the presence of supplemental NH4ClI, which we have previously shown enhances VacA
activity by inhibiting its degradation.

The observed reduction in mitochondrial respiration could either be caused by
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mitochondria dysfunction (i.e. mitochondria not working as well as they should) or by
lack of available substrate necessary to drive mitochondrial respiration. We found that
VacA treatment does not influence mitochondrial mass, indicating that the effect of
VacA on mitochondrial respiration is not due to a loss in the total amount of cellular
mitochondria. Although VacA has been proposed to induce mitochondrial fragmentation,
further research is required to determine whether VacA-induced mitochondrial
fragmentation is a cause of the reduced respiratory capacity of mitochondria in VacA-
treated cells.

A key metabolic fuel for mitochondria is glutamine (260, 261). Glutamine is taken
up into the cell from the extracellular environment by an amino acid transporter. Inside
mitochondria, glutamine is converted into glutamate and then a-ketoglutarate, an
intermediate in the TCA cycle. In this way, glutamine replenishes TCA cycle
intermediates and helps fuel ATP production by mitochondria. We found that there were
lower levels of glutamine and glutamic acid in VacA-treated cells compared to mock-
treated cells. We speculate that glutamine reduction in cells treated with VacA may
indicate that VacA exposure causes cells to increase glutamine catabolism in order to
generate energy and respond to intoxication. This may deplete the available pool of
glutamine, leading to a scenario in which VacA-treated cells have a reduced capacity to
perform mitochondrial respiration and therefore respond to additional energy demands.

In conclusion, we speculate that the cellular response to VacA is energy
demanding and depletes the available metabolites that drive energy generation, like
glutamine. As a result, following VacA exposure, an intoxicated cell does not function

efficiently and may be more susceptible to further cellular stress or cytotoxic agents.
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CHAPTER VI

CONCLUDING REMARKS

VacA is associated with an increased risk of H. pylori-mediated peptic ulcer
disease and gastric cancer, yet the precise role of VacA as a virulence factor is not
clear. Progress made toward addressing this question will contribute to our
understanding of host-pathogen interactions and our understanding of this unique pore-
forming toxin. Work detailed in Chapter Ill showed that VacA has an inherently strong
preference to bind lipid rafts within host cell membrane. The characterization of VacA
intracellular trafficking and stability reported in Chapter IV revealed that toxin
concentration and the extracellular environment influence the cellular response to VacA
and are therefore important factors of VacA activity. And finally, Chapter V documented
the ability of VacA to modulate mitochondrial respiration and the level of cellular
metabolites. These insights expand our understanding of VacA toxicity, yet many
questions remain, particularly about the mechanistic function of VacA pore-formation
and about how to accurately define the role(s) VacA plays during disease. In this
chapter, | discuss these questions and the experimental approaches that can begin to

address them.
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VacA cell surface binding and receptors

The biophysical work presented in Chapter Ill revealed that VacA has an
inherently strong preference to bind lipid rafts. These findings can be expanded upon to
determine which specific amino acids within the p55 domain target VacA to lipid rafts.
Also, GPMVs provide an excellent system with which to study the interaction between
VacA and putative protein receptors. VacA is proposed to bind several protein receptors
in epithelial cells, including epidermal growth factor receptor (EGFR), heparan sulphate,
low-density lipoprotein receptor-related protein 1 (LRP1), and receptor protein tyrosine
phosphatases (RPTP) a and B (84, 94, 134, 164-166). A detailed analysis of VacA-
receptor interactions using GPMVs could be used to test whether a particular receptor
contributes to the association of VacA with lipid rafts or with non-rafts (as non-raft
targeting of VacA was observed in a subpopulation of GPMVs). One way to approach
this would be to silence the expression of putative receptor genes, generate GPMVs,
and test whether VacA shows a reduced ability bind the GPMVs or a reduced
preference for lipid rafts. Alternatively, cells can be transfected with genes encoding
fluorescently-labeled putative receptors of VacA, and then the derived GPMVs and can
be used to test whether the over-expression of a particular receptor sways the phase

preference of VacA.

