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Abstract 

 Lysosomes are membrane-bounded intracellular compartments responsible for 

degradation of macromolecules and destruction of engulfed microbes.  Extracellular 

molecules are taken up by pinocytosis in the case of soluble molecules and by 

phagocytosis in the case of particulates while cytoplasmic molecules are isolated by the 

process of autophagy.  All of these pathways converge on delivery of contents to 

lysosomes where lysosomal acid-hydrolases degrade macromolecules to basic subunits 

for recycling.  Damage to the lysosomal membrane spills acid-hydrolases and lysosome 

contents into the cytosol, which can lead to inflammasome activation and cell death.  

While lysosome damage has been studied for decades, previous assays for measuring 

lysosome damage were non-quantitative or insufficiently sensitive to detect small levels 

of damage.  In this thesis I describe a novel, ratiometric, live-cell, fluorescence imaging 

method for measuring lysosome damage which allowed us to study mechanisms of 

damage and repair.  Murine bone marrow-derived macrophage lysosomes were loaded 

with fluorescein-dextran and release from acidic lysosomes into the neutral cytosol was 

measured using the pH-sensitive fluorescence of fluorescein.  Using this assay, we 

showed that lysosome damage following phagocytosis depends on the physical properties 

of the phagocytosed particle.  Inflammasome assembly and IL-1β secretion correlated 



x 

 

with the extent of lysosome damage.  Importantly, pre-stimulation of macrophages with 

lipopolysaccharide resulted in reduced lysosome damage following silica particle 

phagocytosis.  Peptidoglycan, interferon-γ, and tumor necrosis factor-α were observed to 

induce similar lysosome protection.  Macrophage lysosomes were protected from 

different kinds of damage, implying that this induced effect is a general lysosome 

resistance to physical damage, which we call lysosome renitence.  Lysosome renitence 

inhibited Listeria monocytogenes vacuolar escape in macrophages and lysosome damage 

resulting from Listeria infection, indicating that induced lysosome renitence is a novel 

activity which activated macrophages use to combat infection.  The mechanisms 

responsible for lysosome renitence were examined.  Luminal calcium and autophagy may 

be part of the lysosome repair mechanism.  Lysosome renitence is a potentially important 

therapeutic target, as pharmacological induction of renitence without inflammation could 

bolster defenses against intracellular pathogens and irritant particulates. 
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Chapter 1 

Introduction 

 

1.1 Macrophages and relevance to immunology 

 Macrophages are immune cells derived from myeloid bone marrow progenitors.  

Circulating monocytes enter tissues and differentiate into macrophages which function in 

tissue maintenance by engulfing particulate debris by a process called phagocytosis.  

Macrophages and other tissue resident immune cells monitor tissues for infection and 

damage.  Upon sensing pathogens or tissue damage, macrophages secrete soluble factors 

which initiate an innate immune response by drawing an influx of immune cells including 

other macrophages.  Following this influx of immune cells, macrophages and other 

immune cells can present processed foreign antigens to T-lymphocytes, contributing to 

the adaptive immune response.  Macrophages sense the local environment of infected or 

damaged tissues and become activated, contributing to the clearance of microbes.   

In addition to immune signaling, macrophages contribute to the immune response 

by ingesting and killing invading pathogens.  Activation of macrophages up-regulates 

several microbicidal activities such as the phagosomal oxidase, which catalyzes the 

generation of reactive oxygen species (ROS) in microbe-containing phagosomes.  

Trafficking of microbes into lysosomes is also toxic to pathogens.   
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While there are many cellular interactions involved in the induction of an immune 

response, macrophage signals resulting from microbial or cellular damage detection are 

important early events in immune and disease responses.  Recently, damage to lysosomes 

was shown to trigger potent immune responses in several diseases (Duewell et al., 2010; 

Halle et al., 2008; Hornung et al., 2008).  Lysosomes and damage to these compartments 

will be reviewed below.  Lysosome damage responses are relevant to early surveillance 

activities of macrophages, to hyper-inflammatory conditions, and to anti-microbial 

responses against phagocytosed pathogens. 

1.2 Cell structure 

 The focus of this thesis is on issues surrounding damage to the lysosome, an 

intracellular organelle of macrophages.  This should begin with a description of the intact 

cell.   Cells compartmentalize distinct biochemical functions into separate volumes by the 

use of phospholipid membranes.  All cells differentiate internal from external space by a 

bounding lipid bilayer, the plasma membrane.  Eukaryotic cells define sub-regions of 

their internal space using internal membranes.  These membrane delineated spaces are 

termed organelles and are distinguished based on function; Figure 1.1 shows a schematic 

of relevant compartments.   The nucleus contains cellular DNA and contains enzymes for 

DNA synthesis, transcription and mRNA splicing.  While the free cytosolic space, 

outside of organelles, contains enzymes for protein translation and most metabolic and 

catabolic functions, several organelles assist with specialized forms of these processes.  

Trans-membrane, organelle luminal, and secreted proteins are synthesized into the rough-

endoplasmic reticulum.  From there, molecules move into the Golgi apparatus, which 

sorts molecules bound for the plasma membrane from those destined for other organelles.  
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Mitochondria contain enzymes which catalyze an electron transport chain which converts 

electrochemical potential energy into ATP.  Lysosomes contain many hydrolases which 

degrade macromolecules into subunits for recycling.  Most of these hydrolases have 

broad specificities and can degrade molecules from a variety of sources, including 

foreign material brought into the cells through endocytosis.  Solid particles are wrapped 

in membranes and internalized by a process called phagocytosis.  These newly formed 

membrane compartments containing particles or microbes are termed phagosomes.  

Extracellular soluble material and very small particles are bound into membranes in a 

process called pinocytosis, or macropinocytosis in the case of very large inclusions, 

which produces organelles called pinosomes, or macropinosomes.  Phagosomes and 

pinosomes are collectively termed endosomes.  Molecules in endosomes are sorted; some 

recycle back to the plasma membrane while most are delivered into lysosomes for 

degradation.  Lysosomes will be discussed in greater detail below. 

 Compartmentalization of functions into discrete organelles allows cells to express 

enzymes which could not function in the cytosol of healthy cells.  Some organelles have a 

specialized environment which sequesters chemical reactions that would be toxic in the 

cytosol.  The low pH of lysosomes allows distinct degradation reactions which could not 

occur in the neutral pH of cytoplasm.  Compartmentalization also allows cells to use 

enzymes which would otherwise be harmful for the cell.  For example, many of the 

lysosomal hydrolases could degrade cellular contents if expressed in the cytosol.  Hence, 

damage to organelles can be dangerous for cells.   
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1.3 Lysosomes 

 Lysosomes are single membrane-bounded intracellular organelles containing 

various acid hydrolyases in their acidic lumen.  They serve as the end degradative 

compartment of the endocytic and autophagic processes (reviewed in (de Duve, 1983; de 

Duve, 2005)).  The term lysosome was originally coined by De Duve in 1955 to denote 

the compartments his lab isolated by centrifugation of mouse hepatocyte homogenates.  

They were distinguished as sub-cellular bodies containing a cellular acid phosphatase (De 

Duve et al., 1955).  Lysosomes were eventually found to contain acid hydrolases for 

macromolecules and lipids, often with overlapping specificities, indicating the role of 

lysosomes and their enzymes in degrading a wide variety of molecular targets from a 

variety of sources (Luzio et al., 2007).   

1.3.1 Trafficking to lysosomes 

Containment of most of the cellular hydrolyases in membrane-bounded 

compartments shields cellular components from degradation but implies that molecules 

destined for degradation in lysosomes must be trafficked through either the plasma 

membrane, in the case of extracellular molecules, or the lysosomal membrane, in the case 

of cytosolic molecules.  Extracellular particles greater than 0.5 μm are internalized by 

phagocytosis while smaller particles and soluble molecules may enter cells by 

pinocytosis (Conner and Schmid, 2003; Swanson, 2008).  Recently endocytosed cargo is 

trafficked into early endosomes, which are typically identified by the localization of Rab5 

(Kinchen and Ravichandran, 2008).  Early endosomes contain some sorting capabilities, 

as some molecules delivered to endosomes are recycled to the cell surface while others 

are trafficked into late endosomes.  Late endosomes are typically more acidic and are 
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characterized by the localization of Rab7.  Late endosomes eventually deliver their cargo 

to acidic lysosomes, which contain hydrolases and the trans-membrane proteins LAMP-1 

or LAMP-2 (Kinchen and Ravichandran, 2008; Luzio et al., 2007).  Cytosolic molecules 

can be sequestered into double membrane-bounded compartments called 

autophagosomes, which are often identified using the protein Lc3 (Tooze et al., 2010).  

These pathways of endocytosis and autophagy converge by delivering their cargo to 

lysosomes for degradation (Scott et al., 2003) (Kinchen and Ravichandran, 2008).   

 Acid hydrolases and membrane proteins destined for lysosomes are synthesized in 

the rough endoplasmic reticulum using N-terminal signal sequences, similar to secreted 

proteins.  In the lumen of the endoplasmic reticulum, lysosomal proteins are given a 

characteristic mannose 6-phosphate glycosylation, their N-terminal signal sequence is 

removed and they become otherwise glycosylated.  Glycosylation protects lysosomal 

proteins from the harsh environment of the lysosomes and, in the case of trans-membrane 

proteins, protects lysosomal membrane from the lysosomal lipases.  The mannose 6-

phosphate glycosylation is important for proper trafficking of lysosomal proteins and 

requires the action of a phosphotransferase (Reitman and Kornfeld, 1981; Waheed et al., 

1981) and a diesterase (Varki and Kornfeld, 1981; Waheed et al., 1981).  This mannose 

6-phosphate group is recognized by a Golgi receptor which sorts lysosome-bound 

proteins from those destined for secretion.  These mannose 6-phosphate-labeled proteins 

are bound into vesicles and trafficked into late-endosomes; from there the lysosomal 

proteins are delivered into lysosomes and the mannose 6-phosphate receptors are 

recycled to the trans-Golgi network (Gonzalez-Noriega et al., 1980).  It should be noted 

that this sorting process is not perfectly efficient as a small fraction of lysosomal proteins 
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are secreted.  These proteins can be scavenged by mannose 6-phosphate receptors on cell 

surfaces and trafficked into lysosomes.  This second pathway forms the basis for enzyme 

replacement therapy used to treat individuals with genetic deficiencies for certain 

lysosomal hydrolases; this topic will be discussed in more detail below.  Throughout the 

trafficking process, lysosomal acid hydrolases remain inactive by their non-catalytic 

conformation and by the neutral pH of these compartments.  Full activation occurs in the 

lysosomes, where the binding partners and acidic pH lead to activation of hydrolase 

function.   

1.3.2 Labeling and identifying lysosomes 

In De Duve‟s original cell fractionation studies, lysosomal fractions were 

identified by the presence of acid phosphatase activity and the absence of cytochrome 

oxidase and glucose 6-phosphatase, which marked the mitochondrial and endoplasmic 

reticulum fractions, respectively (De Duve et al., 1955).  Eventually acid phosphatase 

was localized to lysosomes by cytochemical methods.  Later, weak bases were found to 

accumulate in the acidic lumen of lysosomes.  The modern widely used “Lysotracker” 

reagents sold by Invitrogen (Carlsbad, CA, USA) are fluorescent dye molecules with 

weakly basic functional groups which causes them to accumulate in lysosomes.  

Alternatively, endocytosis can be used to label lysosomes.  In this technique, cells are 

allowed to pinocytose membrane-impermeant tracer molecules, which are then allowed 

to reach lysosomes by incubating cells for several hours in medium without the tracer.  

Membrane trafficking moves internalized contents from early to late endocytic 

compartments (examples (Davis and Swanson, 2010; Ohkuma and Poole, 1978).  Finally, 

characteristic membrane-associated proteins localize to different compartments of 
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endocytic trafficking.  LAMP-1 and LAMP-2 are the most commonly labeled proteins for 

identifying lysosomes; they can be localized using antibodies or fluorescent protein 

chimeras such as green fluorescent protein, for example GFP-LAMP-1.  Thus, a variety 

of techniques are available for labeling lysosomes. 

1.3.3 Lysosomal pH 

 The lysosomal lumen is maintained at pH 4-5.  Lysosomal pH was originally 

measured in living cells using fluorescein-dextran by Ohkuma (Ohkuma and Poole, 1978) 

and confirmed by others (Christensen et al., 2002).  The acid hydrolyses responsible for 

the degradative function of lysosomes all have optimum activity at around pH 4.75.  

Many of these enzymes are most active on acid-denatured substrates, further underlining 

the optimization of these enzymes to the lysosome (Coffey and De Duve, 1968).  The pH 

gradient across membranes of lysosomes and late endosomes is maintained by the 

vacuolar ATPase, a trans-membrane protein complex which uses the energy of ATP to 

pump protons from the cytosol into the lysosomal lumen, reviewed in (Nakanishi-Matsui 

et al., 2010).  

1.4 Diseases from deficiencies in lysosomes 

 There was a significant breakthrough in the understanding of lysosomes as 

degradative compartments upon the identification of the first lysosomal storage disorder 

by Hers (Hers, 1963).  The study of lysosomal storage disorders led to many of the 

discoveries which underlie current knowledge of the physiologic functions as well as the 

pathologic disfunctions of lysosomes.  Lysosomal storage disorders are rare genetic 

diseases caused by a biochemical deficit in the degradation or trafficking of some 

metabolite or group of metabolites.  As their name would suggest, these disorders are 
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characterized by the aberrant accumulation of cargo molecules in lysosomal 

compartments, which often leads to the swelling of lysosomes observed by microscopy.   

The topic of lysosomal storage disorders has been extensively reviewed (Ballabio and 

Gieselmann, 2009; Futerman and van Meer, 2004; Parkinson-Lawrence et al., 2010; 

Vellodi, 2005).   

 All lysosomal storage disorders are single gene disorders and the vast majority are 

autosomal recessive mutations.  The genetic lesions themselves can be mis-sense or non-

sense mutations, leading to varying residual activity in the resulting mutant proteins.  The 

simplest lysosomal storage disorders, conceptually, are those caused by mutations 

conferring deficiencies in lysosomal hydrolases which lead to an accumulation of the 

substrate.  These include deficiencies which result in accumulation of sphingolipids, 

mucopolysaccharides and oligosaccarides.  Deficiencies in activators of pathways can 

also cause disease.  For example acid sphingomyelinases require activators and saposins 

to function properly, so genetic deficiencies in these activators (Conzelmann and 

Sandhoff, 1978) or saposins (Bradova et al., 1993; Christomanou et al., 1989; Wenger et 

al., 1989) lead to accumulation of sphingomyelins.  Another example of co-factor 

deficiency leading to lysosomal storage disease involves the lysosomal sulfatases.  This 

group of acid hydrolases requires a cysteine reaction in their active site to become 

catalytic.  Deficiency in the enzyme responsible results in severe disease resulting from 

the loss of activity of the entire group of enzymes (Dierks et al., 2003).   

