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Abstract

Tuberculosis, which is caused by Mycobacterium tuberculosis (Mtb), is a global health prob-

lem, and understanding the molecular mechanisms of Mtb infection is therefore important. On

a single-cell level, Mtb infection can result in activation of the NLRP3 inflammasome, and dam-

age to the plasma membrane might be important in driving this. A set of proteins known as

ESCRT has in the recent years emerged as important for plasma membrane repair, and could

thus have a role in this system. Furthermore, autophagy targets Mtb when the bacterium es-

capes into the cytosol, and possibly also impacts the outcome.

The work described in this thesis aimed to discover new details about the molecular inter-

play between phagosomal escape, autophagy and membrane repair during NLRP3 inflamma-

some activation and mycobacterial infection. Total internal reflection fluorescence (TIRF) mi-

croscopy on live THP-1 cells was used to address this. Cells expressing fluorescently labeled

proteins were infected with the auxotroph Mtb mc26206, and observed with TIRF microscopy.

The results were compared to those obtained from treating the cells with nanosilica, a known

NLRP3 trigger through lysosomal disruption. Furthermore, the fluorescent dye Calbryte 590 AM

was used to assess the role of calcium fluxes in the system.

It was found that subsequent to phagosomal escape, identified by recruitment of galectin 3

(gal3), the ESCRT-associated protein ALG2 was frequently recruited to the plasma membrane.

About half of the ALG2 plasma membrane recruitment events could be seen to be located at the

site of a gal3-positive compartment. This recruitment correlated with a calcium influx to the

cytosol. Autophagy machinery was to a greater degree recruited to gal3-positive compartments

that were unrelated to ALG2 plasma membrane recruitment events. Autophagy could thus be a

negative regulator of the process. However, delaying the autophagy onset did not affect ALG2.

These results support that NLRP3 triggers that damage lysosomal compartments share a

common mechanism of a calcium influx. Furthermore, Mtb infection is contained by ESCRT,

which repairs damage inflicted by the bacterium upon the plasma membrane. This plasma

membrane damage could be the driver of NLRP3 activation. These findings are both interesting

for understanding of the molecular mechanisms of Mtb, and for diseases related to dysfunc-

tional NLRP3.
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Sammendrag

Tuberkulose, som forårsakes av Mycobacterium tuberculosis (Mtb), er et globalt helseprob-

lem, og økt forståelse av de molekylære mekanismene bak Mtb-infeksjon er viktig. På enkeltcel-

lenivå kan Mtb-infeksjon føre til aktivering av NLRP3-inflammasomet, og skade på plasmamem-

branen kan være en drivkraft bak dette. Proteinsystemet ESCRT har de siste årene vist seg å være

viktig i plasmamembranreparasjon, og kan dermed ha en rolle i dette systemet. I tillegg kan aut-

ofagimaskineri rekrutteres til Mtb når bakterien er fri i cytosol. Autofagi kan derfor også påvirke

utfallet.

Arbeidet som beskrives i denne masteroppgaven hadde som målsetning å avdekke nye detal-

jer om det molekylære samspillet mellom fagosomal rømning, autofagi og membranreparasjon

under NLRP3-inflammasomaktivering og mykobakteriell infeksjon. Total intern refleksjon-

fluorescensmikroskopi (TIRF-mikroskopi) på levende THP-1-celler ble benyttet for å under-

søke dette. Celler som uttrykte fluorescensmerkede proteiner ble infisert med auxotrofen Mtb

mc26206, og deretter studert med TIRF-mikroskopi. Resultatene ble sammenliknet med resul-

tater fra behandling av cellene med nanosilica, som er en kjent NLRP3-trigger via lysosomøde-

leggelse. Videre ble det fluorescente fargestoffet Calbryte 590 AM brukt til å undersøke rollen til

kalsiumflukser.

Resultatene viste at etter bakterien fikk tilgang til cytosol, identifisert ved rekruttering av

galectin 3 (gal3), kunne man ofte se rekruttering av det ESCRT-assosierte proteinet ALG2 til plas-

mamembranen. Omtrent halvparten av ALG2-rekrutteringshendelsene skjedde på samme sted

som en gal3-positiv membranlomme. Denne rekrutteringen korrelerte med kalsiumtilstrømn-

ing i cytosol. Autofagimaskineri ble i større grad rekruttert til gal3-positive membranlommer

som ikke var relatert til plasmamembranrekruttering av ALG2. Autofagi kan altså være en neg-

ative regulator av prosessen. Inhibering av autofagi resulterte imidlertid ikke i noen endring I

ALG2-mønsteret.

Disse resultatene støtter at NLRP3-triggere som utøver lysosomskade har kalsiumtilstrømn-

ing som en fellesnevner. Videre sees det at Mtb-infeksjon kontrolleres av ESCRT, som forsøker

å reparere bakterie-mediert skade på plasmamembranen. Denne plasmamembranskaden kan

være en drivkraft for NLRP3-aktivering. Disse funnene er interessante i flere kontekster – både

for å forstå de molekylære mekanismene bak Mtb-infeksjon, og for å forstå sykdommer relatert

til dysfunksjonell NLRP3.
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List of abbreviations

Mtb Mycobacterium tuberculosis
RD1 Region of difference 1
ESAT-6 Early secreted antigenic target of 6 kDa
ESX-1 ESAT-6 secretion system 1
PAMP Pathogen-associated molecular pattern
DAMP Damage-associated molecular pattern
PRR Pathogen-recognition receptor
Gal3 Galectin 3
NOD Nuceotide oligomerization domain
NLR NOD-like receptor
CARD Caspase activation and recruitment domain
ASC Apoptosis-associated speck-like protein containing a CARD
TLR Toll-like receptor
ROS Reactive oxygen species
GSDMD Gasdermin D
ESCRT Endosomal sorting complex required for transport
ALG2 Apoptosis-linked gene 2
ALIX ALG2 interacting protein X
ULK1 Unc-1-like kinase 1
mTOR Mammalian target of rapamycin
AMPK AMP-activated protein kinase
LC3 Microtubule-associaed proteins 1A/1B light chain 3
LAP LC3-associated phagocytosis
TIRF Total internal reflection fluorescence
OD Optical density
ROI Region of interest
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Chapter 1

Introduction

This introduction chapter will provide the reader with an overview of the background and moti-

vation which create the foundation for the project work. Numbers and facts relating to tubercu-

losis are retrieved from the Global tuberculosis report 2018 by the World Health Organization [1],

unless otherwise stated. Furthermore, an overview of the aim and methodology of the work will

be provided.

1.1 Motivation and background

Tuberculosis has been plaguing mankind for thousands of years. This single disease alone has

been the leading cause of death in several European countries in the past, although in recent

years, its grave and fatal nature is often considered an outdated problem. Despite this public

perception, however, 10 million people still develop the disease every year, and tuberculosis is

one of the top ten leading causes of death in the world. Furthermore, it is estimated that 1.7

billion people have a latent tuberculosis infection, and could therefore develop active disease

later in life.

In the late 1800s, it was discovered that tuberculosis is caused by the microbe Mycobacterium

tuberculosis (Mtb). Ever since, the battle between the human immune system and this bac-

terium has been a growing topic of research. Tuberculosis is considered curable, commonly

achieved through a burdensome 6-month antibiotics cure. However, drug-resistant tubercu-

losis is a growing issue: Over half a million people developed this form of the disease in 2017,

out of which 82% of the cases were considered multidrug-resistant. In these forms of tubercu-

losis, treatment is more complicated and has lower success rates. Evidently, new approaches

to therapy could be a necessity, and in order to develop these, a thorough understanding of

the disease on a molecular level is needed. Furthermore, such knowledge is needed to develop

1



better vaccines for prevention of tuberculosis, and could aid in the field of diagnostics as well,

contributing towards total eradication of the disease.

Mtb is spread between hosts through air: One infected individual coughs or sneezes, and a

healthy individual breathes in aerosol that contains the bacterium. Once the bacterium reaches

the lungs, alveolar macrophages recognize it as dangerous. This type of cells are a crucial part

of the innate immune system, the first line of defense. Their main task is to recognize, ingest

and eliminate substances that are sensed to be dangerous, a process known as phagocytosis.

To eliminate the threat, the macrophages therefore phagocytose and try to digest the microbe.

However, Mtb manages to stay alive within cells, stopping the maturation of their residing com-

partment into a bactericidal milieu [2]. This mechanism is crucial for successful infection.

A key virulence factor for Mycobacterium tuberculosis has been discovered to be the genetic

locus region of difference 1 (RD1), which encodes the early secreted antigenic target of 6 kDa

(ESAT-6) secretion system 1 (ESX-1) [3]. Using this system, the bacterium manages to breach

the phagosomal membrane that encapsulates it, and thereby gain access to the cytosol of the

host.

When the bacterium is free in the cytosol, either partly or completely, other host mecha-

nisms come into play. The autophagy machinery often sense the bacterium under these condi-

tions, and try to digest it as a measure to limit the spread of the pathogen [4]. Also, the NLRP3

inflammasome, a large immunological signaling platform, can be activated once bacterial prod-

ucts are free in the cytosol [5]. As a result of this activation, the signaling molecule IL-1β can be

processed into its mature form, and released into the extracellular environment, where it ex-

erts pro-inflammatory functions by binding to extracellular receptors. These effects include

increased expression of inflammatory molecules, and recruitment and activation of other im-

mune cells [6]. Furthermore, as disruption of membranes is central to the virulence of Mtb,

membrane repair during infection is interesting to examine. An emerging new player here is the

ESCRT system, which has been shown to aid in the repair of plasma membrane wounds [7].

The cellular processes that occur during infection can be studied in several ways. Direct,

single-cell observation of these events is for instance made possible through fluorescence mi-

croscopy. In this technique, quantum mechanical energy transitions are utilized to visualize

proteins, organelles or other features in the cell, labeled by chemical or genetic tools. Further-

more, by examining only a few cells at the time, one is able to assess the heterogeneity of cellular

processes.

2



1.2 Aim of work

This thesis presents work aimed at elucidating the interplay between phagosomal escape, plasma

membrane damage and inflammasome activation elicited by infection with Mtb. The THP-1 cell

line was used as a macrophage model, and the auxotroph Mtb mc26206 mimicked Mtb. The cel-

lular responses were compared to those appearing during treatment with nanosilica, which acti-

vates the NLRP3 inflammasome through disrupting lysosomal function. The employed method

for examining these responses has been TIRF fluorescence microscopy, which enables plasma

membrane-sensitive detection of events, as well as widefield fluorescence microscopy.

The work described herein is a continuation of experiments conducted during the fall of

2018, which were summarized in a project report [8]. Briefly, this project concerned mecha-

nisms of NLRP3 inflammasome activation. It was found that ALG2, a protein associated with

the ESCRT membrane repair system, was recruited to the plasma membrane immediately af-

ter ASC speck formation. This process was suspected to be mediated by GSDMD pores. When

using potassium-dependent NLRP3 activators, ALG2 was recruited to the plasma membrane

pre-speck. This occurred through an unknown mechanism implied not to be GSDMD pores.

The NLRP3 triggers Imiquimod, nigericin, ATP, LLOMe and crystalline matter were tested, and

Mtb infection was not a part of the work.
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Chapter 2

Theory

This chapter will present relevant research and theoretical background for the work presented

within this thesis. First, the concept of cell cultivation and various related topics are introduced,

as this forms the foundation for the employed model system. Thereafter, a section on Mtb and

its molecular mechanisms of infection follows. Cellular mechanisms of interest in this work

are thereafter presented: The NLRP3 inflammasome and its activation, followed by the ESCRT

system, and the process of autophagy. Finally, fluorescence microscopy is explained, with a

subsection containing details on TIRF microscopy, the most central technique employed in this

project.
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2.1 Cell cultivation

Providing a satisfactory environment is essential when studying cells outside of an organism.

To ensure such conditions, cells are typically kept in a liquid called a culture medium, which

supports cell proliferation. This medium contains salts, amino acids, glucose, fatty acids and

vitamins, yielding a suitable ionic strength and access to nutrients. Furthermore, glutamine is

present as a nitrogen source, and serum is added, as it contains proteins that support prolifera-

tion further. Antibiotics is commonly added to the culture medium in order avoid contamina-

tion. Cells in medium, referred to as cultures, are usually kept in vented flasks with hydrophilic

coatings, and placed in incubators that ensures a suitable temperature, atmosphere and humid-

ity. [9]

An important property of cells in culture is whether they are adherent or not. Suspension cells

grow without attaching to a solid surface, as they are derived from blood, while adherent cells

need to anchor to proliferate. Proliferation is thus limited by either the culture flask volume,

or its surface area, as well as nutrient availability. To ensure that the cells thrive, it is therefore

necessary to regularly supply a subpopulation of the cell suspension with fresh medium, and

discard the remaining cells. Toxic metabolites are thereby removed, and fresh nutrients are pro-

vided. Additionally, the density of cells are kept in a range suitable for proliferation. This process

is known as splitting the cells. The optimal frequency of splitting varies between cell lines and

their growth rates, but is usually in the range of once every few days. [10]

2.1.1 Primary cells, secondary cells and cell lines

Cells in culture can be obtained from several different sources: Primary cell cultures consist of

cells acquired directly from an animal or a plant, while secondary cell cultures are established

with cells from a primary cell culture. Considerable genotypic uniformity can be obtained in a

secondary cell culture, as there is only one type of donor cell. Such a cell population is termed a

cell line. A cell line can also be made by cloning a single cell. [10]

Primary cells and cell lines are different in several ways. Primary cells can only divide a finite

number of times before they die and thus have a shorter life span than cell lines. In contrast,

cell lines are usually derived from cancer cells, providing them with an immortal nature. Such

cells are therefore able to divide indefinitely and stay alive forever, if exposed to the right envi-

ronment. Furthermore, primary cells are often more diverse than cells from a cell line, despite

separation and sorting. The uniformity and continuity makes cell lines more suitable for experi-

ments and genetic manipulation than primary cells. However, an important property of primary

cells is their potentially greater resemblance to an in vivo situation. In a clinical setting, primary

cell experiments are therefore often considered to be of higher relevance. [11]

6



2.1.2 Genetic manipulation

Cell lines can be altered in several ways in order to examine cellular processes. For instance,

one can introduce new genes that encode fluorescently tagged versions of relevant proteins.