The target and function of the VacA pore
Inside the cell, VacA shows distinct localization to endosomal and lysosomal
compartments. Work presented in Chapter IV suggests that, in contrast to the canonical

model for VacA trafficking, mitochondria may not be a primary target of VacA, and
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although it has been proposed that VacA may localize to Golgi and ER, VacA targeting
of these organelles has not been heavily investigated (176). If endosomes and
lysosomes are the primary target of VacA inside host cells, what does VacA pore-
formation in these organelles lead to? A few studies report that VacA intoxication results
in the inhibition of epidermal growth factor degradation (111), the inhibition of
procathepsin D maturation (111), perturbation of transferrin recycling (112), and the
inhibition of antigen presentation in immune cells (113). These finding suggest that the
presence of VacA in endosomal and lysosomal compartments may perturb intracellular
trafficking. Disruptions to orchestrated intracellular trafficking processes may inhibit the
ability of cells to target proteins to the right place, at the right time. The ability of VacA to
interfere with intracellular trafficking may have wide ranging downstream effects, which
might help explain why VacA can cause such disparate effects on target cells. As one
example, it would be interesting to investigate whether VacA-induced perturbation of
endosomal/lysosomal function is associated with changes in metabolite levels and
mitochondrial respiration rates reported in Chapter V.

An unexplored idea is whether VacA can target and kill other bacterial cells.
Colicins are a family of pore-forming toxins produced by Escherichia coli which kill other
bacteria by forming pores in bacterial membrane (30). In addition to H. pylori, an
assortment of bacterial species colonizes the human stomach. The predominant phyla
in the human stomach include Proteobacteria, Firmicutes, Actinobacteria,
Bacteroidetes, and Fusobacteria (262). It has been shown that VacA can bind to the
surface of E. coli cells, suggesting VacA has the capacity to bind bacterial membrane

(263). However, to the best of our knowledge, the ability of VacA to kill other bacteria
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has never been investigated. This would be an interesting future direction for VacA
research, for if VacA can kill other bacteria, VacA may influence the composition of the

gastric microbiota and play a role in microbial competition for resources.

Determining the structure of VacA in a pore-forming state

A clear understanding of the molecules that can and cannot pass through a VacA
channel would provide mechanistic insight into the downstream consequences of VacA
channel formation, which is critical for a comprehensive understanding of VacA toxicity.
By comparing the structure of soluble VacA and membrane-inserted VacA, we can gain
an understanding of the conformational changes that facilitate VacA channel formation
and thereby the molecules that can potentially translocate through that channel.
Therefore, future efforts to determine the structure of VacA in a pore-forming

conformation will contribute greatly to our understanding of VacA activity.

The physiological concentration of VacA

Our ability to understand the role of PFTs, like VacA, in bacterial infection is
limited by the difficultly in determining the physiological concentrations of PFTs during
infection. The PFT concentration cells are exposed to in vivo likely differs according to
site of infection, stage of infection, the composition of the extracellular environment, and
many other variables. The physiological concentration of VacA to which cells are
exposed to in vivo is not known. We conducted most experiments using a concentration
of VacA (5 pg/mL or ~55 nM) that is sufficiently high to cause detectable cellular

alterations, but not substantially higher, corresponding to one of the lowest
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concentrations commonly used for in vitro experiments (115, 119, 120, 218, 255).
Future studies directed at establishing a physiologically relevant VacA concentration
range would help in the design and interpretation of in vitro experiments, particularly in
light of the findings discussed in Chapter IV, that VacA concentration influences the
cellular response to intoxication.