 More complicated and often more severe lysosomal storage disorders are caused 

by deficiencies in trafficking of enzymes or substrates.  Deficiencies in the mannose 6-

phosphate phosphotransferase results in inefficient sorting of lysosomal hydrolases such 
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that these enzymes are secreted instead of trafficked into lysosomes.  This leads to high 

levels of extracellular hydrolase, accumulation of a wide variety of undegraded 

metabolites and the severe lysosomal storage disorder called I-cell disease (Hasilik et al., 

1981; Hickman and Neufeld, 1972).  Although lysosomal storage disorders are single 

gene deficiencies, many are characterized by secondary accumulations.  Secondary 

accumulations are especially prevalent in lipid lysosomal storage disorders as endosomal 

trafficking of different lipid species are often interconnected.  One example is Niemann-

Pick disease type C, which is primarily a deficiency in NPC1, a trans-membrane protein 

involved in cholesterol processing.  As cholesterol and sphingolipid comprise lipid rafts, 

which are sub-regions of membranes of decreased fluidity rich in cholesterol and 

sphingolipids, this disease is characterized by accumulation of sphingolipids along with 

cholesterol (Neufeld et al., 1999).  Another important secondary accumulation which 

occurs in a variety of lysosomal storage disorders is the accumulation of autophagic 

cargo, whereby inefficient lysosome-autophagosome fusion results in the accumulation of 

ubiquinated proteins and dysfunctional mitochondria (Settembre et al., 2008).   

1.4.1 Pathology of lysosome storage diseases 

 The pathogenic consequences of lysosomal storage disorders depend on which 

gene is mutated, but in general lysosomal storage disorders are characterized by the 

buildup of undegraded material within lysosomes and sometimes other endosomes.  This 

accumulated material is observable by light and electron microscopy and was the initial 

phenotype by which these diseases were identified.  This build-up of material often leads 

to macro-scale swelling of the affected organs.  On the cellular level, lysosomal storage 

of material can interfere with cellular function, especially in neuronal and renal cells, 
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leading to tissue disfunction.  Certain lysosomal storage disorders have also been linked 

to perturbations in macrophage activation and aberrant inflammatory cytokine secretion 

(Allen et al., 1997; Hollak et al., 1997; Wu and Proia, 2004).  This activation can result in 

damage to the blood-brain barrier and neuronal death from activated microglia.   

 Many substrates, intermediates and products of lysosomal enzymes mutated in 

lysosome storage diseases are potent signaling molecules or important second 

messengers.  Accumulation of these molecules can lead to signaling perturbations within 

cells.   One example is a group of lysosomal storage disorders characterized by 

deficiency in the degradation of glycosaminoglycans.  This deficiency results in the 

accumulation of undigested polysaccharides which can function as TLR4 agonists 

(Johnson et al., 2002).  This TLR4 activation contributes to significant pathology of this 

group of lysosomal storage diseases (Simonaro et al., 2005).  Another example is acid 

sphingomylinase deficiencies in which sphingomyelin cannot be hydrolysed to ceramide.  

Ceramide is an important second messenger compound much like another membrane 

lipid diacylglycerol (Hannun and Obeid, 2002).  In mice lacking acid sphingomylinase, a 

mouse model of Niemann-Pick, perturbation of this pathway can result in altered 

sensitivity to apoptosis (Lozano et al., 2001).   

 Perturbations in lysosome function can perturb cellular signaling in other ways.  

The release of calcium from intracellular stores in response to signaling is perturbed in 

some lysosomal storage disorders (Pelled et al., 2003).  Mitochondrial disfunction has 

also been reported for some lysosomal storage disorders.  Disorders which perturb lipid 

metabolism can also disrupt the formation of lipid rafts, which may disrupt the signals 

from receptors which normally localize to these micro-domains (Futerman and van Meer, 
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2004)  These changes in cell signaling can also induce changes in gene expression which 

may, in turn, alter other biochemical pathways.  For many individual lysosomal storage 

disorders it remains difficult to determine the primary effects of stored material and the 

many secondary effects induced by long term tissue disfunction.  In some cases, even 

effective treatment of the mutated gene is insufficient to reverse all of the secondary 

pathological changes (Futerman and van Meer, 2004). 

1.4.2 Lysosome storage and lysosome stability 

 There has been long term interest in the role of lysosome damage and weakened 

lysosomal membranes in lysosomal storage disorder pathologies.  Overall, there is little 

evidence of lysosome integrity problems in lysosomal storage disorders (Futerman and 

van Meer, 2004).  However in fibroblasts from patients suffering from Niemann-Pick 

type A, acid sphingomyelinase mutations result in lysosomal membranes with increased 

susceptibility to damage.  Interestingly, this increased susceptibility could be reversed by 

endocytosis of exogenously administered, heat shock protein-70 (HSP-70) (Kirkegaard et 

al., 2010).   

 In summary, the study of lysosomal storage disorders has led to a greater 

understanding of the role of lysosomal degradation in healthy tissue function.  The loss of 

one of many lysosomal degradative functions compromises the function of a wide variety 

of tissues leading to potentially devastating pathologies.  The existence and severity of 

lysosomal storage disorders confirms the importance of lysosomes in a wide variety of 

tissues and cell types.  Also of note is that lysosomes of macrophages/monocytes are 

especially important, in that repair or restoration of lysosome function in this one cell 

type can reverse much of the disease.  While the etiologies of lysosomal storage disorders 
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remind us that the primary function of lysosomes is homeostatic degradation and 

recycling of materials, there are other important functions of lysosomes in microbe 

killing and cell signaling.     

1.5 Lysosome damage and cell death 

 Soon after the initial discovery of lysosomes, De Duve proposed that lysosomes 

may be involved in cell death, calling lysosomes suicide bags (Turk and Turk, 2009).  

This early idea was based on the hypothesis that lysosomal hydrolases, especially 

cathepsins, released into the cytosol would digest the cytosolic contents and kill the 

damaged cell.  This prediction was that programmed cell death would result in large scale 

disruptions of lysosomes followed by degradation of cellular contents, mostly by 

lysosomal enzymes.  Later it was found that most lysosomal hydrolases have very little 

activity in the cytosol due to the sub-optimal pH for the hydolases as well as the presence 

of cytosolic inhibitors of lysosomal hydrolases (Turk and Turk, 2009).  Additionally, 

caspases, which are cysteine-aspartate-specific proteases distinct from cathepsins, were 

identified as the major degradative proteases in programmed cell death.  More recent 

studies have found that lysosomes have subtle but important roles in cell death pathways.   

 Mitochondria are another example of membrane-bounded intracellular organelles 

with a distinct function.  Damage to mitochondria, induced by various stimuli, releases 

cytochrome C.  Cytosolic cytochrome C is sensed by a protein called Apaf-1, which 

nucleates the formation of a signaling complex which activates a cascade of caspases.  

These caspases trigger apoptotic cell death.  This pathway is often termed the intrinsic 

pathway or mitochondrial pathway of apoptosis.  Damage to lysosomes may occur 
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before, after or in the absence of mitochondrial disruption and affect cell death (Boya and 

Kroemer, 2008).   

 In some stressed cells, lysosome damage may occur subsequent to mitochondrial 

damage in the apoptosis pathway.  In this model, lysosome damage is induced by 

apoptosis products subsequent to cytochrome C release from mitochondria and may 

function in a positive feedback loop leading to cell death.  Several candidate molecules 

link mitochondrial release to lysosome damage.  One is activated caspase-9-induced 

lysosomal content release and cell death, which is independent of the mitochondrial 

apoptosis pathway (Gyrd-Hansen et al., 2006).  Damaged mitochondria, which cause 

apoptosis, release reactive oxygen species (ROS) which can trigger lysosome damage 

(discussed in more detail below).  Also, several proteins which induce mitochondrial 

damage can in some situations induce lysosomal damage and may induce cell death via 

one or both pathways in cells.   

 Other work has found that lysosome damage can precede and in some cases 

induce mitochondrial cell death.  Damage to lysosomes releases the lysosome‟s luminal 

contents into the cell cytosol, including cathepsins.  While cathepsins are probably not 

responsible for large scale proteolysis in the cytosol following lysosomal release, many 

groups have studied the effects of cathepsin release from lysosomes into the cytosol.  

Cathepsin D released into the cell cytosol by ROS-mediated lysosome damage caused 

mitochondrial damage, caspase activation and cell death (Zang et al., 2001).  Multiple 

cathepsins are capable of cleaving purified pro-apoptotic protein Bid.  This cathepsin-

cleaved Bid induced mitochondrial outer membrane destabilization in purified 

mitochondria (Cirman et al., 2004).  Lysosomal release of cathepsins and subsequent Bid 
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cleavage, mitochondrial destabilization and apoptotic cell death have been observed in 

several cell types (Cirman et al., 2004; Garnett et al., 2007; Heinrich et al., 2004; 

Lamparska-Przybysz et al., 2006; Nagaraj et al., 2006; Sandes et al., 2007; Yacoub et al., 

2008).  Inhibition of cathepsin activity also decreased Bid cleavage and cell death 

(Caruso et al., 2006) reinforcing the conclusion that cathepsin release by lysosome 

damage can cleave Bid and trigger cell death.   

 In some cases, cytosolic cathepsins can directly activate caspases by proteolytic 

cleavage.  Cathepsin B cleaves caspase-2, which in turn mediated mitochondrial 

destabilization and subsequent cell death (Guicciardi et al., 2005).  Cathepsin L activates 

caspase-3 (Hishita et al., 2001; Ishisaka et al., 1999).  Thus Bid and initiator caspases 

represent two targets which cathepsins released from lysosomes into cytosol can activate 

to initiate classical mitochondrial apoptosis. 

 Lysosome damage can also mediate caspase-independent cell death.  Cells can 

sometimes proceed from lysosome damage to cell death in the presence of caspase 

inhibitors (Broker et al., 2004; Garnett et al., 2007).  Some forms of apoptosis augment 

caspase pathways with caspase-independent pathways such as the release of a protein 

called apoptosis-inducing factor (AIF) from the mitochondrial lumen.  AIF has been 

shown to be important for cell death following lysosome damage in some cells, probably 

through mitochondrial release (Bidere et al., 2003; Chen et al., 2005).   

 The pathways activated in response to death signals vary by cell type and 

stimulus, so the contribution of mitochondria-independent cell death similarly varies.  

Some immune cells with lysosome damage undergo an apoptotic caspase-independent 

inflammatory cell death termed pyroptosis.  Pyroptosis is an immune cell death pathway 
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activated following the assembly of a signaling complex termed the inflammasome.  

Inflammasomes are caspase-1-activating complexes assembled upon cytosolic 

recognition of a variety of microbial or tissue damage stimuli (Schroder and Tschopp, 

2010).  Activated caspase-1 cleaves and activates the proinflammatory cytokines IL-1β 

and IL-18.  Inflammasomes can be activated by many inflammatory stimuli such as the 

detection of microbial DNA, lipopeptides and flagellin in host cell cytoplasm.  The 

consequences of cell and tissue damage, such as plasma membrane damage, phagocytosis 

of urate crystals and lysosome damage can also induce inflammasome assembly 

(Schroder and Tschopp, 2010).  Lysosome damage-mediated by a variety of stimuli 

induces inflammasome activation and IL-1β secretion (Halle et al., 2008; Hornung et al., 

2008).  These pathways may link lysosome damage to pyroptotic cell death by 

macrophages.  Pyroptosis depends on the inflammasome-associated caspase-1, but not on 

the apoptosome-associated caspases, caspase-3 or caspase-8 (Bergsbaken et al., 2009).  

Pyroptosis results in cell swelling, lysis and release of pro-inflammatory molecules (Fink 

and Cookson, 2006).  It remains unclear whether the lysosome damage-dependent cell 

death pathways previously described as necrosis are in fact pyroptosis.     

 As mitochondria-induced cell death can induce lysosome damage and lysosome 

damage can trigger mitochondrial and other cell death mechanisms, lysosome and 

mitochondrial damage may contribute to positive feedback loops which further commit a 

cell to programmed cell death after damage to one of the two types of organelles (Boya 

and Kroemer, 2008; Terman et al., 2006).  The level of lysosomal content release may 

also be important in determining which type of cell death pathway becomes activated.  

Low levels of damage may lead to slower types of cell death such as apoptosis.  Massive 
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lysosome damage has been suggested to lead to faster cell death by necrosis or, in 

activated macrophages, pyroptosis.  The threshold level of lysosome damage necessary 

for commitment to any type of cell death has not yet been determined.   

1.6 Inducers of lysosome damage 

 A wide variety of conditions can induce lysosome damage.  This section will 

explore the various molecules and categories of molecules which are capable of 

damaging lysosomes as well as the mechanisms by which these conditions cause 

lysosome damage.  While some conditions are interrelated, no one mechanism can 

account for all lysosome damage. 

1.6.1 An expanded role for the Bcl-2 family; Bax and p53 in lysosome damage 

Further evidence that lysosome and mitochondrial damage may be related is that 

some of the proteins implicated in pore formation in the outer mitochondrial membrane 

can also induce damage to lysosomes.  Mitochondrial outer membrane permeabilization 

in apoptosis is regulated by the binding interactions of several Bcl-2 family proteins.  

Pro-apoptotic conditions result in the liberation of Bax which can act on the 

mitochondrial outer membrane to induce permeabilization (Giam et al., 2008).  In some 

circumstances, activated Bax can also act on the lysosomal membrane, releasing 

lysosome contents.  Bax was observed to localize to mitochondrial and lysosomal 

membranes during cell death (Feldstein et al., 2004; Kagedal et al., 2005).  Inhibition of 

Bax using siRNA, over-expression of Bcl-XL, or pharmacologically reduced lysosome 

damage and subsequent cell death (Feldstein et al., 2006).  In a death receptor ligation 

model, Bim, another pro-apoptotic Bcl-2 family member, localized with Bax to 

lysosomes and mediated lysosome damage preceding mitochondrial damage (Werneburg 
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et al., 2007). It is unclear if Bcl-2 family members mediate lysosome localization and 

damage is regulated differently than mitochondrial localization and damage, or if instead 

Bax and Bim localize to both organelles whenever they are released by signaling.  