This can be achieved though viral transduction: By bacterial cloning, retroviruses that encode

the desired proteins are made. Such retroviruses use RNA as a template for DNA synthesis,

and are used to infect cells. The viral DNA is thereafter integrated into the host genome, and

thus transcribed. This way, the altered proteins are expressed, and their genetic encoding is

transferred to daughter cells. [12]

Furthermore, another important manipulation mechanism is the bacterial CRISPR-Cas9

system. Clustered regularly interspaced short palindromic repeats (CRIPSR) constitute a type

of immune system in bacteria. Short DNA spacer sequences are induced as a response to viral

infection, resulting in production of crDNA. Such crDNA give double-stranded breaks in foreign

DNA by the use of CRISPR-associated protein 9 (Cas9), protecting the bacteria. By introducing

engineered CRISPR sequences that encode guide-RNAs into cells, together with Cas9 sequences,

genomic DNA is cut at the locations specified by the guide-RNAs. Thus, the result is a knock-out

of a gene of interest. This is commonly used to assess the role of various genes or to examine the

effect of removing specific proteins. [13, 14]

2.2 Mycobacterium tuberculosis and the course of infection

Mycobacterium tuberculosis (Mtb) is the pathogen that causes tuberculosis, one of the top ten

causes of death globally. In 2017 alone, 1.6 million people died from tuberculosis, and 10 million

people developed the disease. [1]

The bacterium spreads between people through the air: When an infected individual sneezes

or coughs, another person might breathe in droplets that contain Mtb. There are several possible

outcomes after this: Clearance or resistance, latent infection, or active tuberculosis [15]. Sub-

sequent to inhalation, alveolar macrophages recognize the bacteria and ingest them, described

in more detail below. This eventually results in immunological signaling that drives recruitment

of other types of immune cells, e.g. dendritic cells. They migrate to the lymph nodes to instruct

the adaptive immune response after encountering the pathogen. As a consequence of activa-

tion of adaptive immunity, a granuloma forms around the bacteria. Such a granuloma consists

of infected macrophages and other cells in the center, surrounded by an outer layer fibroblasts

producing a fibrotic capsule, as well as B cells and T cells [16]. This state is considered the la-

tent phase of tuberculosis. The granuloma represents a balance between the bacterium and the

immune system; this phase of the disease can last for decades, and the infection is somewhat

controlled. However, the bacterium can be reactivated and start replicating again, for instance
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in cases where the immune system of the infected individual is weakened. This could result in

spread of the bacteria to other tissues, and development of disease [17].

2.2.1 Molecular mechanisms of infection

Mtb, as other microbes, display pathogen-associated molecular patterns (PAMPs), which bind

to and activate pathogen-recognition receptors (PRRs) at the plasma membrane of immune

cells, in this case macrophages. This triggers phagocytosis of the bacterium. Subsequently, the

phagosome that contains Mtb matures into a phagolysosome, as the cell tries to digest the mi-

crobe. [18]

Mtb has, however, evolved strategies to avoid degradation by the lysosomal enzymes. By

inhibiting maturation of the phagosome, Mtb protects itself against digestion. Ultimately, the

bacteria survive within the cell inside a compartment, protected from extracellular detection by

antibodies, and from intracellular detection by receptors in the cytosol or on membranes. Au-

tophagy, a cellular process described in section 2.5, has also been shown to target Mtb when

permeabilization of the phagosome occurs. Microbial degradation via autophagy is termed

xenophagy. [19]

By the use of early secretory antigenic target (ESAT-6) protein family secretion (ESX) systems,

Mtb also manages to escape the phagosomal compartment and translocate into the cytosol [20].

This is thought to be achieved by ESAT-6 inserting into the membrane of the phagosome, form-

ing a pore [3]. Such phagosomal escape can be detected with fluorescence microscopy by label-

ing galectin 3 (gal3), a protein that binds carbohydrates usually positioned on the outside of the

plasma membrane – or the inside of phagosomes [21, 22]. Once in the cytosol, the bacterium

can replicate. Also, cytosolic PRRs gain access to the bacterium, for instance NLRP3, described

in section 2.3. Such a recognition leads to inflammasome formation, inflammatory signaling,

and eventually cell death.
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2.3 The NLRP3 inflammasome

This section is based upon Janeway’s Immunobiology by Kenneth Murphy and Casey Weaver

[18], unless otherwise stated.

As mentioned above, a large complex termed an inflammasome can be receptor-activated

by pathogens in the cytosol. Such inflammasomes form signaling platforms that are important

players in inflammation. Their main role is to regulate maturation of the inflammatory cytokine

interleukin 1β (IL-1β), allowing its extracellular release and subsequent binding to receptors.

Inflammasomes are large multiprotein complexes, and their assembly starts with activation

of receptors, e.g. nucleotide oligomerization domain (NOD)-like receptors (NLRs). NLRs have

a tripartite structure consisting of a C-terminal leucine-rich repeat domain, a central NOD, and

an N-terminal protein-protein interaction domain, e.g. pyrin.

There are 14 different pyrin-domain NLR proteins in humans, and out of these, NLRP3 is

the most widely studied. However, there is no known chemical link between the various ligands

that result in NLRP3 activation. The exact molecular mechanism of its activation thus remains

unclear, as is described in more detail below. Nevertheless, it is established that species that

trigger a K+ efflux often result in NLRP3 activation.

Upon activation, NLRP3 aggregation results in interaction between the pyrin domains of

NLRP3 itself and the pyrin domains of apoptosis-associated speck-like protein containing a cas-

pase activation and recruitment domain (CARD) (ASC). In the case of potassium-dependent

NLRP3 activation, this could be mediated by the kinase NEK7 [23, 24]. In the ASC molecule,

both the pyrin domain at the N-terminal and the CARD at the C-terminal can form polymeric

filamentous structures. Because pro-caspase-1 also has a CARD, ASC can translate the NLRP3

aggregation into accumulation of this pro-enzyme. Such an assembly, illustrated in figure 2.1, is

thought to drive the autocleavage of pro-caspase-1, resulting in activated caspase-1. Caspase-1

then processes pro-IL-1β and pro-IL-18 into their active forms.

As the ASC aggregate grows, it can eventually be observed by microscopy and is termed a

speck. To observe such a speck, cells are commonly genetically manipulated to express ASC

with a fluorescent tag, or immunolabeling is used. Normally, one speck forms per cell, and the

observation of an ASC speck is thus used as a confirmation of inflammasome activation. [25]
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NOD

ASC

pro-caspase-1

LRR

Pyrin domains

CARD domains

Figure 2.1: Illustration of the NLRP3 inflammasome architecture. The left side demonstrates the
entirety of the complex, while the right side of the figure presents the molecules that compose
the various parts, and their interaction.

2.3.1 Activation of the NLRP3 inflammasome

The leucine-rich repeat domain of the NLRs is thought to be bound by inhibiting chaperone pro-

teins, keeping NLRP3 in an inactive form. This conformation of the inflammasome is thought

to be located in endoplasmic reticulum structures [26]. In going from this state to an active form

of NLRP3, there are two steps: priming and activation.

Priming is achieved by signaling through Toll-like receptors (TLRs) after binding of pathogen-

or damage-associated molecular patterns (PAMPs or DAMPs), or through receptor-binding of

tumor necrosis factor α (TNF-α) or other pro-inflammatory cytokines. This results in activa-

tion of the transcription factor NF-κB, giving increased levels of inactive NLRP3 and immature

cytokines.

The activation can thereafter be achieved through multiple events: Reduction of intracellu-

lar potassium concentration, generation of reactive oxygen species (ROS), and destabilization

of lysosomes. The latter is a route induced by particulate or crystalline species. As mentioned

above, the exact activation mechanism of NLRP3 is disputed. It has been shown that mito-

chondria can be damaged as a part of the activation process, and it was recently suggested that

oxidized mitochondrial DNA could be a point of convergence for all NLRP3 activating path-

ways [27]. Also, a 2018 study found that the trans-Golgi network disassembles post-stimuli and

subsequently recruits NLRP3 through ionic bonding [28]. The authors suggest that this pro-

cess promotes ASC oligomerization, thus acting as a shared NLRP3 activation route for various

stimuli.

The importance of calcium and potassium ion fluxes in this context has also been discussed.

Several reports have claimed that calcium-mediated damage of the mitochondria [29, 30, 31] or

calcium-mediated support for ASC oligomerization through the TAK1-Jnk pathway [32, 33] are
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driving forces behind NLRP3 inflammasome activation. However, calcium fluxes are a side ef-

fect of most potassium efflux-dependent inflammasome triggers, and has been shown to be

dispensable for the NLRP3 activation [34]. This is further supported by how many of the stud-

ies on this topic are based on the calcium channel inhibitor 2-aminoethoxy diphenylborinate

(2-APB), which also blocks NLRP3 activation, discrediting previous findings related to calcium

dependency [35]. Thus, there is agreement that induction of potassium efflux is a feature of

most NLRP3 triggers, while the necessity of calcium fluxes is disputed.

Following NLRP3 activation, cells often die through pyroptosis. This is an inflammatory form

of cell death that starts by caspase-mediated cleavage of gasdermin D (GSDMD), a pore-forming

protein. The N-terminal fragments oligomerize and form a plasma membrane pore. This pore

allows release of IL-1β, but also ions fluxes in both directions, and influx of water. Eventually,

this leads to swelling and lysis, with release of intracellular contents. [36, 37]

2.4 ESCRT and its role in plasma membrane repair

Upon damage to the plasma membrane, there are multiple possible routes of repair, two of

which are illustrated in figure 2.2. One of the proposed mechanisms, shown in figure 2.2 A),

is that Ca2+ enters the cell when permeabilization occurs, which induces lysosomal exocytosis,

indicated by A1 in the figure. The lysosomal enzyme acid sphingomyelinase is thereby released,

resulting in membrane remodeling and finally endocytosis of the wounds, indicated by A2 and

A3 in the figure, respectively. [38]

In recent years, a plasma membrane repair pathway involving the endosomal sorting com-

plex required for transport (ESCRT) has also been uncovered, illustrated in figure 2.2 B). Here, it

is suggested that the Ca2+ influx through damaged areas recruits ESCRT proteins to the plasma

membrane, as indicated by B1 in the figure. This results in budding vesicles, and the damaged

parts of the membrane are pinched off and shedded, indicated by B2 and B3 in the figure, re-

spectively. [39]

The role of ESCRT as a plasma membrane repair pathway was elucidated by a study from

Jimenez et al. published in 2014. The authors damaged the plasma membrane in various ways,

e.g. with micropipettes, detergents, pore-forming toxins and lasers [7]. Subsequently, ESCRT

effects were studied. By examining propidium iodide (PI) fluorescence and entry kinetics, the

group established size and closure rate of the plasma membrane wounds. Fluorescently labeled

ESCRT proteins were observed to redistribute from the cytosol into localized, bright spots on the

cell membrane, suggesting recruitment to positions of damage. By further analysis, it was found

that ESCRT was essential particularly for repair of wounds smaller than 100 nm in diameter. It

was excluded that lysosomes transport ESCRT proteins to the plasma membrane, disputing a
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link between the above-mentioned systems. Energy-depleted cells and cells with impaired mi-

crotubules also displayed ESCRT recruitment to plasma membrane wounds, suggesting that the

process is independent of vesicular transport. Further evidence was also found with correlative

light electron microscopy (CLEM), showing colocalization of ESCRT proteins and clusters of ex-

tracellular buds.

Furthermore, another 2014 study, by Scheffer et al., examined the effect of Ca2+ influx on re-

cruitment of ESCRT proteins to the plasma membrane [40]. The ESCRT subunits consist of five

complexes, which are recruited sequentially: ESCRT-0, ESCRT-I, ESCRT-II, ESCRT-III and ESCRT

disassembly subcomplex. Scheffer et al. found membrane punctae containing the calcium-

binding accessory protein apoptosis-linked gene 2 (ALG2) and an ESCRT-III protein both after

inducing a large injury and after inducing an ionophore calcium flux. Removal of extracellu-

lar Ca2+ resulted in inhibition of this effect, and knockout studies showed that the ESCRT-III

assembly at the wound site most likely is initiated by ALG2 and mediated by ALG2 interacting

protein X (ALIX).