VacA is well known to elicit maximal activity in cell culture experiments after
exposure to acidic pH (83, 87). This is due to the fact that VacA assembles into inactive
VacA oligomers at neutral pH, and acidic pH causes the dissociation of these oligomers
into monomers that can then re-oligomerize on target membrane. In addition to
promoting monomer formation, exposure to acidic pH may also induce conformational
changes that enhance VacA binding and/or activity (61). Disruptions to the neutral
mucus layer residing above epithelial cells may influence the local pH. Therefore, we
wanted to test whether lowering the pH of the solution surrounding cells increases the
amount of VacA that associates with cells. To test this, we treated cells exposed to
acidic buffer (pH 3.5 to 5.5) or to regular culture medium with VacA for 1 hr at 4°C and
assessed VacA levels by Western blot. We detected higher levels of VacA associated
with cells when cells were exposed to acidic buffer compared to when cells were
exposed to regular cell culture medium (Figure 6.1). On a technical level, these results
indicate that, during in vitro experiments, the concentration of VacA that associates with
cells is lower than the concentration of VacA that is added to the cell culture medium.
More broadly, these results indicate that the concentration of VacA that associates with
cells varies depending on the extracellular pH. This suggests that disruptions to the

neutral mucus layer residing above epithelial cells may influence that amount of VacA
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that associates with cells and thereby VacA toxicity. In support of this idea, a previous
study showed that the amount of VacA internalized into target cells is enhanced when

cells are exposed to acidic buffer compared to neutral buffer (87).
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Figure 6.1 The ability of VacA to associate with cells is influenced by the
extracellular pH. Western blot analysis of cell lysate from AGS cells exposed to acidic
buffer (50 mM citrate-buffered saline, 1 mM calcium chloride, 1 mM magnesium
chloride, pH 3.5 — 5.5) or regular culture medium and treated with 5 ug/mL acid-
activated VacA for 1 hr at 4°C.

Cell fate following VacA intoxication

Research within the past decade has revealed that cells have mechanisms to
respond and recover following exposure to PFTs (30, 40) and that cell death following
PFT exposure depends on toxin dose and cell type. The findings presented in Chapter
IV reveal that the ability of VacA to induce cell death in gastric epithelial cells depends
on toxin dose and the extracellular environment. Therefore, although the most extreme
cellular response to VacA is cell death, VacA may also elicit non-lethal effects on target
cells that modulate cellular behavior and promote bacterial growth and dissemination. It
will be important to design future studies to monitor for subtle, non-lethal effects of VacA
and how they may influence the host environment. Towards this end, we have shown in
Chapter V that VacA causes a reduction in the level of glutamine and glutamic acid,

which is associated with a reduction in mitochondrial respiration. In addition to
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glutamine, the level of several other metabolites are reduced or elevated in VacA-
treated cells compared to mock-treated cells. For example, malic acid, taurine, and
lactic acid levels are reduced in VacA-treated cells compared to control cells, while
choline levels are increased in VacA-treated cells compared to control cells (Table 5.1).
A thorough characterization of metabolic changes in response to VacA treatment, and
how these changes influence cellular function and/or the extracellular environment, may
yield new insights into the potential role non-lethal effects of VacA play in H. pylori
colonization and disease.

A remaining question about VacA toxicity during infection is whether there is
interplay between VacA and other H. pylori factors. For example, a previous study
suggested that CagA can inhibit VacA-induced apoptosis (120). We have shown that
ammonia, proposed to be at high levels during infection due to the activity of H. pylori
enzymes, inhibits VacA degradation thereby enhancing VacA toxicity. The work
presented here involved treatment of cultured cells with purified toxin, which was
advantageous as it enabled us to establish an understanding of the cellular response to
VacA in the absence of additional factors that may be present during infection. With this
foundational information, we can begin to study VacA within more complex
environments that may better mimic in vivo conditions. One strategy would be to co-
culture cells with live H. pylori, and various H. pylori mutants, to test whether other H.
pylori factors influence VacA toxicity, and vice versa. Co-culture studies could also be
used to further test the hypothesis that H. pylori-generated ammonia influences

intracellular VacA degradation.
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