Lysosome damage does not always occur when mitochondria are permeabilized, which 

indicates some additional levels of regulation exist.  Another hypothesis is that low level 

lysosome damage always accompanies mitochondrial-damage-dependent apoptosis, but 

that such damage has been undetectable by current methods.   

The tumor suppresser protein p53 is an important regulator of cell fate in 

apoptosis and seems to have an important role in the consequences of lysosome damage.   

Activated p53 has many roles in apoptosis. It can bind to anti-apoptotic Bcl-2 family 

members, leading to mitochondrial outer membrane perforation and commitment to 

apoptosis (Mihara et al., 2003).  p53 was also shown to activate Bax independent of other 

proteins (Chipuk et al., 2004).  In other systems, p53 accumulation and activation led to 

lysosome damage before mitochondrial membrane permeabilization (Yuan et al., 2002).  

Lysosome-associated protein containing PH and FYVE domains (LAPF) also localizes to 

lysosomes early in apoptosis and participates in p53-mediated lysosomal membrane 

damage (Chen et al., 2005; Li et al., 2007).  Thus, p53 plays an important role in 

lysosome-mediated cell death, consistent with p53‟s role as a cell fate determinant in 

many systems. 

1.6.2 The role of cathepsin proteases in lysosome damage 

 Cathepsins also facilitate lysosome damage.  Cells lacking the gene for cathepsin 

B were less sensitive to TNF-α-stimulation.  Lysosomes purified from cathepsin B-

deficient cells were less sensitive to sphingosine, another mediator of lysosome damage, 
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suggesting that cathepsin B was important for promoting lysosome damage (Werneburg 

et al., 2002).   In other systems, pharmacological inhibition of cathepsins reduced 

lysosome damage upon subsequent challenge (Feldstein et al., 2004; Michallet et al., 

2004).  The cathepsins may act on lysosomes directly following initial lysosome damage 

or they may activate other cell death pathways such as Bcl-2 family proteins which feed 

back to increase lysosome damage.  This second explanation cannot be ruled out in the 

above studies, as current methods cannot detect low levels of lysosome content release.   

1.6.3 Lysosomotropic agents which damage lysosomes 

 At neutral pH, small weakly basic molecules can readily cross cell membranes.  

In acidic compartments, these molecules become charged and membrane-impermeant.  

Different molecules with these properties and certain functional groups are used for 

labeling, neutralizing or destabilizing lysosomes.  Damaging lysosomotropic agents are 

weakly basic surfactants which accumulate in lysosomes and act as detergents to 

perforate lysosomes once they rise above a threshold concentration (Firestone et al., 

1982; Miller et al., 1983).   

 Some endogenous molecules, such as amine-functionalized lipids, can induce 

lysosome damage in a similar manner.  Sphingosine is a weak base sphingolipid and 

component of ceramide and sphingomyelin.  At moderate doses, sphingosine induces 

lysosome damage, followed by apoptosis.   At higher doses, sphingosine causes high 

lysosome damage and necrosis (Kagedal et al., 2001a; Kagedal et al., 2001b).  

Sphingosine-dependent lysosome toxicity is important for cell death subsequent to TNF-

α administration to cultured hepatocytes (Werneburg et al., 2002).  Ceramide, which is 

sphingosine covalently bound to a fatty acid, and sphingomyelin, ceramide bound to 
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phosphorylcholine, remain lipophilic but are not lysosomotropic, as they lack the weak 

base functional group necessary for lysosomal accumulation.  Other endogenous 

molecules such as bile salts and fatty acids can also rupture lysosomes (Feldstein et al., 

2004; Feldstein et al., 2006; Roberts et al., 1997).   

 Leu-Leu-OMe is another amphipathic molecule which disrupts lysosomes.  This 

experimental drug is endocytosed and trafficked through endosomes into lysosomes.  

There the drug is polymerized into leucine polymers by the action of lysosomal acyl-

transferase activity.  These polymers are lipiphilic and damage only the lysosomes of 

cells which can polymerize Leu-Leu-OMe, mainly myeloid lymphocytes (Hornung et al., 

2008; Thiele and Lipsky, 1985; Thiele and Lipsky, 1990).   

1.6.4 The Role of reactive oxygen species in lysosome damage 

 Much lysosome damage involves ROS.  In the cytosol, ROS are generated mainly 

in the form of hydrogen peroxide (H2O2).  This peroxide can be generated from several 

sources; mitochondria, especially damaged mitochondria, cytosolic oxidases, peroxidases 

and P450 system of the endoplasmic reticulum (Terman et al., 2006).  As ROS typically 

does not diffuse long distances in cytoplasm before being converted to water by cytosolic 

catalase, it has been hypothesized that lysosomes juxtaposed to damaged mitochondria 

may be at highest risk of damage from H2O2 (Boya and Kroemer, 2008; Terman et al., 

2006).  ROS can also be generated directly into the endosomal lumen by the phagosomal 

oxidase system, which catalyses the formation of luminal superoxide using the reducing 

potential of NADPH (Minakami and Sumimotoa, 2006).  This superoxide can be 

converted into hydrogen peroxide as well as other ROS.   
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 While ROS can damage many cellular components and organelles, it is especially 

effective against lysosome membranes.  Lysosomes lack many of the anti-oxidants found 

in cytosol.  Perhaps to make up for this, lysosomal membranes have high concentrations 

of vitamin E (Wang and Quinn, 1999) a membrane lipid antioxidant (Traber and 

Atkinson, 2007).  If ROS are not neutralized by antioxidants, they can lead to radical 

chemistries which can disrupt disulfide and peptide bonds in proteins and peroxidate 

membrane phospholipids.  These peroxidated lipids are also highly reactive.  In addition 

to taking part in other chemistries, accumulation of modified lipids can destabilize lipid 

bi-layers and damage lysosomes (Zdolsek and Svensson, 1993). 

 The presence of redox-active, unchelated iron can potentiate ROS toxicity in 

lysosomes.  Ferrous iron (Fe
2+

) in lysosomes can react with hydrogen peroxide to form 

hydroxyl radical and Fe
3+

.  Lysosomal redox potential typically returns this ferric iron to 

the 2+ oxidation state, making this reaction effectively catalytic.  Lysosomal reduction of 

Fe
3+

 to Fe
2+

 also generates reactive oxygen radicals; thus lysosomal iron is extremely 

toxic to lysosomes.  These reactions, collectively termed Fenton reactions, as well as the 

role of iron in lysosomes, are reviewed in (Terman et al., 2006).  The role of iron in 

lysosome damage has been demonstrated in several systems.  Administration of an iron 

chelator protects cells from lysosome damage and cell death while addition of exogenous 

iron increases lysosome damage and cell death (Doulias et al., 2003; Kurz et al., 2006; 

Yu et al., 2003).  Iron can accumulate in lysosomes from several sources.  Autophagic 

recycling can result in the lysosomal destruction of many mitochondrial and cytosolic 

enzymes containing iron co-factors, consequently releasing iron into lysosomes upon 
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proteolysis of the enzymes.  Lysosomes can also accumulate iron by autophagy and by 

recycling of intracellular ferritin (Terman et al., 2006). 

1.6.5 TNF-α-induced cell death can involve lysosome damage 

 TNF-α is a cytokine secreted by a variety of immune cells.  It can stimulate 

inflammatory pathways in certain cell types and cell death in others.  In hepatocytes 

(Werneburg et al., 2002) and fibroblasts (Heinrich et al., 2004) treated with TNF-α, 

lysosome damage preceded cell death and was associated with sphingosine, cathepsin and 

activation of proapoptotic Bcl-2 family members.  Lysosome damage in 

cholangiocarcinoma cells following exposure to another TNF family ligand, TRAIL, 

depended on cathepsins and Bcl-2 family members (Werneburg et al., 2007).  Thus 

lysosome damage may be involved in exogenous cell death signaling.   

1.6.6 Silica particle-induced phagolysosome damage 

 The phagocytosis of some particles damages lysosomes.  The most studied 

phagolysosome-damaging particle is silica ground into micro-or nanometer-sized 

particles.  These particles are medically relevant as they are the causative agents of 

silicosis, which results in progressive fibrosis of the lungs (Mossman and Churg, 1998).  

Silica crystals in the lungs are phagocytosed by resident macrophages (Huaux, 2007).  

The silica-containing phagosomes fuse with lysosomes to become phagolysosomes.  

Some of these phagolysosomes then release their contents, triggering inflammation and, 

in some cases, cell death (Hornung et al., 2008; Persson, 2005; Thibodeau et al., 2004).  

The mechanism by which silica induces lysosomal damage remains somewhat 

controversial.  Some groups claim ROS are unimportant for silica-mediated lysosome 

damage (Hornung et al., 2008; Thibodeau et al., 2004).  Other groups reported that ROS 
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contribute to lysosome damage (Dostert et al., 2008; Persson, 2005).  Pre-treatment of 

silica particles with iron-chelators reduced subsequent lysosome damage, suggesting that 

silica surface iron content may be important for lysosome damage by this pathway 

(Persson, 2005).  One interpretation of these data is that different preparations of ground 

silica may contain different amounts of iron and thus the ROS-mediated damage by these 

particles would depend on the iron content.  Silica-mediated, ROS-independent lysosome 

damage mechanisms remain uncharacterized.  Asbestos particles may also induce 

lysosome damage by a similar mechanism, as they induce similar inflammatory profiles 

to silica particles in tissue culture models (Dostert et al., 2008).    

1.6.7 Lysosome damage by cholesterol crystals contributes to arteriosclerosis 

 While lipid overload is known to induce lysosome damage, crystallized 

cholesterol particles damage lysosomes similarly to ground silica.  Cholesterol, probably 

originating from oxidized LDL particles, crystallizes in arteriosclerotic plaques early in 

plaque formation (Duewell et al., 2010).   In vitro experiments using human and mouse 

macrophages showed that cholesterol crystals damage phagolysosomes after 

phagocytosis (Duewell et al., 2010; Rajamaki et al., 2010; Yuan et al., 2000).  The 

inflammatory mediators released after this lysosome damage were critical to the 

progression of arteriosclerosis (Duewell et al., 2010).  Iron-mediated ROS contributed to 

this lysosomal damage, as chelation of iron reduced lysosome damage (Yuan et al., 

2000).   Thus lysosomal damage contributes to the pathology of an important disease.   

1.6.8 Other particles capable of inducing phagolysosome damage 

 While silica and cholesterol are well characterized phagolysosome-damaging 

particles, others can mediate these effects.  β-amyloid, which condenses into insoluble 
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material in neural plaques in Alzheimer's disease, is phagocytosed and damages 

lysosomes in microglial cells (Halle et al., 2008), suggesting a role for lysosome damage 

in that disease.   

Aluminum salts (alum) are commonly used adjuvants in human and animal 

vaccine formulations.  Phagolysosomes containing alum particles are perforated similarly 

to those containing silica (Hornung et al., 2008).  These data suggest a mechanism by 

which antigens administered along with alum adjuvants may gain access to the cytosol of 

antigen-presenting cells.  However, the significance of damage-mediated inflammation to 

the adjuvant activity of alum is controversial (Eisenbarth et al., 2008; Franchi and Nunez, 

2008; Kool et al., 2008; McKee et al., 2009).  Prior to this work, it was unknown whether 

lysosome damage was a common outcome of particle phagocytosis or if certain particles 

damage lysosomes more than others.    

1.6.9 Infectious particles and lysosome damage 

 Another major category of particles capable of damaging lysosomes are 

intracellular pathogens, which must access the host cell cytosol as a replicative niche or 

which must damage intracellular membranes to transmit to the next cell.  Many 

pathogenic bacteria escape the microbicidal activities of lysosomes and utilize the cytosol 

as a replicative niche.  Some bacteria escape from intracellular compartments to gain 

access to the cytosol.  For example, Listeria monocytogenes (L.m.) is a facultative 

intracellular bacterium which utilizes a pore-forming toxin to perforate endosomes and 

escape into the host cell cytosol.  L.m. usually escapes from endocytic compartments 

before they fuse with lysosomes.  L.m. escape from lysosomes is inefficient (Henry et al., 

2006).  Nonetheless, lysosome damage may still occur in the course of L.m. infection, 
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either as an infrequent event or as the result of non-productive L.m. activity.  Some other 

bacterial pathogens which replicate in the host cell cytosol, such as various Francisella, 

Salmonella and Legionella species, may also damage lysosomes as they escape.  Other 

bacteria, including Mycobacterium tuberculosis, Brucella and Chlamydia replicate inside 

of host cell vacuoles which in some ways resemble lysosomes.  While these bacteria do 

not need to rupture this compartment to replicate, substantial evidence of bacterial 

communication with host cell cytosol suggests that minor or transient damage occurs 

(Kumar and Valdivia, 2009; van der Wel et al., 2007). 

 Viruses may also damage lysosomes, as they must gain access to the cytosol to 

replicate.  HIV-infected T cells undergo apoptosis after lysosome damage and cathepsin 

D release into the cytoplasm.  Transfection of T cells with the cDNA for the viral protein 

NEF was sufficient to induce lysosome damage (Laforge et al., 2007), which suggests 

that viral gene expression leads to this lysosome damage.  Lysosome damage has also 

been reported following infection with human papilloma virus (Kaznelson et al., 2004), 

parvovirus (Di Piazza et al., 2007) and HSV-1 (Peri et al., 2011).  While lysosome 

damage may occur during viral invasion, it appears that late stage lysosome damage-

mediated cell death is a common result of viral infection.   

 The mechanisms by which most of these infectious and non-infectious particles 

damage lysosomes are unknown and sometimes controversial, in the case of silica 

particles.  It is unknown if ROS, Bcl-2 family proteins and sphingosine, which are 

common mediators of lysosome damage leading to cell death, are also important for 

lysosome damage by particles.  Virulence factors of microbes may damage lysosomes.  



 25 

Alternatively, ROS produced in microbe-containing endosomes by the phagosomal 

NADPH oxidase may lead to some infection-associated lysosome damage.   