A1

A2

A3

B2

B3
B1

A) Lysosome-mediated
plasma membrane repair

B) ESCRT-mediated
plasma membrane repair

Figure 2.2: Illustration of the distinction between the proposed lysosomal route of plasma mem-
brane repair, shown in A), and the ESCRT-mediated plasma membrane repair, shown in B). In
A), it is shown that Ca2+ enters the cell upon damage, which induces lysosomal exocytosis, indi-
cated by A1. This leads to release of acid sphingomyelinase, which subsequently remodels the
plasma membrane, as indicated by A2. Finally, wounds are endocytosed, indicated by A3. B)
shows how ESCRT proteins are recruited to the plasma membrane after a Ca2+ influx through
wounds, indicated by B1. Thereafter, the ESCRT proteins form budding vesicles, as indicated
by B2. Finally, these vesicles are pinched off the cell, as indicated by B3. Adapted and reprinted
from [39] with permission from Elsevier.
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2.5 Autophagy

When a cellular structure is damaged or no longer needed, a process known as autophagy se-

cures its degradation and recycling. This task is implemented through formation of a vacuole

that merges with late endosomes or lysosomes, which contain digestive enzymes. There are

two main types of autophagy: Macrophagy, where the feature to be degraded is wrapped in a

double membrane from the ER; and microphagy, where smaller autophagic vacuoles bounded

by a single phospholipid bilayer are made. The former process degrades organelles and other

large structures, while the latter results in small cytoplasm-containing vesicles. Autophagy also

functions as an energy-providing process during cellular starvation. [41]

2.5.1 Molecular players

Unc-51-like kinase 1 (ULK1) is a central autophagic protein. Initiation of autophagy is thought

to happen through the nutrient-sensing kinase mammalian target of rapamycin (mTOR), which

has inhibiting effects on ULK1 when nutrient levels are high, and the energy-sensing AMP-

activated protein kinase (AMPK), which deactivates mTOR and activates ULK1 when energy

is low [42]. When the cellular environment results in ULK1 activation, the kinase functions

together with other proteins in an initiation complex. This complex is responsible for forma-

tion of the phagophore, which is the precursor for the autophagic membrane [43]. Further-

more, autophagy-related (ATG) genes encode ATG factors, a collective term for proteins that

aid in the autophagic process [44]. They organize sub-complexes that eventually ligates phos-

phatidylethanolamine to microtubule-associated proteins 1A/1B light chain 3 (LC3), enabling

autophagic membrane growth [45, 46]. In relation to Mtb, LC3-labeled double membranes wrap

around bacteria that have ruptured their phagosomal compartment, preparing it for degrada-

tion [47]. Exactly how the autophagy machinery targets the bacterium is not fully known, but

cGAS-STING recognition of Mtb DNA resulting in ubiquitination has been shown, as well as a

subsequent connection between ubiquitin and autophagy through Parkin and Smurf1 [48, 49,

50].

LC3-associated phagocytosis (LAP) is an additional function of LC3, besides autophagic mem-

brane elongation. LAP shares some of the same molecular players with autophagy, but is inde-

pendent of ULK1 and does not seem to be affected by cellular starvation or stress. The process

is thought to be activated in parallel with phagocytosis, and LC3 is recruited to the phagosome

by binding to various entities through an unknown mechanism. The LAP pathway is important

for antigen presentation, degradation of extracellular species, and possibly also for utilizing nu-

trition from phagocytosed material [51]. Differentiation between xenophagy and LAP can be

difficult if based only on an fluorescent LC3-tag [52]. However, LAP is suggested to occur prior
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to phagosomal escape [53].

2.5.2 Secretory autophagy

In recent years, it has been discovered that autophagy also plays a role in a pathway termed se-

cretory autophagy, a type of unconventional secretion which is independent of the established

secretion mechanism through the ER and Golgi, as illustrated in figure 2.3. This unconventional

pathway enables the cell to deliver molecules directly from the cytosol to the extracellular envi-

ronment, with the help of autophagic machinery. Release of the cargo into the extracellular en-

vironment is achieved via SNARE proteins and plasma membrane syntaxins [54]. This pathway

allows secretion of proteins that have extracellular functions but lack signaling peptides, pro-

teins that form unwanted aggregates in the cytosol, partially degraded organelles, and bacteria.

In the latter case, it is thought that secretory autophagy is a mechanism through which bacteria

can spread from an infected cell to an uninfected one [55]. It is not fully established how the cell

separates between substances for secretive versus conventional, degradative autophagy [56].

However, ESCRT-related proteins has been implicated in yeast and could be associated with the

sorting [57].

ER

Golgi

Unconventional
secretion

Conventional
secretion

Autophagosome

Figure 2.3: Illustration of the distinction between conventional secretion and secretory au-
tophagy. Here, the lower route display conventional secretion of proteins through the ER and
Golgi. The upper route illustrate the unconventional route of secretion through encapsulation
in an autophagosome.
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2.6 Fluorescence and fluorescence microscopy

This section will introduce the fundamental theory behind fluorescence microscopy. The con-

tents herein are based upon theory from Introduction to Biophotonics by Paras N. Prasad [58], in

addition to other sources that will be cited.

2.6.1 Fluorescence

Fluorescence is a quantum mechanical process where a molecule is de-excited from a high en-

ergy state into a lower energy state, and a photon with energy corresponding to their difference

is released.

Typically, a molecule enters a high-energy state upon absorbing energy, for instance via the

absorption of photons. Figure 2.4 a) shows a Jablonski diagram, which illustrates this process:

The molecule starts out in a ground state, termed S0, absorbs a photon with a certain energy,

and ends up at a higher-energy state. From the excited state, several routes back to lower en-

ergy states are possible. An important de-excitation mechanism is vibrational relaxation, i.e.,

molecular heat releases, termed non-radiative transition. Here, the molecule is relaxed into a

local energy minimum, referred to as S1 in the diagram, through a series of smaller vibrational

energy levels. The molecule can then transition into the ground state of a lower electronic state,

achieved by the release of a photon. This is the process of fluorescence. The emitted photon

thus have an energy corresponding to the difference between the two energy minima. The en-

ergy that is emitted in the form of a photon is therefore smaller than the energy that was origi-

nally absorbed. This is reflected in how the fluorescence emission energy spans a smaller range

than the excitation energy in figure 2.4 a). All in all, this means that the excitation photons have

shorter wavelength, i.e. larger energy, than the emission photons.

In practice, this concept is utilized in the technique of fluorescence microscopy, where a

sample containing fluorescent molecules or dyes is excited with a specific wavelength of light.

Resulting fluorescence emission from the sample, having a longer wavelength than the excita-

tion light, is then collected and observed. Filters and dichroic mirrors (beamsplitters) ensure

that the excitation light is allowed onto the sample, and that emission light reaches the detector

without much background from other fluorescent sources, autofluorescence or excitation light.

Thus, one aims at achieving the regime where only the fluorescent molecules are observed.

The excitation light source in a fluorescence microscope has to be intense, and close to

monochromatic. Lasers possess both these properties and are therefore commonly used, espe-

cially for complex techniques such as total internal reflection fluorescence (TIRF) and confocal

microscopy [59]. For any given fluorescent molecule, a range of wavelengths give excitation at

various efficacies. One needs a sufficient amount of fluorescing molecules to achieve a strong
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signal, and therefore, as much as possible of the incoming light should be absorbed. An excita-

tion spectrum shows the absorption versus the wavelength of the excitation light for a specific

fluorescent compound. Such a plot advises the reader on which wavelengths yield the high-

est absorption, i.e., which laser is optimal to use for excitation of the molecule. Furthermore,

the emission spectrum shows the wavelengths that are emitted from a specific fluorescent com-

pound, and at what intensities. These features are illustrated in figure 2.4 b). The Stokes shift

denotes the distance between the peaks in the two spectra, and its size is related to the relax-

ation process that occurs in the molecule between excitation and emission. The Stokes shift has

to be sufficiently large so that excitation and emission can be separated by the available filters

in a microscope.
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(a) Jablonski diagram (b) Stokes shift

Figure 2.4: This figure illustrates two central concepts behind fluorescence: (a) shows a Jablon-
ski diagram, which demonstrates the electronic transitions that can result in fluorescence. (b)
shows an illustration of typical absorption and emission spectra, where the wavelengths that are
most absorbed and emitted as fluorescence for a specific compound can be seen. The energy
difference between the peak absorption and peak emission is called the Stokes shift.

Fluorescent markers

In order to observe cellular features with fluorescence microscopy, they are usually bound to a

fluorescent molecule. To achieve this, one approach is to add fluorescent dyes that bind specif-

ically to a certain type of structure or a certain compound. Another approach is to genetically

manipulate the cells’ genome so that fluorescent versions of proteins of interest are expressed,
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as outlined in section 2.1.2. This is accomplished by fusing the relevant features to fluorescent

proteins, such as the well-known Green Fluorescent Protein (GFP). A paper describing how to

fuse GFP to any protein of interest was published in 1994 [60], and since then, countless flu-

orescent proteins have been discovered, improved and developed. This has revolutionized the

field by enabling observation of behavior and interactions of cellular features, providing endless

amounts of new knowledge [61].

2.6.2 Live-cell imaging

While imaging live cells, the impact of external factors that affect the cellular functions must be

minimized. Therefore, several challenges must be met. As cells need physiological temperature

and a satisfactory atmosphere and humidity, incubators are often installed around the sample

stage on live-cell imaging platforms. Furthermore, to avoid phototoxicity, extra care should be

taken to avoid high laser intensities and damaging wavelengths when imaging live cells. Fluo-

rescent marker overexpression could also be a source of cytotoxicity, as well as toxic effect from

dyes. [62]

In TIRF microscopy, described in more detail below, only a small section of the cell is illumi-

nated. The lower overall laser exposure limits phototoxicity effects as compared to widefield and

confocal microscopy. This makes the TIRF microscopy technique an advantageous option for

live-cell imaging. Furthermore, the technique offers low background and high signal-to-noise

ratio, because negligible fluorophore excitation occurs in the rest of the cell, i.e. outside of the

illuminated section.
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2.6.3 Total Internal Reflection Fluorescence Microscopy

TIRF microscopy is a technique where imaging of a small zone near the coverslip, typically ~100

nm deep, is made possible. This is achieved by utilizing a phenomena that occurs when light

hits an interface between two media: As light propagates through a medium with a refractive

index of n1, e.g. glass, and encounters the interface to a medium with a lower refractive index

n2, e.g. cell medium, it is reflected if the refractive angle is large enough. This event, illustrated

in figure 2.5, is known as total internal reflection (TIR). Such reflection occurs when the angle

of incidence is larger than a certain critical angle, θc . Using Snell’s law, θc can be derived as

follows [63]:

n1 · sinθ1 = n2 · sinθ2 ⇒ sinθc = n2

n1
· sin(90◦) ⇒ θc = sin−1 n2

n1
(2.1)

θ2θ1 θ3

θ1 < θc

θ2 = θc

θ3 > θc

Refractive index n1

Refractive index n2

n1 > n2

Figure 2.5: This figure shows the principle upon which TIRF microscopy is based. θc denotes
the critical angle: Light incoming at the interface at an higher angle than this will be totally
internally reflected.

Evidently, an angle of incidence larger than θc results in total internal reflection of the in-

coming light, if the refractive indices n fulfil the requirements mentioned above.

Glass has a refractive index of 1.52, while cells usually reside in aqueous buffers with a refrac-

tive index of 1.33 [64]. For a system where cells in an aqueous medium rest on a glass substrate,

the critical angle for TIR should thus be:

θc = sin−1 1.33

1.52
≈ 61◦ (2.2)

Incoming light that hits the glass-cell interface at an equal or higher angle is thus totally

internally reflected, given that the numerical aperture of the employed objective is large enough.
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When TIR is achieved, a small portion of the incoming light still penetrates the interface.

This energy is known as the evanescent wave, characterized by rapidly decaying intensity (i.e.,

electric field amplitude), which enables the very narrow excitation utilized for TIRF microscopy

[65]. This wave excites only the fluorescent molecules in the ~100 nm of cellular environment

that is closest to the glass interface. Cells to be observed with TIRF microscopy therefore have

to be adherent, as suspension cells are too far away from the interface to be seen.

The typical setup of a TIRF microscope is shown in figure 2.6. Laser illumination exits the

objective at an angle larger than the critical angle and eventually hits the glass-cell interface.

Here, the beam is totally internally reflected, and the evanescent wave gives excitation of a thin

zone in the cellular environment. Resulting fluorescence emission is collected, and the user is

able to observe the cell membrane, excluding most of the signal from the cytoplasm.

Membrane

Cover glassCytoplasm

TIRF excitation volume:

100 nm

Emission light Excitation light

Cell

Objective

Figure 2.6: Illustration of how a TIRF microscope functions. Light exits the objective at an an-
gle equal to or larger than the critical angle, as shown with the blue lines, and is reflected at
the interface between the glass and the cellular environment. Here, an evanescent wave excites
fluorophores in a small volume close to the glass coverslip, as illustrated in the zoom-in. Fluo-
rescence emission light from this small volume, shown as green lines, is thereafter collected.
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Chapter 3

Materials and methods

This chapter will present the experimental procedures as they were carried out, and the cells,

reagents and equipment that were used. First, the methods by which cells were cultured and

prepared for experiments is described, followed by specific procedures for bacterial cell cul-

tures. Thereafter, the NLRP3 stimuli and bacterial infection protocols are described, in addition

to descriptions of how autophagy was inhibited and how calcium flux imaging was done. Flu-

orescence microscopy settings and procedures follows this. Finally, there is a section on inter-

pretation and analysis of the results.
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3.1 Cell cultivation and differentiation

In general, cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Sigma)

in T-25 Corning cell culture flasks (Sigma). The medium was supplemented with 10% fetal

calf serum (FCS) (Gibco), 1% penicillin streptomycin (P/S) (Gibco), 3.4% L-glutamine (Gibco),

and 1% 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-Triton buffer 1 M (Gibco).

Hereafter, RPMI with all supplements will be referred to as complete RPMI. The cultures were

kept inside an incubator cabinet (Thermo Scientific) that ensured a temperature of 37 ◦C and an

atmosphere containing 5% CO2.

The monocytic suspension cell line THP-1 [66] was utilized in all experiments. Viral trans-

duction was used to introduce constitutive expression of fluorescent variants of relevant pro-

teins, and several cell lines with different combinations of fluorescent proteins of interest were

made. Proteins were fused to either mNeonGreen (excitation maximum 506 nm, emission max-

imum 517 nm) [67], mScarlet (excitation maximum 569 nm, emission maximum 594 nm) [68],

mIRFP670 (excitation maximum 690 nm, emission maximum 713 nm) [69], or SNAP [70]. This

work was performed by Kai Sandvold Beckwith and will not be elaborated upon in this the-

sis. The cell lines and the fluorescently tagged proteins they contain are presented in table 3.1.

These will hereafter be referred to by their abbreviation.

Abbreviation Fluorescent proteins

AGA ALG2-mNG Gal3-mSc ASC-mIRFP670

AA ALG2-mNG ASC-mIRFP670

AGL ALG2-mNG Gal3-mSc LC3-SNAP

AG ALG2-mNG Gal3-SNAP

Table 3.1: This table presents an overview of the cell lines used in the work. Abbreviations for
each cell line are shown in the left column, and the fluorescent proteins the cell lines contain
are shown in the right column.

In cell lines with SNAP-tagged proteins, the dye SNAPCell 647-SiR (New England Biolabs,

excitation maximum 645 nm, emission maximum 661 nm) in complete RPMI was added to the

cells at a concentration of 1.5µM and incubated for 20-30 minutes. Thereafter, the cells were

washed three times with complete RPMI, and incubated for an additional 20-30 minutes before

experiments.

Cells were routinely counted by the use of EVE cell counting slides (NanoEnTek) and a Count-

ess automated cell counter (Invitrogen). By splitting the cultures regularly, the cell concentration

was kept between 200 000 and 1 000 000 cells per ml.
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In preparation for experiments, cells were split to approximately 300 000 cells/ml, and phor-

bol 12-myristate 13-acetate (PMA) was added to the suspension to a final concentration of

100 ng/ml. This promotes differentiation of the monocytic cells into an adherent, macrophage-

like phenotype. Thereafter, 100µl was seeded out in each well in a 96-well glass-bottom plate

with polystyrene frame (Cellvis, P96-1.5H-N, #1.5 high performance cover glass (0.170± 0.005mm)),

resulting in an approximate concentration of 30 000 cells per well. After three days, the medium

in the wells was changed to complete RPMI. Experiments were conducted within the subse-

quent three days.

3.1.1 Bacteria culture

The leucine and pantothenate auxotroph Mtb mc26206 [71] was cultured in Middlebrook 7H9

Broth (BD Biosciences) adjusted with 10% OADC, 0.05% Tween-80, 24 µg/ml D-pantothenate,

and 50 µg/ml L-leucine. During growth, 10 ml culture was kept in 50 ml screw cap tubes (Sarst-

edt) in a shaking incubator (New Brunswick Scientific, Excella E24). The cultures were split reg-

ularly to keep the optical density (OD) in the log phase range. Glycerol was added to the new

culture to a final level of 0.2% when splitting. The cultures were used for experiments for no

more than 3 weeks after inoculation from freeze stock.
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3.2 NLRP3 stimuli and Mtb mc26206 infection

In order to study the molecular mechanisms of infection, cells were incubated with Mtb mc26206.

For comparison, cells were also stimulated with nanosilica, an NLRP3 activator that disrupt

lysosomal function. The procedures are described below.

3.2.1 Nano-SiO2 treatment

Nano-SiO2 (Invivogen), hereafter referred to as nanosilica, was suspended in complete RPMI to

a final concentration of 200µg/ml. The regular medium in the wells was taken out, and 100µl of

the nanosilica suspension was added. In some cases, the cells were primed with 10 ng/ml LPS

for 1-4 hours to ensure a quicker response.

3.2.2 Mtb mc26206 infection

When infecting cells with Mtb mc26206, the medium in the wells was exchanged for a bacteria

suspension that was colored and prepared as follows.

The OD of the bacteria culture was measured using an Ultrospec 10 cell density meter (Amer-

sham Biosciences) with 7H9 Broth as the blank. An OD between 0.45 and 0.6 was preferred.

Approximately 4 ml of the culture was thereafter taken out and spun down in a Rotina 420R

sentrifuge (Hettich) at 4754 RPM for 5 minutes.

The supernatant was discarded, and the pellet resuspended in 1 ml PBS with 0.05% Tween-

80. The dye eFluor 450 (eBioscience, excitation maximum 405 nm, emission maximum 446 nm)

was added to a final concentration of 5µM, and the suspension was thereafter incubated for

15-30 minutes.

Following the incubation, the suspension was once again spun down at 4754 RPM for 5 min-

utes. The resulting supernatant was discarded, and the pellet was resuspended in 4 ml RPMI

with 3.4% L-glutamine, 1% HEPES and 10% freshly thawed human serum (A+). The new suspen-

sion was then sonicated in an ultrasonic cleaner bath (VWR) at maximum power for 1 minute,

and thoroughly vortexed.

Subsequently, the suspension was spun down at 300 RPM for 4 minutes to remove the largest

aggregates. The OD was then measured again, with RPMI as the blank. The suspension was

diluted to the desired infection OD, i.e. between 0.04 and 0.05.

Such a colored bacteria suspension was used for infection experiments within three days

after preparation.
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3.2.3 Inhibition and knockdown of autophagy

To study the effects of inhibiting autophagy, cells were treated with ULK1/2 inhibitor MRT68921

hydrochloride (Sigma) [72], hereafter referred to as MRT, during infection with Mtb mc26206.

For approximately 1 hour pre-experiment, the cells were treated with either 2µM or 5µM MRT in

complete RPMI. This concentration of the inhibitor was kept constant throughout the infection.

The cells were infected with Mtb mc26206 by exchanging the medium in the wells for a colored

bacteria suspension with an OD of 0.04-0.05, and imaged by TIRF and widefield fluorescence

microscopy time-lapse imaging.

An ATG-5 knockdown AGL-cell line was also used for infection experiments. The knock-

down was achieved through the CRISPR-Cas9 technique. This work was done by Kai Sandvold

Beckwith and will not be elaborated upon in this thesis.

3.2.4 Calcium flux imaging with Calbryte

The calcium flux in the cells during NLRP3 stimuli and Mtb mc26206 infection was monitored

by loading the cells with Calbryte 590 AM (AAT Bioquest, excitation maximum 580 nm, emission

maximum 592 nm), hereafter referred to as Calbryte, a dye that binds weakly to calcium and

becomes fluorescent when bound.

The Calbryte solution was prepared by adding the dye to Hanks buffer with 0.02% F-127

to a final concentration of 2µM. To load the cells, the medium in the wells was replaced with

100µl of this solution. The plate was subsequently incubated for 1 hour, and the medium was

thereafter changed back to complete RPMI and incubated at room temperature for 15 minutes.

Experiments were started within 6 hours after this.

Validation with ATP and saponin

The Calbryte system was tested with 3 mM ATP in complete RPMI, which induces a calcium in-

flux through ion channels. Furthermore, the system was tested with 0.05% saponin in complete

RPMI, which forms plasma membrane pores.

For both validation schemes, the medium in the wells containing Calbryte-loaded AA-cells

was exchanged. Subsequently, the ALG2 effects at the plasma membrane and the changes in

Calbryte intensity was examined with TIRF and widefield fluorescence microscopy time-lapse

imaging.
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Monitoring the calcium flux in cells that are treated with nanosilica

To examine how the calcium flux changes during treatment with nanosilica, AA-cells were loaded

with Calbryte, and subsequently stimulated with 200µg/ml nanosilica in complete RPMI by ex-

changing the medium in the wells for the nanosilica suspension. The Calbryte response and

the events involving the tagged proteins were recorded with TIRF and widefield fluorescence

microscopy time-lapse imaging.

Monitoring the calcium flux in cells that are infected with Mtb mc26206

To examine how the calcium flux changes during infection with Mtb mc26206, AA- and AG-

cells were loaded with Calbryte, and subsequently infected with Mtb mc26206 by exchanging

the medium in the wells for a colored bacteria suspension in RPMI, with OD 0.04-0.05. The

Calbryte response and the events involving the tagged proteins were recorded with TIRF and

widefield fluorescence microscopy time-lapse imaging.

3.2.5 Lysosomal damage control experiment

A control experiment where AGL-cells were loaded with the photosensitive chemical TPCS2a [77]

was also performed. In a dark room, the medium in the wells were exchanged for a solution of

0.4µg/ml TPCS2a (PCI Biotech) in complete RPMI, and the plate was incubated for 18 hours. Fol-

lowing this, the wells were washed three times with complete RPMI, and incubated for 4 hours

before experiments.

To damage the lysosomes, i.e. activate the compound, the cells were illuminated with the

405 nm laser line at 10% power for 1 second. The subsequent events involving the tagged pro-

teins were observed with TIRF microscopy.
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3.3 Fluorescence microscopy

The cellular responses were studied with TIRF and widefield fluorescence microscopy. This sec-

tion summarizes the settings that were used.

3.3.1 TIRF microscopy

The cells were observed before and during stimuli by the use of a ZEISS Laser TIRF 3 microscope.

The microscope is enclosed by an incubator, which was set to 37 ◦C and 5% CO2 approximately

30 minutes before experiments.

Most experiments were time-lapse imaging setups where a new frame was captured every

10 seconds. Furthermore, definite autofocus was enabled. One TIRF channel was chosen as

the reference channel, and all the other TIRF channels had zero offset from this. All widefield

channels had 2µm offset from the reference, and the brightfield channel was offset with 5µm.

Table 3.2 displays the various laser lines and how they were employed to observe of the features

of interest.

Laser wavelength Protein or dye Laser intensity Exposure TIRF angle

405 nm eFluor 450 0.3% 200 ms 0◦

488 nm ALG2-mNG 0.2-0.3% 100 ms 0◦ and 71◦

561 nm Calbryte 0.2-0.3% 25-100 ms 0◦

Gal3-mSc 0.2% 25 ms 0◦ and 71◦

638 nm Gal3-SNAP 0.3% 100 ms 0◦ and 71◦

LC3B-SNAP 0.3% 100 ms 0◦ and 71◦

ASC-mIRFP670 0.6% 300 ms 0◦

Table 3.2: This table shows an overview of the general microscope settings.

The filter cubes 76 HE CFP / GFP / DsRed and 77 HE GFP / mRFP / Alexa633 were used in

all experiments. Their relevant excitation and emission windows are presented in table 3.3. For

brightfield imaging, a halogen lamp at 4.6 V with 0.91 ms exposure and a DIC-filter was used.

27



Filter name Excitation windows Emission windows

76 HE CFP / GFP / DsRed 390 nm – 422 nm 448 nm – 472 nm

549 nm – 573 nm 585 nm – 631 nm

77 HE GFP / mRFP / Alexa633 469 nm – 497 nm 510 nm – 542 nm

552 nm – 577 nm 587 nm – 614 nm

629 nm – 650 nm 665 nm – 711 nm

Table 3.3: This table shows an overview of the filters that were used in the imaging setups, and
their relevant excitation and emission windows.

3.4 Image analysis

In general, the ImageJ distribution FIJI [73] was used for image processing such as cropping, in-

serting scale bars and zoomed insets, adjusting of brightness and contrast, and changing lookup

tables. Furthermore, the region of interest (ROI) manager in FIJI was used to analyze gray value

changes at relevant sites, as described in the below subsections. The open-source vector graph-

ics software Inkscape was used for creating figures.

Analysis of Calbryte imaging

For analyzing the Calbryte intensity changes during various cellular events, ROIs were chosen

in image areas that were contained within the cell through the time period of interest, and had

negligible crosstalk. The measurement tool was thereafter used to measure the mean gray value

in the ROIs in the Calbryte channel through the whole image stack, i.e. at all the time points.

Analysis of LC3B imaging

The recruitment of LC3B to gal3-positive vesicles was analyzed by firstly drawing ROIs around

compartments that turn gal3-positive while being LC3B-negative, ensuring that their movement

throughout the time period of interest was included. Subsequently, the mean gray value of the

LC3B-signal in the ROIs was measured through the whole image stack, i.e. at all the time points.
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3.4.1 Plotting

In each experiment, frames with events of interest, i.e. the initiation of an ALG2 plasma mem-

brane recruitment event or a phagosome turning gal3-positive, were identified. The mean gray

value measurements in a specific range of frames before and after the event were located and

saved, ensuring alignment of the measurements to the event of interest. Thereafter, all the data

sets were normalized to the measurement obtained from the respective first frames of the cho-

sen range. Ten individual events were used in all cases. Subsequently, the median and interquar-

tile range of the normalized measurements were plotted using GraphPad Prism version 5.03 for

Windows, GraphPad Software, La Jolla California USA, www.graphpad.com.