1.7 Protection of lysosomes from damage 

 In contrast to the many conditions recognized as lysosome-damaging, there are 

relatively few conditions known to reduce lysosome damage.  Administration of 

antioxidants or the chelation of iron reduces lysosome damage in some systems (Bivik et 

al., 2007; De Milito et al., 2007; Kurz et al., 2006; Persson, 2005; Roussi et al., 2007).  In 

mitochondrial damage-induced cell death, pro-apoptotic Bcl-2 family proteins are 

regulated by the anti-apoptotic Bcl-2 family members.  Bcl-2 function prevents high 

levels of lysosome damage in an ROS system (Zhao et al., 2001), suggesting that anti-

apoptotic Bcl-2 family members prevent the cathepsin-activated Bax and or Bid from 

initiating a positive feedback loop which would otherwise increase lysosome damage.   

 Pre-exposure of cells to the chaperone protein HSP70 reduces lysosome 

sensitivity to damaging agents (Daugaard et al., 2007a; Daugaard et al., 2007b; Dudeja et 

al., 2009; Gyrd-Hansen et al., 2004; Kirkegaard et al., 2010; Nylandsted et al., 2004).  

The mechanism by which a chaperone protein induces protection of lysosomes has been 

incompletely elucidated.  Endocytosed HSP70 activates the lysosomal acid 

sphingomyelinase in fibroblasts leading to damage-resistance.  Inhibition of lysosomal 

acid sphingomyelinase reversed the HSP70-mediated protection (Kirkegaard et al., 2010).  

Sphingomyelinase converts sphingomyelin into ceramide and phosphocholine.  It remains 

unclear how this chemistry protects lysosomes, although sphingosine may be involved.   
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1.8 Existing methods for measuring lysosome damage 

 One of the earliest reports of damaged lysosomes was based on electron 

microscopy, in which lysosomes were observed with visibly perforated membranes.  

However, this technique was insensitive (Terman et al., 2006).  More modern methods 

for measuring lysosome damage detect lysosome contents in the cytosol, either by using 

probes for endogenous lysosomal enzymes, such as antibodies or reporter substrates, or 

by pre-loading lysosomes with reporter molecules and measuring their release into 

cytoplasm.  One technique is to fractionate cells using ultracentrifugation into lysosomal 

fractions and cytosolic fractions.  Lysosomal contents can then be detected in the 

cytosolic fractions by western blotting (Michallet et al., 2004) or by detecting specific 

enzyme activities (Groth-Pedersen et al., 2007).  Another technique for the detection of 

native lysosomal proteins released into the cell cytosol is immuno-fluorescence, in which 

cells are fixed, stained and scored, using a fluorescence microscope.  For example, 

diffuse cathepsin distributions which do not resemble control cells indicates lysosomal 

damage (Werneburg et al., 2002; Werneburg et al., 2007). 

 To measure lysosome damage in live cells, lysosomes are loaded with fluorescent 

molecules and the redistribution of these molecules is measured.  There are three main 

methods for labeling lysosomes.  The first method is to express fluorescent protein-

cathepsin chimeras in cells.  When properly constructed, these molecules are trafficked 

into lysosomes and their release is typically measured by microscopy of live or fixed cells 

(Werneburg et al., 2002; Werneburg et al., 2007).  Another method for labeling 

lysosomes uses the endocytic process to deliver membrane-impermeant molecules into 

lysosomes.  Dye-containing medium which is taken up by endocytosis and endocytic 
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trafficking delivers these molecules to lysosomes.  A chase step in unlabeled medium is 

usually included to ensure that all endocytosed molecules reach the lysosomes.  Dextrans 

are mostly inert bacterial polysaccharides which can be covalently labeled with 

fluorophores.  Lysosomes are typically loaded with these fluorescent dextrans.  Detection 

of lysosome damage is typically monitored by microscopy looking for diffuse 

cytoplasmic signals.  Interestingly, lysosomes loaded with different sizes of fluorescent 

dextrans show different amounts of lysosome release following the same stimulus, 

indicating that lysosome damage in these systems is incomplete and that smaller 

molecules diffuse out of lysosomes more easily than large molecules (Bidere et al., 2003; 

Laforge et al., 2007).   

 The last method for labeling lysosomes is by using fluorophores with weakly 

basic groups which accumulate in lysosomes, so-called lysosomotropic dyes.  The 

accumulation of these dyes into lysosomes requires maintenance of lysosomal pH.  Dye 

amounts are limited, as excessive dye accumulation can inhibit acidification.  One 

commonly used technique labels lysosomes with a weakly basic fluorophore called 

„Lysotracker‟.  Lysosome damage is measured as a loss of fluorescence intensity, 

detectable by microscopy or by flow cytometry (Hornung et al., 2008).  Another 

commonly used lysosomotropic dye is acridine orange, whose fluorescence exhibits 

concentration-dependent spectral shift.  Concentrated, lysosomal acridine orange 

fluoresces red, while dilute, cytoplasmic acridine orange fluoresces green.  Some released 

acridine orange binds cytosolic molecules and is retained in cells, resulting in a dim green 

fluorescence in cells with damaged lysosomes.  A significant advantage of acridine 

orange is that lower levels of release can be detected by measuring a rise in green 
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fluorescence upon lysosome damage (Antunes et al., 2001; Hornung et al., 2008; 

Kirkegaard et al., 2010).   

1.9 Disadvantages associated with current measures of lysosome damage 

 Current methods for analyzing lysosome damage have significant drawbacks.  

Detection of reduced native cathepsin, either by immunostaining or cell fractionization, is 

complicated by the fact that cathepsin is quickly degraded in cytosol (Turk and Turk, 

2009).  Thus, methods which monitor cathepsin release directly may show the amount of 

protein in the cytosol at the time of fixation or harvest but may not show the total amount 

of lysosome damage that has occurred.  Cells may also express low levels of these 

enzymes, making their detection difficult. 

 In these assays which measure release of fluorescent molecules from lysosomes, 

one cannot determine what percentage of the fluorescence is associated with intact 

lysosomes versus fluorescence from released molecules.  Thus, while lysosome damage 

can be detected based on an altered pattern of fluorescence, it is difficult to quantify the 

damage.  Low levels of damage may also be difficult to differentiate from background 

signals.  Another drawback to these types of techniques is that fluorescence from out-of-

focus, intact lysosomes can appear as diffuse staining and be mistaken for lysosome 

damage.  This problem is diminished but not eliminated by using confocal microscopy. 

 Measuring the loss of lysosomotropic dyes can also be problematic.  Loading 

efficiency of cells with these dyes depends on pH and lysosome size.  Normalizing 

experimental fluorescence to the fluorescence from the same cell before treatment is not 

always possible.  Loss of a pH gradient across the lysosome membrane is sufficient to 

deplete lysosomotropic dyes from lysosomes, but that does not necessarily indicate 
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damage or release of other lysosomal contents.  Like the previous methods, this method is 

also insensitive to small releases of lysosomal contents, as small losses in fluorescence 

could indicate damage, a minor change in pH or even a decreased lysosome size.  

Acridine orange can detect minor damage; and although an increase of released green 

fluorescence does indicate damage, this too is difficult to quantitate as a fraction of 

lysosomes damaged or percentage of lysosomal contents released.  As a weakly basic 

dye, acridine orange becomes deprotonated in the neutral cytosol, which should decrease 

its retention in cells.  Also, the fluorescence of acridine orange is non-linear due to the 

spectral emission shift.  Thus even though detection of released acridine orange in the 

cytosol is an improvement over lysotracker dyes, quantitation of lysosomal release 

remains difficult to measure.  While present methods of measuring lysosome damage are 

an improvement over those that preceded them, there remains a need for a quantitative 

and sensitive method for measuring lysosome damage.  The development of such a 

method is a significant portion of the work described in this thesis.   

1.10 Organization of the thesis 

 This thesis begins with the development of a novel method for measuring 

lysosome damage in macrophages (Chapter 2).  Release of fluorescein-dextran from 

macrophage lysosomes was measured by pH-dependent, ratiometric microscopic 

imaging.  This novel method demonstrated that different types of phagocytosed particles 

induce different levels of lysosome damage and that damage correlates with 

inflammasome assembly.  Chapter 2 also presents our discovery that stimulation of 

macrophages with lipopolysaccharide reduces subsequent lysosome damage.  In chapter 

3, this observation is extended to several other macrophage activators.   In a Listeria 
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monocytogenes infection model, activated macrophages were protected from endosomal 

escape and lysosome damage.  These data imply that induced lysosome renitence 

(resistance to damage or force) is a novel activity of activated macrophages which 

opposes infection by cytosolic pathogens.  Studies described in chapter 4 examine 

potential mechanisms of lysosomal renitence.  Evidence is presented consistent with 

lysosomal calcium and autophagy playing a role in lysosome renitence, possibly through 

a lysosomal repair mechanism.  In chapter 5, the implications of this work are discussed; 

including the relative merits of this novel lysosome damage assay, the potential 

mechanisms of lysosomal damage induction and repair, and finally the types of potential 

therapeutics suggested by the data in this thesis.   
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Figure 1.1 Review cartoon depicting structure of subcellular organelles.  Eukaryotic 

cells sub-divide their internal space into functionally distinct compartments termed 

organelles.  Each organelle is bound by lipid-bilayer membranes which prevent passive 

diffusion of macromolecules between the cytosol and organelles.  This organization 

protects cellular components from potentially destructive enzymes, such as those in 

lysosomes.   
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Chapter 2 

Caspase-1 activation and IL-1β release correlate with the degree of lysosome 

damage as illustrated by novel imaging method to quantify phagolysosome damage. 

 

2.1 Abstract 

 In addition to the lysosome‟s important roles in digestion, antigen processing and 

microbial destruction, lysosome damage in macrophages can trigger cell death and 

release of the inflammatory cytokine IL-1β.  To examine the relationship between 

endocytosis, lysosome damage and subsequent events such as caspase-1 activation and 

IL-1β secretion, we developed a method for measuring lysosome disruption inside 

individual living cells which quantifies release of fluorescein dextran from lysosomes.  

Unperturbed, cultured, murine bone marrow-derived macrophages exhibited low levels of 

lysosome damage, which were not increased by stimulation of macropinocytosis.  

Lysosome damage following phagocytosis differed with different types of ingested 

particles, with negligible damage after ingestion of sheep red blood cell ghosts, 

intermediate damage by polystyrene beads, and high levels of damage by ground silica.  

Pretreatment with LPS decreased the amount of lysosome damage following 

phagocytosis of polystyrene beads, silica microspheres or ground silica.  Activation of 

caspase-1 and subsequent release of IL-1β was proportional to lysosome damage 

following phagocytosis.  The low level of damage following polystyrene bead 

phagocytosis was insufficient to activate caspase-1 in LPS-activated macrophages.  These 
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studies indicate that lysosome damage following phagocytosis is dependent on particle 

composition and dose and that caspase-1 activation and IL-1β secretion correlate with the 

extent of lysosome damage.   

2.2 Introduction 

Lysosomes are membrane-bounded, hydrolase-rich organelles capable of 

degrading a variety of macromolecules (Kinchen and Ravichandran, 2008; Scott et al., 

2003) and microbial molecules acquired by fusion with phagosomes, endosomes or 

autophagosomes (Kinchen and Ravichandran, 2008; Scott et al., 2003). In macrophages, 

most phagocytosed microbes are trafficked into lysosomes, killed, and degraded.  The 

luminal space of lysosomes is maintained at pH 4-5 (Christensen et al., 2002), 

considerably more acidic than the pH neutral cytoplasm that surrounds them.  Antigens 

from exogenous sources are degraded and loaded onto MHC class II molecules in late 

endosomes and lysosomes (Burgdorf and Kurts, 2008).  Thus, lysosomes function as the 

end point for the endocytic pathway and the major cellular recycling compartment for 

internalized macromolecules.   

Some pathogenic microorganisms evade trafficking into lysosomes through 

various mechanisms (Ray et al., 2009), including escape from the endocytic pathway into 

the host cell cytoplasm. These can be detected by cytosolic recognition systems, such as 

the NOD-like receptor (NLR) family.  Upon recognition of microbial molecules, NLR 

proteins self-associate into oligomeric structures which can further multimerize with 

adaptor proteins.  These inflammasomes (Martinon et al., 2002) activate inflammatory 

caspases, mainly caspase-1, which catalyze the proteolytic activation of pro-interleukin 

(IL)-1β and pro-IL-18 (Martinon et al., 2009).  Although the mechanism of IL-1β 
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secretion is incompletely understood (Eder, 2009), IL-1β maturation is critical for proper 

cytokine function (Dinarello, 2009; Thornberry et al., 1992).  

Inflammasomes containing NLRP3, also known as NALP-3, can be activated by 

conditions which damage cells, so called “danger signals”.  Three naturally occurring 

danger signals monosodium-urate crystals (Martinon et al., 2006), extracellular ATP 

(Mariathasan et al., 2006; Perregaux and Gabel, 1994) and plasma membrane perforation 

(Mariathasan et al., 2006; Perregaux and Gabel, 1994) activate the NLRP3 

inflammasome.  This pathway is also induced following phagocytosis of certain 

particulates: asbestos (Dostert et al., 2008), β-amyloids (Halle et al., 2008), silica (Cassel 

et al., 2008; Dostert et al., 2008; Hornung et al., 2008) and alum (Eisenbarth et al., 2008; 

Hornung et al., 2008).  The NLRP3 inflammasome activity is also triggered by dilution of 

intracellular potassium which is a consequence of damage to plasma membranes (Petrilli 

et al., 2007).   

Phagolysosome disruption was shown to be important for caspase-1 activation 

following phagocytosis of silica, alum (Hornung et al., 2008) and β-amyloid (Halle et al., 

2008).  Hornung et al (Hornung et al., 2008) showed that silica-induced inflammasome 

activation required phagocytosis.  Fluorescent molecules pre-loaded into lysosomes were 

released into the cytosol following exposure to silica crystals.  An inhibitor of the 

lysosomal protease cathepsin B significantly reduced the amount of IL-1β secretion 

following silica exposure, suggesting that cathepsin B released from lysosomes into 

cytoplasm is important for inflammasome activation.  However, the role of cathepsin B is 

still unclear, as two groups have reported no difference in NLRP3 inflammasome 

activation following lysosome disruption in mouse cells lacking the cathepsin B gene 
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(Dostert et al., 2009; Newman et al., 2009).  The lysotropic drug Leu-Leu-OMe (LLME) 

also strongly activated the NLRP3 inflammasome, demonstrating that lysosome damage 

in the absence of particle phagocytosis can also trigger inflammasome assembly.   