To decide if the results were significant, the Mann-Whitney U test was performed using an

online calculator [74].
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Chapter 4

Results

This chapter will describe the results from the investigation of various fluorescently tagged pro-

teins during NLRP3 stimuli and Mtb mc26206 infection, outlined in Chapter 3. All results are

based on images captured with TIRF and widefield microscopy.

Some general features of the cellular responses will be presented first, in order to introduce

the reader to events of interest. This is followed by results regarding the interplay between

gal3-positive phagosomes and ALG2 at the plasma membrane. Thereafter, results from imag-

ing of autophagy protein LC3B during infection, and their analysis, are described. A summary

of the effects seen on NLRP3 inflammasome activation during both nanosilica treatment and

Mtb mc26206 infection follows. Finally, results from the calcium flux imaging and their analysis

are presented. In the end of the chapter, there is a section showing control experiments.
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4.1 Imaging of the events during Mtb mc26206 infection

Figure 4.1 displays a representative single AGA-cell that has been infected with Mtb mc26206

by exchanging the cell medium for a colored bacteria suspension with OD 0.04-0.05, and time-

lapse imaged with TIRF and widefield fluorescence microscopy. Here, some of the events that

occur during infection are shown: The top panel shows the gal3-mSc widefield signal. In the

second frame, a compartment shows recruitment of gal3, as indicated by the inset. This sug-

gests phagosomal escape and will hereafter be referred to as a gal3-event or the compartment

becoming gal3-positive. The second panel shows the ALG2-mNG TIRF signal, and recruitment

into a massive, bright spot is seen from the third frame, happening locally to the same position

as the gal3-positive phagosome. Furthermore, there is a transient, more evenly distributed re-

cruitment of ALG2 to the plasma membrane happening, as shown in the bottom inset in the

fourth frame. The plasma membrane accumulation thereafter retracts, as seen in the last frame.
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Figure 4.1: This figure shows some of the common events that occur in a single cell that is in-
fected with Mtb mc26206. The top panel shows the gal3-mSc widefield signal, and the bottom
panel shows the ALG2-mNG TIRF signal. Scale bars equal 20 µm, and the timepoints relative
to the second frame are indicated above each column. Insets show 3x magnifications of the
dashed areas. As can be seen from the insets, the gal3-mSc signal shows phagosomal escape in
the second frame. Furthermore, a massive, local plasma membrane recruitment event happens
in the same position, as seen in the ALG2-mNG TIRF signal in the next column. There is also a
more evenly distributed and weaker recruitment of ALG2 into a starry pattern, as shown by the
bottom insets in the ALG2-mNG panel, columns 3 and 4.
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4.2 Gal3-positive phagosomes come close to the plasma mem-

brane, triggering ALG2-recruitment

Recruitment of ALG2 to the plasma membrane during nanosilica NLRP3 stimuli and Mtb mc26206

infection has unknown origin. It was discovered that quite often when an ALG2-event occurred

at the plasma membrane, a gal3-positive phagosome was positioned in the same area, intra-

cellularly. In some of these cases, the gal3-positive compartment becomes visible in the TIRF

mode, suggesting that it is close to the plasma membrane. The results showing this will be pre-

sented in this section.

4.2.1 Gal3-positive compartments during nanosilica treatment

Figure 4.2 shows the representative development in a single cell that has been stimulated with

200µg/ml nanosilica in complete RPMI by exchanging the medium in the wells. The top panel

shows the gal3-mSc widefield signal, the middle panel shows the gal3-mSc TIRF signal, and the

bottom panel shows the ALG2-mNG TIRF signal. The two bottom panels thus show signal from

fluorescent proteins that are close to the plasma membrane. Time points relative to the second

frame are indicated above each column, and the insets are 3x magnifications of the dashed ar-

eas. The scale bars equal 10µm. As is shown in the images, a phagosome containing a large silica

crystal turns gal3-positive at time zero. Then, after some time, this gal3-positive compartment

gets close to the plasma membrane, becoming detectable in the TIRF channel. Following this,

an ALG2-event happens at the same location.

There were a total of 107 cells expressing gal3-mSc (88 AGA-cells, 19 AGL-cells) that were

studied during nanosilica treatment. 44 compartments became gal3-positive during observa-

tion (28 in AGA-cells, 16 in AGL-cells), and there was a total of 28 pre-speck ALG2 plasma mem-

brane recruitment events (24 in AGA-cells, 4 in AGL-cells). 15 of these ALG2 plasma membrane

recruitment events were large, local accumulations at sites of gal3-positive phagosomes (11 in

AGA-cells, 4 in AGL-cells).
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Figure 4.2: This figure shows a single cell that has been treated with nanosilica. The top panel
shows the gal3-mSc widefield signal, the middle panel shows the gal3-mSc TIRF signal and the
bottom panel shows the ALG2-mNG TIRF signal. The scale bars equal 10µm, and the time
points relative to the second frame are indicated in the top. Insets show 3x magnifications of
the dashed areas.
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4.2.2 Gal3-positive compartments during Mtb mc26206 infection

Figure 4.3 shows the representative development in a single cell that has been infected with Mtb

mc26206 by exchanging the medium in the well for a colored bacteria suspension with an OD

of 0.04-0.05. The top panel shows the gal3-mSc widefield signal, the middle panel shows the

gal3-mSc TIRF signal, and the bottom panel shows the ALG2-mNG TIRF signal. The two bot-

tom panels thus show signal from fluorescent proteins that are close to the plasma membrane.

Time points relative to the second frame are indicated above each column, and the insets are 2x

magnifications of the dashed areas. As is shown in the images, a phagosome containing a bac-

terium turns gal3-positive at time zero. Then, after some time, the gal3-positive compartment

gets close to the plasma membrane, becoming detectable in the TIRF channel, as seen in the

third frame in the second panel. Following this, an ALG2-event happens at the same location.

By clicking or scanning the QR-code found in figure 4.4, the reader will follow a link to a movie

of a cell that displays these features.

In total, there were 195 gal3-mSc-expressing cells that were time-lapse-imaged for 2 sub-

sequent hours after infection with Mtb mc26206 (84 AGA-cells, 111 AGL-cells). In these, 100

mycobacterium-containing compartments became gal3-positive (59 in AGA-cells, 41 in AGL-

cells), and there were 50 ALG2 plasma membrane recruitment events (25 in AGA-cells, 25 in

AGL-cells). 28 of these ALG2-events were large, local accumulations at sites of gal3-positive

compartments (18 in AGA-cells, 10 in AGL-cells).
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Figure 4.3: This figure shows a single cell that has been infected with Mtb mc26206. The top
panel shows the gal3-mSc widefield signal, the middle panel shows the gal3-mSc TIRF signal
and the bottom panel shows the ALG2-mNG TIRF signal. The scale bars equal 15µm, and the
time points relative to the second frame are indicated above each column. Insets show 2x mag-
nifications of the dashed areas.

Figure 4.4: By scanning or clicking the above QR-code, the reader will gain access to a movie of
events similar to those shown in figure 4.3. Here, the Mtb mc26206-containing compartment
turning gal3-positive (left) and showing up in TIRF-mode (middle) occur in the same frame. A
large ALG2 recruitment event is subsequently seen in the TIRF-mode (right).
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4.3 Autophagy machinery is recruited to gal3-positive phago-

somes

As mentioned in the theory section, autophagy proteins are known to be recruited to bacteria in

the defense mechanism of xenophagy, and autophagic machinery has also been implicated in

relation to ejection of bacteria. ALG2 could play a role here as well, as there could be a rupture of

the plasma membrane during the course of the ejection. Therefore, autophagy-related protein

LC3B fused to a SNAP-tag was investigated together with ALG2-mNG and gal3-mSc in order to

examine the interplay between these proteins during Mtb mc26206 infection.

Imaging of AGL-cells during Mtb mc26206 infection

Cells were infected with Mtb mc26206 by exchanging the cell medium for a colored bacteria

suspension in RPMI with an OD between 0.04 and 0.05. Subsequently, they were imaged with

fluorescence microscopy time-lapse imaging for approximately 2 hours. Figure 4.5 shows a rep-

resentative result. This single cell phagocytoses a bacterium, indicated by an arrow in the first

frame. The bacterium escapes its compartment at time zero, indicated by the phagosome turn-

ing gal3-positive in the middle frame of the top panel. LC3B-SNAP subsequently accumulates at

the compartment, as seen in the bottom panel. A compartment that has recruited LC3B-SNAP

like this will hereafter be referred to as LC3-positive.
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Figure 4.5: These images show a single cell that phagocytoses an Mtb mc26206, as indicated by
an arrow in the first frame of the top panel. Subsequently, the bacterium-containing compart-
ment becomes gal3-positive, suggesting phagosomal escape. The autophagy-associated protein
LC3B accumulates at the gal3-positive site thereafter, as seen in the bottom panel. Scale bars
equal 15µm, and the time points relative to the middle frame are indicated above each column.

In total, 111 AGL-cells were infected with Mtb mc26206 and subsequently observed with

TIRF microscopy. In these, there were 41 compartments that turned gal3-positive while be-

ing LC3B-negative, out of which 34 subsequently recruited LC3B. The remaining 7 gal3-positive

37



compartments either belonged to cells that lacked SNAP-expression (2 compartments), or did

not visibly recruit LC3B within time of observation (5 compartments). Bacteria-containing com-

partments that recruited LC3B rapidly after entering the cell, with no preceding gal3 recruit-

ment, were interpreted as LAP and are not included in this quantification.

Furthermore, 19 AGL-cells were stimulated with nanosilica and subsequently observed with

TIRF microscopy. This resulted in 16 gal3-positive compartments in total, out of which 11 re-

cruited LC3B. The remaining 5 gal3-positive phagosomes belonged to cells that lacked SNAP

signal.

4.3.1 Recruitment of autophagy machinery to gal3-positive phagosomes pos-

sibly regulates ALG2 recruitment to the plasma membrane

Figures 4.6 and 4.7 show the LC3B-SNAP recruitment to gal3-positive compartments together

with the ALG2-mNG signal in two Mtb mc26206-infected AGL-cells. In figure 4.6, LC3B-SNAP is

accumulating at the gal3-positive compartment after some time, as seen in the third and fourth

frame in the second panel. However, nothing happens in the ALG2-mNG TIRF channel. On

the other hand, in figure 4.7, no LC3B-SNAP accumulation is seen to occur at the gal3-positive

phagosome, and an ALG2 plasma membrane recruitment event occurs in the third frame. A

movie of a Mtb mc26206-infected AGL-cell that displays both these features can be found by

clicking or scanning the QR-code found in figure 4.8.

As these examples demonstrate, it seemed plausible from the imaging results that LC3B-

recruitment to gal3-positive phagosomes was less prominent in cases where an ALG2-event oc-

curred in the same spot as the compartment was located. The LC3B recruitment mostly ap-

peared both slower and weaker for such compartments, as compared to compartments that

was not related to any ALG2-events during the time of observation. It was especially interest-

ing that gal3-positive phagosomes that became visible in the TIRF mode without inducing an

ALG2-event usually were LC3B-positive.

38



G
al

3
LC

3B
A

LG
2,

T
IR

F
-00:10 +05:00 +05:50

Figure 4.6: This figure shows the increase in LC3B-SNAP accumulation (second panel) at a com-
partment that become gal3-positive at time zero (first panel). The ALG2-mNG TIRF signal is
shown in the bottom panel, and no event occurs. LC3B is recruited to the compartment over
time, as is seen in the two last frames. For all panels, the scale bars equal 15µm, and the time
points relative to the compartment turning gal3-positive are indicated above each column. The
relative time points are identical for this figure and figure 4.7. Insets show 2x magnifications of
the dashed areas.
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Figure 4.7: This figure, in comparison to figure 4.6, shows the LC3B-SNAP accumulation (second
panel) at a compartment that become gal3-positive at time zero (first panel) and thereafter is re-
lated to an ALG2-event (bottom panel). Here, LC3B is not visibly recruited to the compartment.
For all panels, the scale bars equal 15µm, and the time points relative to the compartment turn-
ing gal3-positive are indicated above each column. The relative time points are identical for this
figure and figure 4.6. Insets show 2x magnifications of the dashed areas.

40



Figure 4.8: By scanning or clicking the above QR-code, the reader follows a link to a movie of
events similar to those shown in figures 4.6 and 4.7. Here, a single cell with two Mtb mc26206-
containing compartments is displayed. Both compartments turn gal3-positive (middle), but
only one of them recruits LC3B (right). The compartment that does not recruit LC3B is at the
same site as an ALG2 plasma membrane recruitment event seen in TIRF mode (left).

Image analysis: LC3B recruitment to two different categories of gal3-positive vesicles

To quantify the LC3B recruitment, ROIs were drawn around gal3-positive, LC3B-negative phago-

somes in two categories: ALG2-event-related compartments, and compartments that seem un-

related to ALG2. There were ten compartments of each kind. The LC3B mean gray value devel-

opment in the ROIs was then measured, and aligned to the event of the compartment turning

gal3-positive. The measurements were thereafter normalized to the respective first frame of a

range around the event. The median and interquartile range of the two data sets were plotted

with GraphPad, and the result is shown in figure 4.9. As is seen in the plot, the compartments

that are not associated with an ALG2 plasma membrane event does indeed seem to recruit LC3B

more strongly. At time points 7.5, 10 and 12.5 minutes after the vesicle turns gal3-positive, the

difference is significant (p < 0.05 at time points 7.5 and 12.5 minutes, p < 0.01 at time point 10

minutes) according to the two-tailed Mann-Whitney U test.
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Figure 4.9: This plot shows the increase in LC3B-SNAP gray value at sites that become gal3-
positive at time zero. Red dots indicate measurements of gal3-positive compartments that are
unrelated to ALG2. Blue dots indicate measurements of gal3-positive compartments that are
related to ALG2 recruitment events at the plasma membrane. Both plots show median and in-
terquartile range of measurements for ten separate gal3-events. The difference between the two
categories is significant at the three last time points, according to the two-tailed Mann-Whitney
U test.

4.3.2 Autophagy inhibition does not increase ALG2 recruitment to the plasma

membrane

To further examine whether autophagy indeed affects ALG2-events at the plasma membrane,

the next step was to inhibit autophagy by loading the cells with the ULK1/2 inhibitor MRT be-

fore and during infection with Mtb mc26206. This should dampen xenophagy, while LAP is inde-

pendent of ULK1 and should therefore not be affected. The response was recorded by TIRF and

widefield fluorescence microscopy time-lapse imaging for approximately 2 hours post-infection.

Image analysis: Autophagy inhibition with MRT

To analyze the autophagy inhibition results, ROIs were drawn around gal3-positive, LC3B-negative

phagosomes, and the mean gray value of the LC3B signal was measured. The measurements

were aligned to the event of the compartment turning gal3-positive, and thereafter normalized

to the respective first frame of a certain range around the event. Thereafter, the median and

interquartile range of the data set was plotted with GraphPad. The result is displayed in fig-
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ure 4.10. The measurements from cells that have not been treated with MRT are shown as blue

dots, and data from cells that have been treated with 2µM MRT are red. It seems evident that

recruitment of LC3B to bacteria-containing compartments happens earlier in cells that are not

autophagy-inhibited, due to the greater LC3B gray value in these images – suggesting that the

inhibition was successful for some time, and autophagy was delayed. At time points 10 and 15

minutes after the vesicle turns gal3-positive, the difference is significant (p < 0.05) according to

the two-tailed Mann-Whitney U test.

Cells that were treated with 5µM MRT seemed to suffer from toxic effects, and the results

were discarded. Due to time limitations, no other concentrations were tested and the experi-

ments could not be repeated.
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Figure 4.10: This plot shows the increase in LC3B-SNAP gray value at sites that become gal3-
positive at time zero. Blue dots indicate measurements of gal3-positive compartments in cells
under normal conditions. Red dots indicate measurements of gal3-positive compartments in
cells that was inhibited with 2µM MRT. The use of this inhibitor apparently delays the onset of
LC3B recruitment, as the increase in LC3B-SNAP gray value is slower for these measurements.
Both plots shows median and interquartile range of measurements for ten separate and inde-
pendent gal3-events, and all measurements have been normalized to the first frame in the re-
spective data sets. The difference between the two categories is significant at the two middle
time points, according to the two-tailed Mann-Whitney U test.

However, the seemingly successful autophagy inhibition did not affect the amount of large

ALG2-events at sites of gal3-positive phagosomes. As mentioned above, 111 AGL-cells were in-
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fected with Mtb mc26206 and observed under normal conditions, and this resulted in 41 gal3-

positive phagosomes and 10 large, local ALG2-events. On the other hand, 41 AGL-cells were

infected and observed with 2µM MRT in the medium. In these experiments, there were 34 gal3-

positive phagosomes, and 8 large, local ALG2-events. It does seem like the uptake was higher

with the autophagy-inhibited cells, which could be due to fresher serum or other experimen-

tal circumstances. Nevertheless, the fraction of gal3-events that relates to ALG2-events seems

unchanged.

4.3.3 Autophagy protein knockdown possibly affects ALG2 recruitment to

the plasma membrane

Furthermore, ATG-5 knockdown AGL-cells were also infected with Mtb mc26206. The medium

in the wells were exchanged for a colored bacteria suspension with an OD of 0.04-0.05. There-

after, the cells were observed with TIRF and widefield fluorescence microscopy time-lapse imag-

ing for approximately 2 hours post-infection. This was done in order to address how autophagy

affects ALG2-events at the plasma membrane in a more precise manner than by using an in-

hibitor, as MRT only seemed to delay the onset of xenophagy. However, the bacterial uptake

was unusually low, possibly due to the fact that the serum that was used had been thawed too

many times and consequently lost its complement activity. It was therefore only 3 gal3-events in

27 observed cells, and no ALG2-events. No conclusions could thus be made. The experiments

could not be repeated due to time constraints.

4.4 Consequences of membrane damage for NLRP3 inflamma-

some activation

Figure 4.11 shows a single AGA-cell that has been infected with Mtb mc26206 and as a result

gets an ASC speck and dies through pyroptosis. Prior to the ASC speck formation, the cell dis-

plays plasma membrane recruitment of ALG2, shown in the inset in the second frame of the

first panel.The speck thereafter starts to form, as indicated by an arrow in the third frame of the

second panel. Finally, the pyroptotic morphology of swelling and a more prominent nucleus is

seen in the brightfield channel, as indicated by an arrow in the last frame of the bottom panel.

In the employed ASC-mIRFP670-expressing cell lines during both nanosilica treatment and

Mtb mc26206 infection, there was a total of 41 specks formed. Out of these, 26 formed in cells

that displayed a pre-speck ALG2 plasma membrane recruitment event. In cells that were stimu-

lated with nanosilica (143 cells), 10 specks formed, out of which 9 came subsequent to an ALG2-

event. For Mtb mc26206-infected cells (136 cells), formation of 31 specks was registered, out of
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which 17 came after an ALG2-event. Evidently, there seems to be more speck formation during

Mtb mc26206 infection.
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Figure 4.11: This figure shows ASC speck formation and pyroptotic morphology in a single cell is
infected with Mtb mc26206 and has an ALG2 plasma membrane event. The upper panel shows
the ALG2-mNG TIRF signal, the second panel shows the ASC-mIRFP670 widefield signal and the
bottom panel shows the brightfield signal. Scale bars equal 20 µm, and the timepoints relative
to the second frame are indicated above each column. Insets show 2x magnifications of the
dashed areas. The ALG2-mNG TIRF signal shows plasma membrane recruitment of ALG2 in the
second frame, as a result of Mtb mc26206 uptake. The ASC-mIRFP670 signal shows formation of
a speck in the third frame, indicated by an arrow. Lastly, the brightfield images show pyroptotic
morphology in the last frame, also indicated by an arrow.
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4.5 ALG2 recruitment to the plasma membrane is accompanied

by a calcium flux, while gal3-events are not

How calcium fluxes in the cell relate to ALG2- and gal3-events could possibly uncover more

details about their interplay, or the mechanisms behind the events. Furthermore, examining the

presence of ion fluxes during ALG2 plasma membrane recruitment is an interesting endeavor in

relation to NLRP3 activation, as ion fluxes clearly play a role, but the details are disputed.

Thus, to examine the relationship between ion fluxes and cellular events that occur during

NLRP3 stimuli and Mtb mc26206 infection, AA- and AG-cells were loaded with the calcium indi-

cator probe Calbryte 590 AM (hereafter referred to as Calbryte) for one hour before experiments,

and observed by fluorescence microscopy during stimuli or infection.

In this system, an intensity increase in the channel excited by the 561 nm laser should cor-

respond to a influx of Ca2+ to the cytosol.
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4.5.1 Imaging of Calbryte intensity changes

Verification of the system: ATP treatment

To verify the system, cells were treated with ATP, which causes a ion channel calcium influx after

binding to the ligand-gated P2X7 receptor [75]. Figure 4.12 shows images of a single cell, loaded

with Calbryte, that has been treated with 3 mM ATP. The top panel shows the ALG2-mNG signal

in TIRF, and the bottom panel shows the widefield Calbryte signal. Time points after the second

frame are indicated above the columns. As can be seen in the second ALG2-mNG frame, a weak

and transient dot pattern appears in the very beginning of the experiment. At the same time

point, the Calbryte intensity is seen to increase, indicating a calcium flux.
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Figure 4.12: This figure shows the development of Calbryte intensity (lower panel) in a cell as
it is treated with 3 mM ATP, causing a weak and transient ALG2 recruitment to the membrane
(upper panel), as seen in the insets. Scale bars equal 20 µm, and the timepoints relative to the
second frame are indicated above each column. Insets show 3x magnifications of the dashed
areas.

47



Verification of the system: Saponin treatment

For further verification that the calcium reporter was successful, the Calbryte system was also

tested with the glycoside saponin, which causes formation of plasma membrane pores [76].

Such pores should allow influx of extracellular calcium. The results are depicted in figure 4.13.

The top panel shows the ALG2-mNG signal in TIRF, and the bottom panel shows the widefield

Calbryte signal. The time points after the leftmost frame are indicated above each column, and

the insets show 2x magnifications. Due to the damage to the plasma membrane, calcium in-

flux happens, as seen in the intensity changes of the Calbryte signal. These fluxes coincide with

ALG2 recruitment to the plasma membrane, as shown in the starry patterns in the upper panel.

The process was significantly slower than the ATP response, which is as expected, as saponin

induces real damage, while ATP opens channels.
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Figure 4.13: This figure shows the development of Calbryte intensity (lower panel) in a cell as it
is treated with 0.05% saponin, causing ALG2 recruitment to the membrane (upper panel). Scale
bars equal 15 µm, and the timepoints are indicated above each column.
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Calcium flux response to nanosilica treatment

To examine how the calcium fluxes change during exposure to nanosilica and how this re-

lates to ALG2 recruitment to the plasma membrane, Calbryte-loaded cells were stimulated with

200µg/ml nanosilica in complete RPMI and studied with fluorescence microscopy time-lapse

imaging for approximately 2 hours, starting 1-6 hours after the stimuli. The results are shown

in figure 4.14. The top panel shows the ALG2-mNG signal in TIRF, and the bottom panel shows

the widefield Calbryte signal. Time points relative to the second frame are indicated above each

column. As is evident, the ALG2-recruitment to the plasma membrane increases over time and

coincides with a calcium flux in the cell.

In total, 55 AA-cells were observed under these conditions. 29 of these displayed pre-speck

ALG2 membrane recruitment.
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Figure 4.14: This figure shows the development of Calbryte intensity (lower panel) in a cell
simultaneously as a pre-speck ALG2-event (upper panel) occurs after treating the cells with
nanosilica. Scale bars equal 15 µm, and the timepoints before and after the ALG2-event are
indicated above each column. Insets show 2x magnifications of the dashed areas.

Figure 4.15 shows the quantification of the Calbryte intensity development in cells that have

been treated with nanosilica and as a result has ALG2-events. ROIs were drawn in crosstalk-free

areas in the Calbryte channel images of cells that displayed ALG2 plasma membrane recruit-
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ment events. The mean gray value in the ROIs were thereafter measured in all images. Ten

cells were used for the analysis. The data was aligned so that the ALG2-event happens at time

zero, and the measurements were normalized to the respective first frame of the chosen data

set range. The measurements were thereafter plotted with GraphPad. As can be seen in the

plot, ALG2-events are clearly associated with a rapid increase in mean gray value in the Calbryte

channel, indicating a calcium flux.
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Figure 4.15: This plot shows the median of the relative gray value of the Calbryte signal in ten
individual cells over time. The cells were treated with nanosilica and display pre-speck ALG2-
recruitment to the plasma membrane. The datasets have been aligned so that the ALG2-event
is first detectable at timepoint zero. Interquartile range is indicated by the colored area. The
measurements are normalized to the value from the first frame in each data set.

Calcium flux response to Mtb mc26206 infection

Furthermore, it was studied how calcium fluxes change during Mtb mc26206 infection, and how

this related to plasma membrane recruitment of ALG2. Calbryte-loaded cells were infected with

the bacterium by exchanging the medium in the wells with a suspension of colored Mtb mc26206

at an OD between 0.04 and 0.05. Subsequently, the cells were examined with fluorescence mi-

croscopy time-lapse imaging for approximately 2 hours after infection. The results are shown

in figure 4.16. The ALG2-mNG signal in TIRF is shown in the upper panel, and the widefield

Calbryte signal is shown in the bottom panel, while the time points relative to the second frame

are shown above each column. As is shown in the images, ALG2 is recruited to the plasma mem-

brane and is accompanied by an increase in Calbryte intensity. A movie which shows the dy-

namics of this event more clearly can be found by clicking or scanning the QR-code found in

figure 4.17. In addition to the Calbryte intensity fluxes that seemed to be associated with ALG2

plasma membrane recruitment, more transient fluxes occurred regularly, commonly seen as in-

tensity increases that lasted for one or two frames. This was as expected, as increases in the
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calcium level in the cytosol is part of several signaling events. Furthermore, when the cells died,

both after ALG2 plasma membrane recruitment events and in general, a large Calbryte inten-

sity increase was seen. Very shortly after, the Calbryte signal disappeared from the cell, leaving

behind some debris in bright compartments. This can be explained by how there would be a

very large calcium influx to the cell at the moment the plasma membrane loses its integrity, and

thereafter, diffusion of Calbryte should occur.