Although these studies showed that lysosome damage after phagocytosis of silica 

or alum can trigger inflammasome assembly, it remains to be determined if these 

particles are distinct in their ability to damage lysosomes.  Quantifying the extent and 

frequency of lysosome damage following phagocytosis would allow lysosome damage 

levels induced by silica to be placed into the context of phagosome maturation in general.  

Once the extent and frequency of lysosome damage following silica exposure is 

quantified, a correlation between that and downstream inflammasome signals can be 

explored.   Moreover, inflammasome activation and activity typically follows priming of 

the cell with lipopolysaccharide (LPS) or other TLR agonists.  The effects of such 

priming on damage responses have not been examined.   

Lysosome damage could release exogenous molecules into the macrophage 

cytosol which could lead to the cross-presentation of exogenous antigens on the MHC 

class I antigen presentation system.  Macropinocytosis (Norbury et al., 1995; Rock et al., 

1992) as well as phagocytosis of certain particles (Harding and Song, 1994; Kovacsovics-

Bankowski et al., 1993; Oh et al., 1997; Reis e Sousa and Germain, 1995) increase this 

cross-presentation and thus we hypothesize that macropinocytosis and phagocytosis may 

involve some degree of lysosome damage. 

Here we introduce a method for analyzing lysosome integrity and demonstrate 

that only particles which damage lysosomes activate inflammasomes.  Using a novel 

fluoresence microscopic technique to quantify lysosome damage in live cells, we 
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determined that silica particles induced more lysosome damage than did other particles.   

Not all kinds of phagolysosome became permeable, as macrophages fed sheep red blood 

cell ghosts or polystyrene (PS) beads induced less lysosome damage than did silica.  Pre-

treatment of macrophages with LPS reduced the lysosome damage following 

phagocytosis of PS beads, silica microspheres (SMS) and ground silica.  Caspase-1 

activation and IL-1β release correlated with the extent of phagolysosome damage.  This 

therefore indicates LPS pretreatment, which is a prerequisite for inflammasome 

activation, also lessons the damage caused by particles inside phagolysosomes. 

2.3 Materials and Methods 

2.3.1 Materials 

 Fluorescein dextran average molecular weight 3000 dalton (Fdx), Texas-red 

dextran average molecular weight 10,000 dalton, phosphate-buffered saline (PBS), 

Dulbecco‟s modified essential medium (DMEM) low glucose, RPMI 1640, fetal bovine 

serum (FBS), and sheep red blood cells were purchased from Invitrogen (Carlsbad, 

California).  Purified rabbit IgG was purchased from Sigma Scientific (St. Louis, 

Missouri).  Lipopolysaccharide was LPS #225 Salmonella Typhurium, purchased from 

List Biological Laboratories, Inc. (Campbell, California).  Caspase-1 FLICA reagent was 

purchased from Immunochemistry Technologies LLC (Bloomington, Minnesota).  IL-1β 

ELISA was purchased from BD biosciences (BD OptEIA, San Jose, California).  3 μm 

diameter polystyrene beads were purchased from Polysciences, Inc. (Warrington, 

Pennsylvania).  Uncoated 3 μm silica oxide microspheres were purchased from 

Microspheres-Nanospheres (Cold Spring, NY).  Recombinant murine 

macrophage/monocyte-colony-stimulating factor (M-CSF) was purchased from R&D 
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Systems (Minneapolis, Minnesota).  35 mm dishes with 14 mm diameter cover glass 

were purchased from MatTek Corporation (Ashland, Massachusetts).  Fisherbrand select 

#1.5 cover glass was purchased from Fisher Scientific (Hampton New Hampshire).  

Silica crystals (MIN-U-SIL-15) were a generous gift of US Silica (Berkeley 

Springs, West Virginia).  

2.3.2 Bone marrow differentiation of macrophages 

 C57BL/6J mice were purchased from Jackson Laboratories (Bar Harbor, Maine; 

stock number 000664).  Macrophages were cultured as in (Swanson, 1989).  Briefly, 

marrow was obtained from mouse femurs.  Macrophages were then differentiated in 

DMEM with 20% FBS and 30% L-cell-conditioned medium.  Bone marrow cultures 

were differentiated for one week with additions of fresh differentiation medium at days 3 

and 6.   

2.3.3 Loading of lysosomes with Fluorescein-dextran 

Labeling lysosomes by endocytosis of Fdx has been described previously 

(Christensen et al., 2002; Shaughnessy et al., 2006).  Macrophages were resuspended 

from dishes after incubation in cold PBS for 10 min.  Cells were then counted, diluted in 

RPMI with 10% FBS, added to coverslips or Mat-tek dishes, and allowed to attach to the 

glass surface for at least 4 hours.  Plating medium was replaced with RPMI with 10% 

FBS containing Fdx at 150 μg/mL, and cultures were incubated overnight.  Dishes or 

coverslips were then rinsed extensively with Ringer‟s buffer (RB; 155 mM NaCl, 5 mM 

KCl, 2 mM CaCl2, 1 mM MgCl2, 2 mM NaH2PO4, 10 mM Hepes and 10 mM glucose, 

pH 7.2) at 37 C.  The Fdx was chased into the lysosomes for at least 4 hours using fresh 

RMPI with 10% FBS without Fdx. 
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2.3.4 Opsonization of particles 

 Sheep red blood cell (sRBC) ghosts were prepared as described previously (Oh et 

al., 1997).  Briefly, sRBC were osmotically lysed in water and the released contents 

rinsed away by centrifugation and resuspension.  Texas-red dextran was then mixed with 

sRBC membranes, which were then re-sealed in osmotically balanced PBS.  These sRBC 

ghosts were then opsonized using anti-sRBC antibody, rinsed, and counted using a 

hemocytometer on a fluorescence microscope.  Polystyrene beads were opsonized by 

absorption with rabbit IgG for 30 minutes at 37 C, followed by rinsing in PBS.   

 Silica microspheres (SMS) were acid-washed overnight in 1 M HCl then rinsed 

three times in PBS.  SMS were then coated with 0.1 mg/mL Poly-L-Lysine (PLL) in PBS 

for 30 minutes followed by another round of three PBS washes.  PLL-coated SMS were 

then coated in 5 mg/mL BSA for an hour and then rinsed three times in PBS.  SMS were 

then opsonized with anti-BSA IgG for an hour then rinsed in PBS.  Samples were 

reserved following each step for experimentation. 

2.3.5 Microscopes and imaging 

 Ratiometric imaging was performed on two different instruments.  The first was 

an Olympus IX70 (Olympus; Center Valley PA) inverted epi-fluorescence microscope 

using a 100X oil UPlan Fl objective (NA=1.30).  Fluorescence images were acquired 

using an X-Cite 120 metal halide light source (EXFO; Mississauga, ON, Canada) and a 

CoolSNAP HQ2 monochrome camera (cooled CCD, 1392x1040, 14 bit).  The second 

instrument was an inverted Nikon TE300 microscope equipped for multicolor 

fluorescence imaging using a mercury arc lamp.  Cells were examined using a 60x, 

numerical aperture 1.4 plan-apochromat objective and images were recorded using a 
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cooled digital charge-coupled device camera (Quantix; photometrics).  Both microscopes 

used temperature-controlled stages for live cell imaging and were equipped with 

CFP/YFP/DsRed dichroic mirrors (Chroma Techonology Corp cat # 86006), with filter 

wheels and shutters controlled by lambda 10-2 filter wheel controllers (Sutter 

Instruments).   

          Images were acquired and analyzed using Metamorph software (Molecular 

Devices, Downingtown, PA), following a one-hour incubation with phagocytic targets.  

Cells were rinsed and mounted onto the microscope stage in warm RB.  For each field of 

cells, three images were collected; using a 436/10 nm excitation, a 492/18 nm excitation, 

and a phase-contrast image.  A 535/30 nm emission filter was used for both fluorescence 

images.  An additional image using red excitation and emission filters was acquired for 

cells fed sRBC ghosts containing Texas-red dextran.   

2.3.6 Image analysis 

 Epi-fluorescence images contain contaminating signals from both camera 

background noise and uneven illumination.  The level of background signal was 

determined by capturing images without a coverslip mounted on the stage.  These values 

were subtracted from all experimental and calibration images.  Illumination correction 

was performed by collecting images of fluorescein-containing solution sandwiched 

between two coverslips in order to generate an even layer of fluorophore (Hoppe et al., 

2002).  Experimental and calibration images were normalized for illumination levels.  

Incubation of coverglasses or Mat-tek dishes in Fdx medium, even when followed by 

rinsing, created residual background fluorescence.  This background was subtracted from 
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all experimental images using regions selected from non-cellular portions of the 

experimental and calibration images (Hoppe et al., 2002; Shaughnessy et al., 2006).   

 The pH of intracellular compartments was determined as described previously 

(Christensen et al., 2002; Shaughnessy et al., 2006).  The microscope was calibrated by 

imaging intracellular organelles held at a series of fixed pHs.  Macrophages were loaded 

with Fdx by endocytosis and the pH of intracellular compartments was clamped using 

calibration buffer (10 μM nigericin, 10 μM valinomycin, 130 mM KCl, 1 mM MgCl2, 15 

mM Hepes, 15 mM MES) at pH 7.5. Several sets of epi-fluorescence images using both 

the 435 nm and 492 nm excitation filter settings were acquired, the calibration buffer was 

exchanged for buffer at another pH and another set of images were acquired from other 

cells.   This process was repeated using buffers at pH 9.0, 7.5, 7.0, 6.5, 6.0, 5.5, 5.0, 4.5, 

and 4.0.  Subsequent image processing determined the average ratio of the 492 nm image 

divided by the 435 nm image for each pH.  The data were fit to a four parameter sigmoid 

model and this model was used to convert every Fdx-labeled pixel in the 492 nm/435 nm 

ratio images into values representing pH (Fig. 2.1C). 

In processed images of unperturbed macrophages, most pixels indicated pH less 

than 5.5.  This was determined empirically by examination of many Fdx-loaded but 

otherwise unperturbed cells on many different days and was true for both microscopes.  

Thus, cellular areas in pH maps with a pH below 5.5 were considered to represent intact 

lysosomes, while areas with a pH above 5.5 indicated Fdx in pH neutral cytosol.   

Using cellular pH maps and image processing software, masks were created 

which contained only pixels indicating a pH above 5.5.  These masks were applied to the 

otherwise unmasked 435 nm excitation images.  As the fluorescence of fluorescein 
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excited at 435 nm is relatively insensitive to pH, pixel fluorescence values in 435 nm 

excitation images were considered to be proportional to the amount of Fdx in each pixel.  

Thus the total cellular fluorescence in the 435nm excitation image was proportional to the 

total Fdx in the cell and the total cellular fluorescence in the masked 435nm excitation 

image approximated the total amount of Fdx released from the lysosomes.  The values of 

total Fdx content and total Fdx released were recorded for each cell and the ratio of Fdx 

released was divided by total Fdx to obtain the fraction of Fdx released.  Since the 

fluorescence images are only masked based on pH and never masked based on 

fluorescence intensity, this technique does not rely on any subjective masking to define 

the presence or absence of lysosome damage. 

It should be noted that in figures 2.1, 2.2 and 2.3 the brightness of the 492 nm ex. 

and 435 nm ex. grayscale image samples are identically scaled to illustrate the differences 

in intensity ratios.  In cells with low levels of lysosome damage the 435 nm ex. and the 

492 nm ex. image were similarly bright, however in cases of very high levels of lysosome 

damage the 492 nm ex image was much brighter than the 435 nm ex image; thus, 

identical brightness scaling can result in 435 nm ex. images which appear dim in cases of 

high lysosome damage.   

2.3.7 Caspase-1 activation levels 

Levels of active caspase-1 in live cells were determined using the caspase-1 

FLICA probe, which irreversibly labels the active site of cleaved (activated) caspase-1 

with fluorophore.  Macrophages were stimulated overnight in 100 ng/mL LPS.  Cells 

were fed particles in fresh medium and incubated for 1 hour.  Particle medium was then 

replaced with the diluted FLICA reagent as per the manufacturer‟s recommendations and 
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incubated for 1 hour.  Propidium iodide was added to the staining solution for the last 10 

minutes of the incubation.  Cells were then rinsed to remove the unbound dye and imaged 

using the 492/18 nm excitation, 535/30 nm emission filters for the active caspase-1 signal 

and 580/20 nm excitation, 630/60 nm emission filters for propidium iodide staining.  

Images were corrected for background and illumination, as described above.  Regions of 

interest were then drawn around each cell and the total 492/18 nm excitation 535/30 nm 

emission fluorescence was calculated as the total active caspase-1 signal.  The propidium 

iodide staining and nuclear phase-contrast status were also noted for each cell.   

2.3.8 Statistical tests 

Lysosome damage levels were compared between groups using Student‟s T-test, 

with p-values calculated in Microsoft excel.  Error bars displayed in the figures were all 

standard error of the mean (SEM). 

2.4 Results and Discussion 

2.4.1 Release of fluorescein dextran from lysosomes into cytoplasm 

To measure lysosome damage, lysosomes were first labeled by endocytosis of 

fluorescein dextran (Fdx).  RAW 264.7 (RAW) macrophages were incubated overnight in 

Fdx-containing medium, then incubated in fresh medium to allow the Fdx to reach the 

lysosomes by vesicular trafficking.  Ratiometric imaging with a calibrated microscope 

was then used to measure the pH of cytoplasmic and lysosomal Fdx (Fig. 2.1C is a 

sample calibration curve).  Fdx fluorescence (514 nm) was imaged at two different 

excitation wavelengths.  Excitation at 435 nm produced fluorescence that was relatively 

unaffected by pH, which was used to approximate the amount of Fdx in a pixel, whereas 

excitation at 492 nm produced a pH-dependent fluorescence.  Release of Fdx from 
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lysosomes into cytosol was detected by both the physical redistribution of the dye in the 

images and by the increase in Fdx signal at 492 nm excitation.  pH maps of cells provided 

a clear distinction between Fdx trapped in acidic, undamaged lysosomes and Fdx which 

had been released into the pH-neutral cytosol.  Fdx in unperturbed macrophages was 

contained in acidic lysosomes (Fig. 2.1A).  In similarly loaded macrophages exposed to 

the lysotropic drug Leu-Leu-OMe (LLME), Fdx was released into the cytosol (Fig. 2.1B 

& D).  LLME disrupted all of the lysosomes in RAW macrophages, as the pH map of 

these cells appeared uniform and neutral (Fig. 2.1B & D).  To quantify lower levels of 

Fdx release from lysosomes, image analysis algorithms were developed to measure the 

percentage of total cellular Fdx in the cytoplasm (Fig. 2.1D).    