In total, 52 AA-cells were observed under these conditions. 16 of them displayed ALG2

plasma membrane recruitment prior to speck formation.
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Figure 4.16: This figure shows the development of Calbryte intensity (lower panel) in a cell si-
multaneously as a pre-speck ALG2-event (upper panel) occurs after infecting the cells with Mtb
mc26206. Scale bars equal 20 µm, and the timepoints before and after the ALG2-event are indi-
cated above each column. Insets show 2x magnifications of the dashed areas.

Figure 4.17: By scanning or clicking the above QR-code, the reader follows a link to a movie of
the events shown in figure 4.16.
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To examine whether or not the event of the bacterium-containing vesicle turning gal3-positive

is related to a calcium flux, Calbryte-loaded AG-cells were infected with Mtb mc26206 by ex-

changing the medium in the wells for a colored Mtb mc26206 suspension with an OD of 0.04-

0.05. Subsequently, the cells were observed with fluorescence microscopy time-lapse imaging

for approximately 2 hours. The results are shown in figure 4.18. The widefield gal3-mSc signal is

shown in the upper panel, and the widefield Calbryte signal is shown in the bottom panel. The

time points relative to the second frame are shown above each column. It seems that gal3-events

are not accompanied by an increase in Calbryte intensity.
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Figure 4.18: This figure shows the development of Calbryte intensity (lower panel) in a cell si-
multaneously as a gal3-event (upper panel) occurs after infecting the cells with Mtb mc26206.
Scale bars equal 15 µm, and the timepoints before and after the gal3-event are indicated above
each column. Insets show 2x magnifications of the dashed areas.

Figure 4.19 shows the quantification of the development of the Calbryte intensity in cells

that have been infected with Mtb mc26206 and as a result get ALG2 plasma membrane recruit-

ment events and compartments that turn gal3-positive. Ten independent events were used for
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both analyses. ROIs were drawn in the images from the Calbryte channel, in crosstalk-free areas

within cells that displayed events of interest. The mean gray value in the ROIs were thereafter

measured in all images. The data was aligned so that the ALG2-event happens at time zero in fig-

ure 4.19 a) and the gal3-event happens at time zero in figure 4.19 b), and the measurements were

normalized to the respective first frame of the chosen data set range. The measurements were

thereafter plotted with GraphPad. As is clear from the plots, ALG2-events are associated with a

rapid increase in mean gray value in the Calbryte channel, indicating a calcium flux, while the

gal3-events are not.
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Figure 4.19: Each of these plots shows the median of the relative gray value of the Calbryte sig-
nal at sites of ten individual events over time. The cells have been infected with Mtb mc26206.
Interquartile range is indicated by the colored area. The measurements are normalized to the
gray value of the first frame in each data set. a) Here, the Calbryte development in cells that dis-
play pre-speck ALG2-recruitment to the plasma membrane is plotted. The datasets have been
aligned so that the ALG2-event is first detectable at timepoint zero. b) Here, the Calbryte devel-
opment in cells that display a gal3-event is plotted. The datasets have been aligned so that the
gal3-event is first detectable at timepoint zero.
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4.6 Control experiments

Several control experiments were performed to ensure reliable results.

4.6.1 Untreated cells

During time-lapse imaging of AGA-cells for 45 minutes with no stimuli, no changes occurred in

neither ALG2-mNG in TIRF, ALG2-mNG in widefield, Gal3-mSc in TIRF, Gal3-mSc in widefield,

ASC-mIRFP670 in widefield nor brightfield (not shown).

4.6.2 Treatment with 0.05% saponin

The pore-forming toxin saponin was used as a control to ensure that membrane damage indeed

does show up as bright ALG2-mNG punctae in the TIRF channel. Figure 4.20 shows the result of

treating the cells with 0.05% saponin.
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Figure 4.20: This image shows the ALG2-mNG TIRF signal from a single cell that has been treated
with 0.05% saponin. The scale bar equals 20µm and the time points after the first frame are
indicated above. The insets show 2x magnifications of the dashed areas.

4.6.3 Calbryte-loaded cells over time with no stimuli

To examine the baseline for calcium flux in cells with no stimuli, cells were loaded with Calbryte

for 1 hour, washed with complete RPMI, and subsequently observed over time. Transient Cal-

bryte intensity changes occurred approximately to the same degree as during nanosilica treat-

ment and Mtb mc26206 infection, but these were smaller relative intensity changes in the con-

trol cells. No large fluxes were seen. Such a control cell is shown in figure 4.21.
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Figure 4.21: These images show the ALG2-mNG TIRF signal and the Calbryte widefield signal
from a single cell that has not been stimulated in any way. The scale bar equals 10µm and the
time points after the first frame are indicated above.

4.6.4 Treatment with TPCS2a

TPCS2a is a compound that localizes to endomembranes and locally disrupts these when ac-

tivated through illumination [77]. The cells were loaded with this photosensitive chemical in

order to damage lysosomal compartments through a distinct route and compare the effects.

Before activation of the compound, the cells were imaged with TIRF and widefield fluores-

cence microscopy. After activation, the cellular response was recorded with fluorescence mi-

croscopy time-lapse imaging, capturing a new frame every 30 seconds. The results are pre-

sented in figure 4.22. As is evident in the images, gal3-positive compartments start to show up

after some time, indicating damage to lysosomal compartments. However, no response is seen

in the ALG2-mNG TIRF channel or the LC3B channel. This suggests that inflicting lysosomal

damage through this chemical route is different from the damage mediated by nanosilica and

Mtb mc26206.
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Figure 4.22: This image shows the gal3-mSc widefield and TIRF signal (top and second panel,
respectively), ALG2-mNG TIRF signal (third panel) and LC3B-SNAP signal (bottom panel) from
a single cell that has been loaded with TPCS2a and illuminated with the 405 nm laser line at 10%
power for a duration of 1 second for activation of the compound. The scale bar equals 15µm
and the time points after the first frame are indicated above each column. The insets show 2x
magnifications of the dashed areas.

56



Chapter 5

Summary and discussion

In the work presented in this thesis, cell lines expressing various fluorescent proteins have been

stimulated with nanosilica and infected with Mtb mc26206, and subsequently studied with TIRF

microscopy. The dynamics of the membrane repair-associated protein ALG2, phagosomal es-

cape marker gal3, inflammasome indicator ASC and autophagy-related protein LC3B have been

examined with fluorescence microscopy. Their relation to calcium fluxes was also studied, by

the use of the fluorescent probe Calbryte. It was seen that in many cases (approximately 55%),

ALG2-recruitment to the plasma membrane happened in large, local accumulations at the same

position as a gal3-positive phagosome. In some experiments, the compartment could even be

seen in the TIRF mode, implying that it was close to the plasma membrane. The cells died

through pyroptosis, after formation of an ASC speck. Furthermore, LC3B was found to be re-

cruited to gal3-positive phagosomes. It was a stronger recruitment to compartments that were

unrelated to an ALG2-event. Inhibition of autophagy seemingly did not affect the amount of

ALG2 recruitment to the plasma membrane, and preliminary experiments with ATG-5 knock-

out cells were inconclusive. Lastly, it was found that ALG2-recruitment to the plasma membrane

was associated with a calcium flux both in cases of nanosilica treatment and Mtb mc26206 in-

fection. Cases of mycobacterium-containing compartments turning gal3-positive was not asso-

ciated with a calcium flux.
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5.1 Experimental procedures

All experiments reported in this thesis employed TIRF microscopy on live cells. The objective

and camera on the specific microscope allowed observation of an area approximately 130µm x

130µm large. Tiling was not possible due to problems with the autofocus when using this set-

ting. Consequently, one session of time-lapse imaging usually allowed observation of around

5-15 cells. Considering that each set of cells were observed for approximately 2 hours, this is

quite a low throughput. Nevertheless, the obtained information is unique, as observation of

events occurring at or near the plasma membrane is enabled. A higher throughput (and greater

resolution) could be obtained by the use of other microscopy techniques such as confocal mi-

croscopy with a lower magnification, but this would be at the cost of the membrane sensitivity.

5.2 The interaction between gal3 and ALG2

The results show that gal3-positive compartments get close to the plasma membrane, and that

ALG2 plasma membrane recruitment in the same area subsequently occurs. This implies that

the gal3-positive vesicles somehow trigger the ALG2 recruitment. However, the mechanism be-

hind such a process remains unknown. It could be that the compartments physically poke a

hole in the plasma membrane, which naturally would allow calcium influx at the site of rup-

ture. This could be a random occurrence, or it could be controlled by a mechanism that forces

the phagosomes towards the plasma membrane. It could also be that it is the bacteria and not

the compartments that get in contact with the plasma membrane, and thereby trigger damage.

Findings published by Conrad et al. in 2017 suggest that ESX-1-dependent membrane lysis is

contact-dependent and results in large wounds rather than discrete pores [78]. The mechanism

of the plasma membrane damage found here could be of the same nature. Whether or not the

bacteria were close to the plasma membrane could have been more closely examined by look-

ing at the eFluor 450 signal in TIRF mode. However, this was not feasible, as the fluorescent

labeling was unpredictable and weak. Had the bacteria expressed fluorescent tags themselves,

this problem could have been circumvented.

Another possibility is that there is some sort of signaling when the mycobacterium-containing

compartments get close enough to the plasma membrane, inducing either damage, opening of

calcium channels, formation of pores, or another process allowing calcium influx. Such a mech-

anism could be mediated by the bacterial ESX-1 secretion system, but the finding that nanosilica

treatment results in the same characteristics suggests that physical contact resulting in a rupture

is more likely. Furthermore, the observation that gal3-positive, LC3-positive vesicles get close to

the plasma membrane without inducing an ALG2-response suggest that the autophagic mem-
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brane somehow hinder the damage. These findings could perhaps be connected to ejection of

bacteria, as discussed in more detail below.

There was a considerable amount of crosstalk between the gal3-mSc and the ALG2-mNG

channels, as mScarlet gets some excitation from the 488 nm laser line, and the emission is al-

lowed through the filter. This was not a big problem, as it was almost negligible in the TIRF

channels, and it was circumvented in the AG cell line by having gal3 fused to SNAP instead of

mScarlet. A linear unmixing algorithm plugin for FIJI was used to separate the channels in some

cases, but seeing as the ALG2-mNG widefield channel was not the most interesting for the con-

clusions, the problem was not permanently solved. No ALG2 widefield accumulation events

that could not be attributed to either crosstalk or plasma membrane recruitment were found,

suggesting that endolysosomal repair is not primarily mediated by ALG2. This is in line with

findings from Radulovic et al., where TSG101 is identified as more prominent than ALIX in these

cases [79]. However, Skowyra et al. has reported results that suggest a calcium-dependence for

ESCRT recruitment in endomembrane repair, providing the opposite argument [80]. Evidently,

the role of ALG2 is disputed in this regard.

The ALG2 plasma membrane recruitment events that were related to gal3-positive phago-

somes were usually massive, local accumulations, accompanied by a later, weaker and transient

even distribution of small ALG2 puncta. However, some ALG2 plasma membrane recruitment

events were not related to a gal3-positive compartment and seemed to be related to a bacterium

entering the cell. Furthermore, other ALG2-events were just an even recruitment into a starry

pattern. A plausible scenario in the latter case is that a gal3-positive compartment gets close to

the plasma membrane at the top of cell, resulting in a large, local ALG2 recruitment event there.

Such a local ALG2 recruitment could also stem from phagocytosis of a bacterium. Subsequently,

this local ALG2-event at the top of the cell could give an even ALG2 plasma membrane recruit-

ment all over the plasma membrane, seen in the bottom as a the starry pattern. Thus, this could

be the explanation for the transient and seemingly uncentered recruitment events.

Nevertheless, the cause of the small, transient puncta remains unknown. As ALG2 is re-

cruited by calcium, it is likely that these puncta are sites of calcium influx at the plasma mem-

brane, e.g. holes, pores or calcium channels. Each dot is seemingly stationary, supporting all

these scenarios. A possible explanation could be that the bacteria cause a rupture in the mem-

brane, which induces a massive, local ALG2 accumulation at the site of the bacteria/plasma

membrane interface. This could then result in release of intracellular ATP, which subsequently

binds to P2X7 receptors, giving a temporary calcium influx through channels, seen as the tran-

sient, even puncta pattern. This would explain why the large, local accumulation is observed be-

fore the more evenly distributed starry pattern, and why this starry pattern retracts (as the chan-

nels close). Such a scenario could possibly be seen in analysis of the Calbryte experiments, as
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the influx through damage-inflicted plasma membrane openings seemed larger than channel-

induced influx. Another possibility is that the smaller puncta are sites of GSDMD pores. The

ALG2 recruitment could then be interpreted as ESCRT negatively regulating damage-induced

pyroptosis, similar to mechanisms reported by Rühl et al. in 2018 [81]. However, our previ-

ous experiments with GSDMD knockdown cells displayed pre-speck membrane recruitment of

ALG2 upon stimuli [8]. This suggests other mechanisms are important pre-speck, although my-

cobacterial infection was not tested. To elucidate the cause of the smaller ALG2 puncta, infec-

tion experiments in GSDMD knockdown cells or with calcium channel blockers present would

be interesting.

Another important point of discussion is whether some gal3-events have a too low intensity

or are too out of focus to measure or to see with the naked eye, as there are some ALG2-events

that occur at sites of phagosomes that seem clearly negative. Such events could however pos-

sibly be explained by incomplete phagocytosis. Furthermore, some gal3-positive phagosomes

lose their accumulated gal3 when an ALG2-event occur at the same site, from unknown rea-

sons. All these situations could have been explored in greater detail by the use of correlative

microscopy. To achieve this, one could use gridded wells and start by studying infected cells

with TIRF. At the time of an ALG2 plasma membrane recruitment event, the well should be fix-

ated with paraformaldehyde and washed with phosphate buffered saline. Thereafter, the same

event can be traced back on the grid in another microscope, providing a greater resolution and

thereby more information about the relative position of compartments and events.

5.3 Connections to autophagy

It is suggested in the results section that it is mostly gal3-positive, LC3B-negative compartments

that result in an ALG2 recruitment event after the compartment gets close to the plasma mem-

brane. However, the gray value measurements used for the quantification are affected by how

some ROIs have to be quite large in order to fit the compartment through the relevant time of

observation, since they move around to a great extent. The measured mean gray value could

therefore be lower than it really is, because a lot of the background is included. Still, this effect

should affect all measurements equally, and comparing the measurements is therefore never-

theless interesting. Furthermore, it could also be that some gal3-positive compartments are

related to ALG2-events that happen after observation has stopped, and that they therefore are

wrongly classified as unrelated to an ALG2 recruitment event. However, all measurements were

aligned to the event of the compartment turning gal3-positive, and the fact that there is a signif-

icant difference between the categories suggests that this is a negligible problem.

To make the analysis of LC3B-recruitment quicker and less biased, a better approach than
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drawing ROIs would be to use the bacteria as segmentation, create a mask from the result and

subsequently use this to measure the mean gray value increase in the LC3B-channel. However,

it was difficult to implement such a process: The bacteria was not evenly colored, as a dye was

used instead of a genetic tag. Also, the bacteria drifted in and out of focus, as they are very small

compared to the cells. A better approach to fluorescent labeling could solve this, for instance

BFP-expressing bacteria. In future experiments, the labeling should be improved and a seg-

mentation approach should be used for quantification. This could possibly also provide cleaner

measurements with less uncertainty.

5.3.1 Host cell ejection of bacteria

As mentioned, the interplay between ALG2, gal3 and LC3B seen in the results could be con-

nected to ejection of bacteria. A 2015 study by Miao et al. reported interesting results on this

topic [82]. The authors found that uropathogenic E. coli are taken up in bladder epithelial cells,

and eventually, they reach lysosomal compartments. Here, the bacteria neutralizes the pH. This

event is sensed by lysosomal transient receptor potential (TRP) cation channels, which subse-

quently open and allow Ca2+ efflux. Finally, this triggers exocytosis of the lysosomal compart-

ment, and the bacteria is released from the cell. The authors found that components from the

autophagic machinery in the expelled compartments. Also, LC3-positive autophagosomes were

frequently observed, and inducers of autophagy increased the amount of ejected bacteria, while

knockdown of autophagy has the opposite result. This mechanism is possibly a form of secre-

tory autophagy, and could be relevant also in the context of Mtb infection in macrophages. TRP

channels could therefore be an interesting target to study in future experiments.

Furthermore, Hagedorn et al. in 2009 and the follow-up paper from Gerstenmaier et al. in

2015 provided new insights into spread of mycobacteria [83, 84]. The authors use a model sys-

tem of Mycobacterium marinum (M. marinum) infection in the amoeba Dictyostelium. In the

first study, they find that Mtb and M. marinum exit their host in an F-actin-based structure they

term the ejectosome. These ejectosomes are short and barrel-shaped, unlike the long lamel-

lipodia seen in the phagocytic process when the bacteria enters the amoeba. In the process of

ejection, the bacteria breaches the plasma membrane, creating a hole, which is subsequently

resealed. Evidently, such a mechanism could be relevant in the work presented here, and an ap-

proach that could have been tried to elucidate a connection to bacterial ejection is thus fluores-

cent labeling of actin. Furthermore, in the next study, Gerstenmaier et al. identify autophagy as

an important player in the ejection process. By the use of correlative light electron microscopy,

they conclude that Atg8 (the yeast homologue of LC3B) is recruited to a cup around the intra-

cellular part of mycobacteria in the process of being ejected. This accumulation started very

early, when the bacterium was still almost completely inside the cell, and stayed until it was
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fully ejected.

Also, in late 2018, the same group published new research on this system in a paper by

López-Jiménez et al. [85]. Here, they studied the interplay between the ESCRT system and au-

tophagy at the site of Mycobacterium-containing compartments. Their findings support that

ESX-1 mediated damage of the compartment itself is repaired by both machineries. However,

when knocking out autophagy, the bacteria translocate from the phagosome to the cytosol ear-

lier and proliferate in the cytosol. When knocking out ESCRT, on the other hand, there is an

increased recruitment of autophagy proteins and ubiquitin when the phagosomal membrane

is not repaired. This limits the growth of the bacteria. In light of these findings, the decreased

recruitment of LC3B to gal3-positive, ALG2-related phagosomes could be explained by how an

increase in ESCRT activity could be balanced by decrease in autophagy. However, the ESCRT re-

cruitment mechanisms studied by López-Jiménez et al. differ from the ALG2-dependent route,

limiting the relevance of these results.

Another interesting approach to this topic has been demonstrated by Czuczman et al. in

2014 and Tan et al. in 2018 [86, 87]. These studies look at cell-to-cell spread of Listeria monocy-

togenes, a bacterium that uses a pore-forming toxin to thrive and spread to new hosts. Here, they

find that autophagy-related proteins ATG16L1, ATG5 and ATG12 are needed for plasma mem-

brane repair. During ATG16L1 deficiency, however, ESCRT recruitment to the plasma mem-

brane was seemingly unaffected, suggesting that these routes are independent. Furthermore,

they find that LC3B is not recruited to the plasma membrane when it is damaged. In another,

more recent study, ATG16L1 was found to be important for xenophagy processes [88]. Alto-

gether, this too could suggest that the greater recruitment of LC3B to ALG2-unrelated compart-

ments that is seen in the results is due to autophagy-mediated repair of the membrane, replacing

the need for ESCRT. ATG16L1 is probably of greater importance than LC3B in such a scenario,

supported by how the authors do not find LC3B at the plasma membrane during damage. Thus,

a focus on ATG16L1 could be fruitful in future experimental endeavors concerning this system.

5.4 The role of ESCRT

Mittal et al. reported in late 2018 that the mycobacterial ESX-1 system and ESCRT proteins com-

pete in trying to breach and repair the phagosomal membrane, respectively [89]. They use imag-

ing to show that THP-1 cells infected with bacteria lacking the ESX-1 system, and uninfected

cells, did not experience a significant change in the distribution of ESCRT proteins. THP-1 cells

infected with bacteria with an intact ESX-1 system, on the other hand, responded with redis-

tribution of the ESCRT proteins into a punctate pattern. Although this report does not address

plasma membrane damage, the findings are nevertheless interesting in relation to the work de-
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scribed in this thesis, as they show a link between ESCRT and pathogen-induced damage. This

was also underlined in the above-mentioned study from López-Jimenez and colleagues [85],

which show that ESCRT prevents phagosomal escape.

Furthermore, it has previously been shown that infection with Mtb causes small wounds

in the plasma membrane, and that their repair through the lysosomal fusion route is inhibited

[90]. This is in line with the notion that ESCRT is responsible for the repair of such damage.

The previously mentioned study by Rühl et al. [81], identifying ESCRT as a negative regulator of

pyroptosis post-GSDMD activation, clearly demonstrate that ESCRT and this particular death

pathway have a connection.

All in all, ESCRT could be working to prevent Mtb spread both from the phagosomal escape

perspective, as indicated in the literature, and possibly also in the setting of plasma membrane

damage, as demonstrated in this thesis.

5.5 Calcium fluxes and their importance in NLRP3 activation

It is suggested by the results that ALG2 plasma membrane recruitment is associated with a cal-

cium flux in the cell. However, this is not entirely proven to be influx of calcium from the extra-

cellular environment, as no control experiment was done without calcium in the cell medium.

Yet, ESCRT has been seen not to be recruited when there is no extracellular calcium [40], imply-

ing that such experiments would not yield any ALG2-events to examine. Furthermore, seeing

as the recruitment happens locally at the plasma membrane, it is likely that the source of the

calcium is the extracellular milieu. Nevertheless, experiments could have been done with ER

calcium release inhibitors to exclude that the ER plays a role, which is conceivable, as it is situ-

ated close to the plasma membrane in some cases [91].

Furthermore, the temporal resolution in the Calbryte experiments is too poor to compare the

initiation of the ALG2-events to the changes in Calbryte intensity in great detail. Here, rather

than simply identifying the start point, the ALG2 plasma membrane recruitment could have

been quantified. This quantification could have been correlated with the Calbryte gray value

measurements, and more information could possibly be obtained. In the specialization project

work, the machine-learning based program Ilastik was used for quantification of ALG2 plasma

membrane recruitment [8]. However, this approach was not suitable in the more complex sit-

uation of an Mtb mc26206 infection with both large, local accumulations and smaller, transient

puncta. Also, as the frames have 10 seconds between them due to the high number of chan-

nels, correlating Calbryte intensity changes with the quick ALG2 plasma membrane recruitment

would possibly not change the quantification results significantly. For future reference, fewer

channels and shorter frame intervals should be used, and the ALG2 plasma membrane recruit-
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ment should be quantified. A greater temporal resolution could also reveal quicker Calbryte

intensity changes.

In the quantification of the Calbryte experiments, the gray value seemingly decreases more

for the cases of Mtb mc26206-mediated ALG2-events than for nanosilica-mediated ALG2-events.

This could mean that calcium is pumped out of the cells at a faster rate during Mtb mc26206

infection as compared to during nanosilica treatment. Possibly, the response to a pathogenic

infection results in a more active cellular response than sterile damage, but this could also be

random, as the sample size is small.

5.5.1 Plasma membrane damage as a driver of NLRP3 activation

As was mentioned in the theory section, the role of ion fluxes in NLRP3 activation is a matter of

great debate. There is consensus that induction of potassium efflux triggers NLRP3 activation,

while there is more uncertainty tied to calcium influx. Furthermore, it is unclear exactly how

Mtb activates the NLRP3 inflammasome [92]. Nevertheless, the ESX-1 system and ESAT-6 has

been shown to be of importance for Mtb-induced NLRP3 activation, suggesting that membrane

damage is central [93, 94].

In this work, it has been shown that calcium fluxes, most likely influx from the extracellular

milieu, accompanies ALG2 plasma membrane recruitment. Such recruitment in many cases

appear prior to NLRP3 activation: 9 out of 10 specks in cells stimulated with nanosilica came

subsequent to an ALG2-event, while 17 out of 31 specks in cells infected with Mtb mc26206

were in a cell that had a pre-speck ALG2-event. Seemingly, there is a higher background speck

formation in cells that are have pathogenic rather than sterile damage. Seeing as an infection

is the more complex situation of the two, this is not surprising, as the bacteria probably inflict

several other damaging effects upon the host cells, in addition to membrane damage. There

could therefore be other mechanisms driving speck formation as well. Nevertheless, calcium

influx likely occurs during damage to the plasma membrane, suggesting that a potassium efflux

is present as well. Plasma membrane damage could thus be a driver for NLRP3 inflammasome

activation in this setting.
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Chapter 6

Conclusion and further work

In THP-1 cells, the response of fluorescently tagged membrane repair-associated protein ALG2,

phagosomal escape marker gal3, NLRP3 inflammasome adapter protein ASC, and autophagy-

related protein LC3B was recorded during treatment with nanosilica and infection with Mtb

mc26206 by using TIRF microscopy. It was found that ALG2 recruitment to the plasma mem-

brane frequently occurs in large, local accumulations positioned close to gal3-positive com-

partments. Furthermore, autophagy machinery was found to be recruited to gal3-positive com-

partments. Seemingly, this was a more prominent feature for compartments that were related

to ALG2-events. However, delay of the autophagy onset by the use of an inhibitor did not affect

ALG2 plasma membrane recruitment events. Lastly, it was found that ALG2 recruitment to the

plasma membrane is associated with a calcium flux, while the recruitment of gal3 to breached

phagosomal compartments is not.

To elucidate further the exact mechanisms of the system, correlative microscopy should be

carried out, increasing both resolution and spatial information. This should include both high-

resolution light microscopy techniques such as confocal microscopy and various superresolu-

tion techniques, and electron microscopy. Such experiments could reveal ultrastructural infor-

mation to help understand the mechanisms of the system, for instance with regard to whether

or not the interaction between the mycobacterium-containing compartment and the plasma

membrane is contact-dependent or not.

Additionally, autophagic protein knockout cell lines should be explored further to establish

the role of autophagy processes. Furthermore, to examine relations to bacterial ejection, actin,

TRP channels and ATG16L1 should be studied in this system. Also, Calbryte experiments with

an ER calcium release inhibitor present should be conducted to verify that it is most likely ex-

tracellular calcium that enters the cell during ALG2 events.

In summary, this research shows promise in uncovering molecular details of early stages in

Mtb infection, which could be of relevance in future endeavors to control tuberculosis.
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