2.4.2 Undisturbed murine BMM show little lysosome damage 

Murine bone marrow-derived macrophages (BMM) contained spherical and 

elongated tubular lysosomes.  The areas of highest lysosome density were near the nuclei, 

with tubular structures extending into the periphery (Fig. 2.1Ei), consistent with previous 

observations (Knapp and Swanson, 1990).  Lysosomal pH was 4.0 to 5.0, as reported 

previously (Christensen et al., 2002; Tsang et al., 2000).  Unperturbed macrophages 

showed little evidence of lysosome damage (Figs. 2.1Ei and F).  Most pixels in the pH 

maps of intact cells represented acidic environments.  A few cells displayed higher levels 

of lysosome damage (Figs. 2.1E ii & iii).    

Rare cells exhibited low levels of lysosome damage in otherwise unperturbed 

cells.  While many of the pH neutral pixels were dim, their intensity in the 435 nm 

images was several times greater than the noise level.  Nuclear regions were the best 

cellular locations to detect low levels of released Fdx, as those regions contained no 
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fluorescence from lysosomes.  The low levels of Fdx in the cytosol of these cells 

produced undetectable signals in the periphery.  

2.4.3 Increasing the rate of macropinocytosis does not increase lysosome damage 

 The low level of damage in unperturbed macrophages suggested that some basic 

cellular process can damage lysosomes.  Macropinocytosis is the process by which 

macrophages and other cells take up extracellular solute into large endocytic vacuoles.  

Solutes taken into macropinosomes traffic through the endocytic pathway, eventually 

entering lysosomes (Tsang et al., 2000).  M-CSF increases the rate of macropinocytosis 

in macrophages (Racoosin and Swanson, 1989).  Induction of macropinocytois in 

macrophages increases cross-presentation of soluble exogenous antigens on MHC class I 

molecules (Norbury et al., 1995; Rock et al., 1992).   

 To measure effects of macropinocytosis on lysosome damage, macrophage 

lysosomes were loaded with Fdx in cells deprived of M-CSF, chased in Fdx-free medium 

and incubated 1 hour in medium containing M-CSF or control medium before imaging.  

Cells incubated in M-CSF displayed prominent macropinosomes (Fig. 2.1G phase-

contrast).  Lysosome damage in cells exposed to M-CSF was no greater than in control 

cells (Fig. 2.1H).  These data suggest that macropinocytosis-mediated increases in soluble 

antigen cross-presentation in macrophages (Norbury et al., 1995) are not due to increased 

lysosome damage following macropinocytosis.   

2.4.4 Lysosome damage following phagocytosis  

 To examine whether lysosome damage is a general outcome of phagocytosis, 

macrophages with Fdx-labeled lysosomes were fed Texas-red-dextran-labeled sheep red 

blood cell (sRBC) ghosts.  Fluorescent sRBC ghosts were imaged an hour after 
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phagocytosis and levels of Fdx release from lysosomes were quantified (Fig. 2.2).   

Phagocytosis of sRBC ghosts induced a redistribution of macrophage lysosomes to 

phagosomes (Fig. 2.2B), consistent with previous observations (Knapp and Swanson, 

1990).  In cells containing several sRBC ghosts, nearly all of the phagolysosomes 

coalesced into large round structures containing the sRBC ghosts and most of the cellular 

Fdx.  Despite this dramatic redistribution, no additional lysosome damage followed 

phagocytosis of sRBC ghosts (Fig. 2.2E).   

 The Fdx-release assay was used to measure phagolysosome damage by various 

particles.  Macrophages fed ground silica showed extensive phagolysosome damage (Fig. 

2.2D).  In some ground silica-containing cells, lysosome damage was evident without the 

aid of the pH map, while in other cells no damage was detected.  Most silica-fed 

macrophages showed intermediate levels of lysosome damage, with Fdx in both cytosol 

and intact lysosomes.   

The highly variable lysosome damage in cells containing ground silica contrasts 

with Leu-Leu-OME-treated cells, which exhibited complete lysosome release in all cells.  

The lack of uniformity in cells fed silica could be due to some non-uniform aspect of 

these particles, such that only some of them were disruptive.  Perhaps not all particles 

possess sharp edges that cause damage.  Alternatively, resistance to lysosome perforation 

may be regulated and the non-uniformity in lysosome release could be the result of subtly 

different gene expression patterns in different cells of the examined populations. 

Fdx-loaded macrophages were also fed 3 μm PS beads, which are widely used as 

inert phagocytic targets. PS beads were shown earlier to facilitate the delivery of 

exogenous antigens into the MHC class I antigen processing and presentation pathways 
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(Oh et al., 1997), suggesting that they induce damage at some stage of their endocytic 

trafficking.  Other types of microspheres have also been shown to facilitate exogenous 

antigen presentation on MHC class I molecules (Harding and Song, 1994; Kovacsovics-

Bankowski et al., 1993; Reis e Sousa and Germain, 1995).  The amount of Fdx released 

into the cytosol of PS bead-containing macrophages was significantly greater than in 

unfed cells or cells fed sRBC ghosts, but less than that released in cells fed ground silica 

(Figs. 2.2E & F).  Thus, phagocytosis of particles yields a range of lysosome damage 

dependent on dosage and the type of particle phagocytosed.  

 The heterogeneity among cells showing lysosome damage may have implications 

for cross-presentation of exogenous antigens on MHC class I molecules.  The sub-

population of cells showing lysosome release in unperturbed cultures could represent 

those which have released exogenous antigens into the cytosol, which would then be 

accessible to the MHC class I antigen presentation pathway.  This could underlie the low 

but detectable level of cross presentation of soluble antigens observed in macrophages 

(Kovacsovics-Bankowski et al., 1993; Norbury et al., 1995; Reis e Sousa and Germain, 

1995; Rock et al., 1993).  While macropinocytosis did not increase lysosome damage in 

macrophages, increased uptake of soluble antigen into cells could nonetheless mediate 

increased cross-presentation of soluble antigens in the small fraction of cells that undergo 

lysosome damage.  PS beads fed to unactivated macrophages induced low but detectable 

levels of damage, which may explain the reported cross-presentation of antigens loaded 

onto PS beads (Oh et al., 1997).  The release of lysosomal contents after PS bead 

phagocytosis supports a direct mechanical route for antigen delivery into cytosol for 

MHC class I antigen presentation.   



 47 

2.4.5 LPS reduces the phagolysosome damage  

 Recent studies have shown that lysosome damage can induce maturation and 

secretion of the pro-inflammatory cytokine IL-1β (Halle et al., 2008; Hornung et al., 

2008).  IL-1β secretion from murine macrophages requires pre-stimulation with a Toll-

like receptor ligand such as LPS. LPS pre-stimulation is required for transcription and 

translation of pro-IL-1β (Mariathasan et al., 2006) and NLRP3 (Sutterwala et al., 2006) 

as well as many other changes in gene expression.   

 To investigate whether these physiologic changes modulate lysosome damage, the 

damage induced by various particles was compared in LPS-activated and untreated 

control macrophages.  Macrophage lysosomes were loaded with Fdx in medium with or 

without LPS, and the cells were fed particulate targets.  LPS treatment did not alter 

lysosomal pH.  Fdx release after phagocytosis of ground silica was less in LPS-stimulated 

macrophages than in unstimulated macrophages (Fig. 2.3A).  LPS treatment also 

decreased lysosome damage following phagocytosis of PS beads to levels which were 

significantly lower than in untreated cells fed similar doses of beads (Fig. 2.3B, 1.5 PS 

beads/cell).  This relationship was also evident in macrophages fed higher doses of PS 

beads (Fig. 2.3B, 18.3 PS beads/cell).  These data indicate that lysosome damage may be 

modulated by the activation state of the macrophages.   

 To confirm that LPS pre-stimulation reduces lysosome damage, silica 

microspheres (SMS) were employed.  SMS are uniform 3 μm spheres which are 

chemically similar to the ground silica.  This uniformity of size and shape allowed for 

particle dose to be determined independently for each cell.  Acid-washed SMS were 

coated with various materials then fed to Fdx-loaded macrophages which had or had not 
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been pre-stimulated with LPS.  The number of SMS internalized by each cell was 

counted and populations of cells which had phagocytosed the same dose of particles were 

compared.  Macrophages fed acid-washed SMS showed moderate levels of lysosome 

damage (Fig. 2.3C).  Phagocytosis of poly-L-lysine-coated SMS induced high levels of 

lysosome damage, while SMS coated with BSA or BSA and anti-BSA IgG induced lower 

levels of lysosome damage (Fig. 2.3C).  Lysosome damage was dose-dependent.  LPS 

pre-stimulation reduced lysosome damage for all SMS coatings and all dose levels (Fig. 

2.3C).  These data confirmed that LPS-prestimulation reduces lysosome damage 

following particle phagocytosis.  Experiments with SMS suggested that particle surface 

chemistry may play an important role in inducing lysosome damage, as the SMS with 

different surface treatments damaged lysosomes to different extents.  Coating of SMS did 

not change the particles apparent size or appearance by phase contrast microscopy.  The 

effects of particle size on phagolysosome damage remain unknown.  Thus lysosome 

damage was not intrinsic to phagocytosis but rather was due to surface features of the 

ingested particles.   

2.4.6 Lysosome damage correlates with caspase-1 activation. 

To determine if inflammasome activation was proportional to lysosome damage, 

caspase-1 activation was measured in macrophages fed various particles.  Cells were 

stained with the fluorescent caspase-1 reporter FLICA, which labels the active site of 

cleaved caspase-1 in live cells (Fig. 2.4A).  The percent of cells positive for caspase-1 

activation increased with increasing doses of silica (Fig. 2.4B & Table).  Most caspase-1-

positive cells were also positive for propidium iodide (90-96%; Table, Fig. 2.4A), 

indicating plasma membrane permeabilization.  This FLICA-positive, propidium iodide-
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positive population also exhibited phase-dark nuclear morphologies indicative of cell 

death (Fig. 2.4A & Table).  Caspase-1 activation was LPS dependent, as even high doses 

of silica failed to induce FLICA staining in unstimulated cells (Fig. 2.4B bottom panel).  

The percent of cells positive for lysosome damage also increased with increasing doses of 

silica (Fig. 2.4C).  While LPS stimulation reduced subsequent lysosome damage, some 

level of damage was still evident in cells fed highly damaging particles (Fig. 2.3).  This 

effect is also evident in Figure 2.4C which compares cells fed 170 µg/mL ground silica 

with or without LPS stimulation (Fig. 2.4C middle and bottom histograms).  The average 

level of lysosome release observed at 500 μg/mL silica was not greater than that observed 

at 170 μg/mL.  However, macrophages fed the higher doses of silica contained many 

more cells with phase-dark nuclei than did those fed intermediate doses (Table I) and 

cells with phase-dark nuclei did not retain sufficient Fdx to allow the lysosome release 

analysis.  Measurements of IL-1β release indicated a correlation between IL-1β secretion 

and the amount of silica provided to cells (Fig. 2.5A).   Overall, lysosome damage, 

caspase-1 activation and IL-1β secretion all showed large increases between 57 and 170 

μg/mL silica and leveled off between 170 and 500 μg/mL.   

 Thus, in activated macrophages, various doses of silica showed corresponding 

percentages of lysosome damage, caspase-1 activation and secretion of IL-1β, suggesting 

a pattern of progression to inflammasome activation following silica phagocytosis.  In 

silica-fed macrophages, inflammasome activation was accompanied by loss of plasma 

membrane integrity and nuclear condensation.  These data suggest a role for cell death in 

the silica-induced lysosome damage response, possibly through pyroptosis (Ting et al., 

2008).  LPS pre-stimulation was critical for cell death, as unstimulated cells fed 
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lysosome-damaging doses of silica failed to activate caspase-1 or to lose plasma 

membrane integrity.  The staining protocols precluded measurement of the relative timing 

of caspase-1 activation, membrane permeabilization and nuclear condensation.   

2.4.7 The lysosome damage induced by polystyrene beads did not induce IL-1β 

release  

 The lack of lysosome damage in LPS-stimulated cells fed PS beads suggested that 

caspase-1 activation and IL-1β secretion in such cells should also be low.  Macrophages 

fed PS beads or sRBC ghosts showed low levels of caspase-1 activation (Fig. 2.4D).  In 

contrast, macrophages fed silica exhibited high levels of caspase-1 activation.  These data 

correlated with the IL-1β secretion data, in that LPS-activated macrophages fed PS beads 

failed to secrete IL-1β (Figs. 2.5A and B).  Thus, IL-1β secretion and caspase-1 

activation in LPS-activated macrophages fed PS beads correlated with the low levels of 

lysosome damage in such cells.  Similar relationships were observed in cells fed higher 

doses of beads: LPS-activated macrophages that ingested an average of 18.3 PS beads per 

cell displayed very little lysosome damage (Fig. 2.3B) and secreted little IL-1β (Fig. 

2.5B).  These data indicate that LPS stimulation interferes with or counteracts lysosome 

damage after phagocytosis of PS beads. 

 Previous work showed that silica, alum (Hornung et al., 2008), and β-amyloid 

(Halle et al., 2008) damage lysosomes.  In contrast, this study found that macrophages 

fed sheep red blood cell ghosts showed lysosome release levels no higher than control 

cells (Fig. 2.2).  Cells fed PS beads, another classic phagocytic target, showed low levels 

of lysosome damage which were higher than control cells or cells fed sRBC ghosts but 

lower than cells fed silica.  Although SMS phagocytosis seemed to damage lysosomes to 
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a lesser extent than did ground silica, direct comparisons were difficult due to 

irregularities of the ground silica particle shape and size.    

 Some bacterial pathogens escape from macrophage vacuoles to propagate in the 

host cell cytosol.  The macrophage IL-1β response to Listeria monocytogenes is partially 

dependent on NLRP3 and bacterial escape (Warren et al., 2008) suggesting that the 

escape process damages lysosomes.  On the other hand, Francisella tularensis escapes 

from vacuoles but does not activate the NLRP3 inflammasome (Fernandes-Alnemri et 

al.).  These data may reflect differences in the vacuolar compartments from which these 

bacteria escape or the severity of lysosome damage induced during escape.      

LPS-stimulated cells fed ground silica, PS beads or SMS showed less lysosome 

damage than un-stimulated cells (Fig. 2.4), suggesting either that LPS-activated cells are 

refractory to damage induced by particles or that there exists a mechanism for lysosomal 

repair which is increased by LPS prestimulation.  The LPS-dependent phagolysosome 

damage resistance activity is limited as particles which cause high amounts of lysosome 

damage, such as ground silica and poly-L-lysine-coated SMS, still induce significant 

levels of phagolysosome damage in LPS-stimulated cells.  As pre-stimulation with LPS 

or other TLR ligands is critical for inflammasome activation following lysosome damage, 

due to the dependence of NLRP3 expression on pre-stimulation (Sutterwala et al., 2006), 

the dampening effect of LPS on phagolysosome damage seems to counteract 

inflammasome activation after phagocytosis.  Thus LPS stimulation sets the stage for 

lysosome damage-mediated inflammasome activation but also raises the threshold 

amount of lysosome damaging chemistry required to damage lysosomes.  Thus it may be 

that activated macrophages are prepared to resist infection or damage but have a fail-safe 
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system, the inflammasome, in place for cases where the lysosome damaging chemistries 

are too powerfull to contain.  It remains to be seen whether the inflammasome gene 

expression effects can be separated from the lysosome-stabilizing effects of LPS 

signaling.  While inflammasome induction by LPS requires gene expression, it is 

unknown whether the phagolysosome-protecting activities also require induced gene 

expression.  Perhaps the inflammasome gene expression signals can be separated from 

the phagolysosome protective signals.  As other solid particles are known to mediate the 

cross-presentation of antigens (Harding and Song, 1994; Kovacsovics-Bankowski et al., 

1993; Reis e Sousa and Germain, 1995), it is possible that these other particles also 

modulate levels of lysosome damage.   
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Figure 2.1.  Detection of Fdx released from lysosomes.  RAW macrophage lysosomes 

were loaded overnight with Fdx then chased for several hours in fresh medium.  Cells 

were left untreated (A) or incubated with Leu-Leu-OMe for 30 min (B), then epi-

fluorescence images were collected.  All pH images are color-coded such that warm 

colors (red, pink, yellow) represent Fdx in acidic compartments and cool colors (cyan, 

dark cyan, blue and dark blue) represent Fdx in pH neutral compartments.  ex. 492 nm / 

ex. 435 nm ratios were converted to pH using calibration curves generated by measuring 

ex. 492 nm / ex. 435 ratios at fixed pHs (C).  The brightness of the Fdx ex. 435 nm and 

ex. 492 nm images are identically scaled in all micrograph sets.  (D) The percentage of 

Fdx released from the lysosomes is plotted as mean ± SEM of ≥70 cells (p<0.0001).  

Murine BMM were loaded and imaged as above.  (E) Epi-fluorescence images of 

otherwise unperturbed macrophages were then collected.  Images of unperturbed cells 

depicting very low (i. 7.7%), slight (ii. 22.4%) and moderate (iii. 31.6%) lysosome 

release.   (F)  Lysosome release from all the negative control images acquired for Figures 

2.1G and 2.2.  (G) Typical images of BMM following M-CSF-induced macropinocytosis.  

Scale bars in A, E and G represent 10 μm.    (H) Lysosome release from all the cells in 

each group were calculated and the averages plotted.  Error bars are SEMs.  Data are 

pooled averages of three experiments with n ≥ 200 cells total.  p<0.0001 
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Figure 2.2. Lysosome damage following phagocytosis.  Murine BMM lysosomes were 

labeled with Fdx.  Cells were fed (A) no particles, (B) IgG-opsonized sheep red blood 

cell ghosts (labeled with Texas red dextran; sRBC 3.3x10
6
 sRBC/ mL), (C) PS beads 

(2x10
5
 PS beads/mL), or (D) ground silica (170 μg/mL) and imaged one hour later.  

These particle doses were determined empirically to yield images with 1-5 particles per 

cell.  Texas red images were used to identify cells containing sRBC ghosts.  Scale bar 

represents 10 μm.  (E)  The average percent of lysosome release was calculated for each 

condition.   Data represents mean ± SEM for three separate experiments with at least 80 

cells examined in each condition.  All conditions are significantly different (p<0.0005) 

from each other, except for no particle (NP) versus sRBC ghost.    (F) The data from (E) 

replotted as histograms with percent of Fdx released (x-axis) compared to the number of 

cells containing a given level of Fdx release (Y-axis) 
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Figure 2.3.  LPS treatment decreases lysosome release following phagocytosis.  
Murine BMM were labeled with Fdx and chased in unlabeled medium with (open bars) 

or without (closed bars) 100 ng/mL LPS.  Cells were fed particles, imaged, and the 

average percent of lysosome release was calculated for each condition.  Y-axis for all 

graphs plot the average percent of Fdx released.  (A) LPS-stimulated or naïve BMM were 

fed 200 μg/mL ground silica and lysosome damage was measured.  (B) The number of 

PS beads per cell was counted and indicated for each PS bead dose.  For (A) and (B), bars 

are pooled averages from three experiments with at least 170 cells per condition 

(means±SEM).  (C) Cells were fed acid-washed SMS coated with nothing (upper left), 

poly-l-lysine (upper-right), BSA (lower-left) or BSA and anti-BSA IgG (lower-right).  

Cells were imaged and the number of phagocytosed SMS was recorded for each cell.  

Cells were grouped by number of SMS phagocytosed and mean ± SEM was plotted for 

each group.  Statistical comparisons in A and B are as indicated with brackets and in C 

are between unstimulated and LPS-prestimulated groups within each SMS type and 

count.  p-values: NSD = not significantly different, * = p<0.05, ** = p<0.0001.   
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Figure 2.4.  Caspase-1 activation correlates with lysosome damage.  Murine BMM 

were treated overnight with or without LPS then fed ground silica at 57, 170 or 500 

μg/mL, or were left unfed (no particles).  (A and B) Cells were then stained for an 

additional hour using the caspase-1 FLICA reagent; propidium iodide was added for the 

last 10 minutes to detect cells with permeabilized plasma membranes.  Active caspase-1 

(FLICA) and propidium iodide were imaged and quantified.  (A) Sample images of LPS 

pretreated cells fed 170 μg/mL of ground silica.  The cell on the right shows high levels 

of caspase-1 activation detected by FLICA, nuclear PI staining, and a phase-dark nucleus 

while the cell on the left contains silica but is negative for FLICA, PI and nuclear 

condensation.  Scale bar represents 10 μm.  (B) Data is displayed as histograms with 

integrated FLICA signal for individual cells plotted on the horizontal axis.  (C) Murine 

BMM lysosomes were labeled with Fdx in LPS-containing medium.   Macrophages were 

fed silica as above and imaged one hour later.  Data are the pooled results of three 

independent experiments (n≥ 400 total cells per condition).  (D) Murine BMM treated 

with LPS were fed nothing (no particles), PS beads, ground silica, or sRBC ghosts for 

one hour, then stained for active caspase-1.  Histograms show integrated caspase-1 

FLICA signal for individual cells plotted on the horizontal axis.  Data are pooled results 

of three independent experiments with at least 400 total cells examined per condition.  

(E) Data from LPS prestimulated BMM (Fig. 2.3) is replotted as histograms for 

comparison to (D). 
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Figure 2.5.  Secretion of IL-1β following particle phagocytosis is proportional to 

lysosome damage.  BMM pretreated with LPS were fed opsonized sRBC ghosts, PS 

beads or silica.  After four hours, culture supernatants were harvested and analyzed for 

IL-1β content.  Data are averaged results from three independent experiments.   
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Table.  Compiled numerical data.  Data are from LPS-stimulated BMM, except where 

noted.  Cells with lysosome release greater than ten percent and with caspase-1 FLICA 

signal greater than 2x10
6
 fluorescence units were considered positive for lysosome 

damage and caspase-1 activation respectively.  LD: for lysosome damage; PDN: phase-

dark nuclear morphology.  † indicates that the sample size is very small (less than 10 

FLICA-positive cells) and ND indicates conditions for which there are no data. 
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Chapter 3 

Inducible lysosome renitence limits Listeria monocytogenes escape in murine 

macrophages. 

 

3.1 Abstract 

In macrophages, mechanical lysosome damage can lead to release of 

inflammatory mediators, cell death and, entry of some pathogens into the macrophage 

cytoplasm.  In previous work, we developed a ratiometric, live cell microscopy technique 

for measuring lysosome damage and showed that LPS-stimulated macrophages were 

resistant to damage induced by phagocytosis of ground silica or silica microspheres 

(SMS).  In this work we characterized the mechanism of mechanical damage to 

lysosomes and the inducible lysosome protective phenotype.  Lysosome damage was 

reduced when the cells were pre-incubated with a reactive oxygen inhibitor or exogenous 

antioxidants, but was independent of the phagocyte oxidase, implying that non-

phagosomal reactive oxygen intermediates contribute to SMS-mediated damage.  

Maximal resistance to damage required 18 hours of LPS stimulation preceding SMS 

challenge.  Stimulation of macrophages with peptidoglycan, TNF-α, IFN-γ or hemolysin-

deficient Listeria monocytogenes ( hly L.m.) also conferred protection to subsequent 

SMS challenge.  Pre-stimulation with LPS or IFN-γ also increased resistance of 

lysosomes to photodamage.  The role of this inducible lysosome renitence (resistance to 

mechanical damage) was tested in L.m. infection which is capable of damaging 



 61 

macrophage lysosomes.  IFN-γ-stimulated macrophages derived from mice lacking the 

phagosomal oxidase inhibited L.m. escape, implying that inducible lysosome renitence 

represents a novel activity of activated macrophages which protects endocytic 

compartments from mechanical damage and membrane-damaging toxins.    

3.2 Introduction 

 Classical macrophage activation, sometimes termed M1 macrophage activation, 

was originally identified from the ability of a sub-lethal infection with Listeria 

monocytogenes (L.m.) to protect mice from subsequent infectious challenges (Mackaness, 

1962).  This effect was independent of humoral acquired immunity and dependent on 

differentiation of macrophages (Mackaness, 1962).  Macrophages become activated in 

response to combinations of soluble bacterial products, including lipopolysaccharide 

(LPS) and bacterial cell wall molecules, and host-derived signals, especially IFN-γ.  In 

addition to their role in L.m. infection (reviewed in (Shaughnessy and Swanson, 2007)), 

activated macrophages are important in defense against HIV (Cassol et al., 2010; Herbein 

and Varin, 2010; Verani et al., 2005), Yersina pestis (Bergsbaken and Cookson, 2009), 

and protozoan parasite (Lykens et al., 2010) infection, as well as in sepsis (Lin and Yeh, 

2005), cancer (Hallam et al., 2009) and atherosclerosis (Wilson, 2010).   

While this activation leads to dramatic changes in gene regulation (Martinez et al., 

2006), only a few anti-microbial mechanisms have been identified in activated 

macrophages (Trost et al., 2009).  One formidable mechanism by which activated 

macrophages oppose infection is the up-regulation of the phagosomal NADPH oxidase 

system which synthesizes superoxide in the phagosomal lumen (Babior, 2004).  

Superoxide and other reactive oxygen species are toxic microbicides.  Activated 
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macrophages also catalyze the production of reactive nitrogen species which can function 

as microbicides (MacMicking et al., 1997).  Other strategies employed by activated 

macrophages include increased phagosome-lysosome fusion and increased antigen 

presentation (Trost et al., 2009).  As only a fraction of the activation-regulated genes 

have been implicated in any of these processes, there may exist other important activities 

which macrophages use to combat infection.  In this study we identify lysosome 

renitence, the resistance of lysosomal membranes to mechanical forces, as an activity 

which activated macrophages employ to resist L.m. infection.   

L.m. is a Gram-positive facultative intracellular pathogen which can cause 

gastrointestinal disease in most individuals or more serious invasive infections in 

pregnant women, neonates or immuno-compromised individuals (Shaughnessy and 

Swanson, 2007).  L.m. uses a unique cholesterol-dependent cytolysin, lysteriolysin O 

(LLO), to escape from macrophage phagosomes into the cell cytosol where L.m. divides 

and nucleates F-actin to invade neighboring cells.  L.m. typically escapes macrophage 

phagosomes before phagosome-lysosome fusion and L.m. escape from macrophage 

lysosomes is inefficient (Henry et al., 2006).  Wildtype L.m., but not L.m. lacking the 

LLO gene ( hly), can disrupt pH and calcium gradients across phagosomal membranes, 

which allows L.m. to delayed phagosome-lysosome fusion for phagosomes containing 

bacteria (Henry et al., 2006; Shaughnessy et al., 2006). 

Activation of macrophages significantly alters the dynamics of L.m. infection 

(Shaughnessy and Swanson, 2007). IFN-γ has a critical role in protecting mice from L.m. 

infection (Kiderlen et al., 1984).  In tissue culture L.m. infection models, maximal 

protection is observed in macrophages pre-activated with LPS, IFN-γ, and a neutralizing 
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antibody against IL-10, and IL-6 (Myers et al., 2003).  Reactive oxygen and nitrogen 

species produced by activated macrophages inhibit L.m. escape from the macrophage 

vacuole (Myers et al., 2003). 

In previous work, we presented a fluorescence microscopy-based method for 

measuring lysosome damage (Davis and Swanson, 2010), which we used to confirm 

previous studies linking lysosome damage with inflammasome activation (Hornung et al., 

2008).  Pre-stimulation with LPS was necessary for IL-1β secretion and cell death 

following phagocytosis of ground silica.  Unexpectedly, LPS-stimulated macrophages 

showed less lysosome damage after phagocytosis of ground silica than did unstimulated 

macrophages (Davis and Swanson, 2010).   While silica-induced lysosome damage 

activates potentially damaging immune responses, loss of lysosome integrity in the 

context of an infection carries other consequences.  Intracellular pathogens such as 

viruses and some bacteria must access host cell cytosol from endocytic compartments.  

Damage to membranes of endocytic compartments is essential to such infections.  

Increased resistance to such membrane-damaging activities by activated macrophages 

would be a novel mechanism of resistance to infection.      

In this work we characterized the mechanism of particle-induced lysosome 

damage and the inducible mechanism of damage resistance. The lysosome protective 

effect observed with LPS pretreatment was also induced by other stimuli, including toll-

like receptor ligands, cytokines and whole bacteria.  As induced lysosome renitence 

protects lysosomes from a variety of damaging agents including ground silica, silica 

microspheres, and light-induced toxicity, we believe that this novel activity indicates a 

general lysosome membrane protection mechanism.  Induced lysosome renitence was 
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also capable of reducing L.m. escape, independent of the phagosomal oxidase, implying 

that inducible lysosome renitence is a clinically relevant novel activity of activated 

macrophages.   

3.3 Materials and methods 

3.3.1 Materials 

Fluorescein-dextran (Fdx)  average molecular weight 3000 Daltons, RPMI 1640, certified 

heat-inactivated fetal calf serum (FCS), penicillin/streptomycin solution, valinomycin, 

nigericin, recombinant mouse IL-10, recombinant mouse IL-1β, SNARF-1 carboxylic 

acid acetate succinimidyl ester, Cell trace CFSE cell proliferation kit (carboxyfluotescein 

diacetate succinimidyl ester), Texas red-dextran average molecular weight 10,000 

Daltons, Texas red-phalloidin, and gentamicin solution were purchased from Invitrogen 

(Carlsbad, CA, USA).  Recombinant human IFN-β, diphenyleneiodonium (DPI), and n-

acetyl-l-cystiene (NAC), were purchased from Sigma Chemical Co. (St. Louis, MO. 

USA).  Lipopolysaccharide #225 Salmonella typhurium was from List Biological 

Laboratories INC (Campbell, CA, USA).  Oxide silica 3 µm microspheres were 

purchased from Microspheres-Nanospheres (Cold Spring, NY, USA).  35 mm coverslips 

with attached 14 mm coverglass were purchased from MatTek Corp (Ashland, MA, 

USA).  Peptidoglycan (PGN) from Escherichia coli 0111:B4 was purchased from 

Invivogen (San Diego, CA, USA).  Recombinant IFN-γ was from R&D Systems 

(Minneapolis, MN, USA).  Recombinant TNF-α was purchased from eBiosciences (San 

Diego, CA, USA).  Recombinant mouse IL-6 was purchased from Calbiochem (San 

Diego, CA, USA).  MIN-U-SIL-15 ground silica was a generous gift from U.S. Silica 

(Berkeley Springs, WV, USA). 
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3.3.2 Bone marrow-derived macrophages 

 C57BL/6J (wildtype) and B6.129S-Cybb
tm1Din

/J (Nox-2 deficient) mice were 

purchased from Jackson Labs (Bar Harbor, ME, USA).  Marrow from MyD88-deficient 

mice was a gift from the laboratory of Dr. Chung-Hee Chang at the University of 

Michigan.  Differentiation of macrophages from mouse bone marrow cells has been 

previously described (Davis and Swanson, 2010; Swanson, 1989).  Briefly, suspended 

marrow cells extracted from mouse femurs were cultured in the presence of M-CSF for 

six days.  M-CSF was from 30% L-cell conditioned medium included in the 

differentiation medium.  Bone marrow-derived macrophages (BMM) were then 

resuspended, frozen, and stored at -130
o
 C as aliquots in M-CSF-containing medium with 

10% DMSO, then thawed as needed for experiments.  8x10
4
 cells were plated onto the 

bottom of each Mat-tek dish in RPMI 1640 with 10% FCS and penicillin/streptomycin.   

3.3.3 Loading macrophage lysosomes and stimulation of cells 

 After allowing BMM to attach and recover for several hours, medium was 

replaced with fresh RPMI 1640 with 10% FCS and penicillin/streptomycin containing 

150 µg/mL fluorescein-dextran (Fdx) and cultured overnight.  BMM were then rinsed 

and chased in fresh RPMI 1640 with 10% FCS and penicillin/streptomycin for at least 3 

hours to ensure all Fdx was trafficked into lysosomes.  Penicillin/streptomycin was 

omitted from BMM to be infected with L.m.  Cytokines and toll-like receptor ligands 

used to stimulate BMM were included in both the Fdx pulse medium and the subsequent 

Fdx-free chase medium, except as indicated in Figure 3.1A.  The concentrations of these 

molecules were as follows; LPS was used at 100 ng/mL, PGN at 2.5 µg/mL, IFN-γ at 100 
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U/mL, TNF-α at 100 ng/mL, IL-6 at 5 ng/mL, IL-10 at 100 ng/mL, IL-1β at 10 ng/mL 

and IFN-β at 100 U/mL. 

 After Fdx was chased into BMM lysosomes, some cells were fed ground silica or 

silica microspherses (SMS).  SMS were acid washed overnight in 1 N HCl then rinsed 

several times in distilled water.  For some experiments, SMS were coated with 0.1 M 

poly-L-lysine (PLL) for 30 minutes.  BMM medium was replaced with medium 

containing particles and incubated for an hour before imaging.  Uncoated SMS were fed 

to BMM in serum-free medium while PLL-coated SMS were fed to cells in medium 

containing 10% FCS. 

3.3.4 Measurement of lysosome damage 

 Lysosome damage was measured in live BMM using epi-fluorescence ratiometric 

microscopy, as described previously (Davis and Swanson, 2010).   Briefly, cells were 

rinsed and imaged in Ringer‟s buffer (155 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM 

MgCl2, 2 mM NaH2PO4, 10 mM Hepes, and 10 mM glucose), using a Nikon TE300 

inverted microscope equipped with a mercury arc lamp, 60x plan-apochromat 1.4-

numerical aperture objective, a cooled digital CCD camera (Quantix Photometrics, 

Tucson, AZ, USA), a temperature controlled stage and a Fura/FITC ratiometric dichroic 

mirror (Omega Optical, Brattleboro, VT, USA).  Three images were acquired for each 

field of cells: one phase-contrast image and two fluorescence images, which used the 

same emission filter but two different excitation band pass filters (centered at 440 nm and 

485 nm).  Filters were mounted in computer-controlled filter wheels (Sutter Instruments, 

Novato, CA, USA).  Metamorph software (from Molecular Devices, Downingtown, PA, 

USA) was used for image capture and analysis.   
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The Fdx signal in the 440 nm excitation channel is relatively insensitive to pH, 

whereas the signal in the 485 channel varies significantly between pH 4.5 and 7.5.  Thus 

the ratio of Fdx fluorescence in the 485 nm channel divided by that in the 440 nm 

channel is related to the pH of Fdx molecules in any sub-region of an image (pixel).  485 

nm/440 nm ratios were converted to pH by calibrating the microscope, as described 

previously (Christensen et al., 2002; Davis and Swanson, 2010; Shaughnessy et al., 

2006).  Briefly, 485 nm /440 nm ratios were measured in cells with intracellular pH fixed 

at pH 9.0, 7.5, 7.0, 6.5, 6.0, 5.5, 5.0, 4.5 and 4.0, using clamping buffers (130 mM KCl, 1 

mM MgCl2, 15 mM Hepes,
 
15 mM MES).   A 4-variable sigmoidal standard curve was 

then constructed using Sigmaplot software (San Jose, CA, USA). Areas showing pH 

greater than pH 5.5 were taken to indicate lysosome release. The percent of Fdx released 

in cells was calculated by summing the 440 nm intensity of pixels in regions of pH above 

5.5 and dividing this value by the summed 440 nm intensity for the whole cell.  This 

value (multiplied by 100) was the percent of Fdx released.   

3.3.5 Photo-oxidative damage of lysosomes 

 This technique is based on that published in Kirkegaard et al. 2010 (Kirkegaard et 

al., 2010).  BMM were co-loaded with 150 µg/mL Fdx along with 75 µg/mL Texas Red-

dextran (TRdx).  LPS and IFN-γ stimulation was performed for 18 hours, as described 

above.  TRdx was used as a photosensitizer while Fdx imaging was used to monitor 

lysosome damage.  BMM were rinsed with Ringer‟s buffer, mounted onto the microscope 

heated stage, and allowed to equilibrate for 5 minutes.  Once a frame was selected for 

imaging, an initial Fdx image set was acquired.  Using a 580 nm excitation filter the cells 

were then exposed to bright TRdx light in regular, 5-second exposures.  Between each 
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580 nm photo-exposure, Fdx images at 440 nm and 485 nm were acquired to measure 

lysosome damage.  This process was repeated for 60 total seconds of 580 nm photo-

exposure.  Percent Fdx release was then calculated for each time point.   

3.3.6 Infection of cells with Listeria monocytogenes 

 Wildtype Listeria monocytogenes (L.m.) strain was DP-L10403 while hly 

denotes hly deletion strain DP-L2161 (provided by Daniel Portnoy, University of 

California, Berkeley).  L.m. cultures were grown overnight at room temperature then 

diluted and grown 75 minutes at 37 degrees with shaking which typically resulted in an 

O.D. 600nm of 0.8.  Bacterial concentration was calculated by measuring the optical 

density of the culture at 600 nm before staining.  One mL of bacterial culture was then 

centrifuged (2 min at 5000g) and resuspended in Ringer‟s buffer.  Bacteria were stained 

using SNARF-1 or CFSE dye by adding these dyes to the Ringer‟s buffer and incubating 

for another 15 min in a shaking 37
o
 incubator.  The culture was then washed three times 

in Ringer‟s buffer.  BMM were infected by adding bacteria to 200 µL of culture medium 

without antibiotics and replacing the BMM culture medium with this infection mix.  All 

infections were 10 minutes followed by rinsing in Ringer‟s buffer and chasing in culture 

medium containing gentamicin to kill any remaining extracellular L.m.  After 90-120 

minutes of culture, infected cells were either imaged for lysosome damage or fixed to 

measure escape. 

3.3.7 Measurement of vacuole escape by Listeria monocytogenes 

BMM infected with CFSE-stained L.m. were fixed using cytoskeleton fix (2% 

paraformelahyde, 30mM Hepes, 10mM EGTA, 0.5 mM EDTA, 5 mMMgSO4, 33 mM 

potassium acetate, 5% polyethylene glycol 400) and permeabilized in 0.1% Triton X-100 
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in PBS.  Coverslips were blocked in PBS containing 2% goat serum and stained using 

Texas Red-phalloidin and DAPI.  Cells were imaged and the number of total and escaped 

bacteria was recorded for each infected macrophage. 

3.3.8 Statistical methods 

 All statistical tests were Student‟s T-Tests, performed on groups of cells 

containing similar numbers of SMS, L.m. or photostimulation.   

3.4 Results 

3.4.1 Reactive oxygen species contribute to particle-mediated lysosome damage. 

 The LPS-inducible lysosome protective activity may consist of mechanisms 

which defend the membrane itself from damage, which repair minor damage, or which 

prevent damage by interfering directly with the mechanism(s) by which particles cause 

damage.  To examine the role of damage interference, the mechanism by which silica 

induces lysosome damage was explored.  We first examined the role of reactive oxygen 

species (ROS) in silica-induced lysosome damage.   Some groups have implicated ROS 

in silica induced NLRP3 activation (Cassel et al., 2008; Hu et al., 2010), while others 

have disputed this role (Hornung et al., 2008).   

 Diphenyleneiodonium (DPI) is a potent inhibitor of most ROS-generating 

activities in macrophages, including the phagocyte oxidase (NOX2) and the 

mitochondrial electron transport chain (Li and Trush, 1998; O'Donnell et al., 1993; 

Stuehr et al., 1991).  Macrophages loaded with Fdx and pre-incubated in DPI or control 

medium were fed ground silica (Fig. 3.1A) or SMS (Fig. 3.1B) and the extent of damage 

was assessed.  In both cases DPI reduced the lysosome damage following phagocytosis.  

The damage reduction was independent of any DPI effect on the efficiency of 
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phagocytosis, as DPI-dosed BMM which had phagocytosed SMS showed less lysosome 

damage than control cells which had ingested equivalent numbers of particles (Fig. 3.1B).   

These data indicate that ROS mediate lysosome damage after phagocytosis.  This 

conclusion was also tested in BMM fed SMS in medium containing the exogenous 

antioxidant n-acyl-cysteine (NAC).  Antioxidants like NAC interfere with radical 

chemistries by breaking the free radical reaction chain or by detoxifying free radical 

reaction products.  BMM pre-incubated in NAC showed less SMS-mediated lysosome 

damage than did control cells (Fig. 3.1C) confirming the role of ROS in silica-mediated 

lysosome damage.   

 A major source of ROS in the phagosomal lumen is the phagosomal NADPH 

oxidase (Nox2).   Once assembled this complex converts luminal oxygen into superoxide 

radicals by oxidizing cytosolic NADPH.  One essential component of Nox2 is the 

cytochrome gp91phox (Babior, 2004).  BMM were derived from mice lacking the 

gp91phox gene (Nox2 -/-).  These nox2-deficient BMM and wildtype controls were 

loaded with Fdx and fed ground silica or SMS as lysosomal challenge.  No difference in 

lysosome damage was observed between wildtype and nox2-deficient BMM fed ground 

silica (Fig. 3.1D), or SMS (Fig. 3.1E), indicating that the phagocyte oxidase does not 

contribute to particle-mediated lysosome damage.  Taken together, these data indicate 

that phagosomal oxidase-independent ROS plays an important role in silica-induced 

lysosome damage.    

3.4.2 Macrophage activation stabilizes lysosomes. 

 Previous studies established that particle-mediated lysosome damage was reduced 

when cells were pre-stimulated with LPS (Davis and Swanson, 2010), indicating that the 



 71 

same signals which up-regulate pro-IL-1β, NLRP3, and other genes necessary for the 

inflammasome response to lysosome damage also protect lysosomes from damage.  To 

analyze this inducible response, we first measured the time course of the LPS protective 

effect.  Following Fdx loading of lysosomes and LPS pre-stimulation of variable time, 

BMM lysosomes were damaged using SMS.  Stimulating BMM with LPS for 1 or 2 

hours was insufficient to induce lysosome renitence (Fig. 3.2A).  Full lysosome 

protection required 18 hours of LPS stimulation (Fig. 3.2A).  This long time delay 

indicates that lysosome protection may require changes in gene expression, 

autocrine/paracrine signaling and/or the accumulation of metabolites.  The requirement of 

novel translation could be tested by inhibiting translation with cycloheximide and the role 

of paracrine signaling could be probed using neutralizing antibodies against potential 

signaling intermediates, such as TNF-α. 

 We hypothesized that other stimuli also induce lysosome renitence.  BMM 

lysosomes were loaded with Fdx and stimulated with LPS, peptidoglycan (PGN), IFN-γ, 

TNF-α, IL-6, IL-10, IL-1β, or IFN-β (Fig. 3.2B & C) then the lysosome damage induced 

by phagocytosis of SMS was measured.  LPS, PGN, IFN-γ, and TNF-α protected 

lysosomes from SMS challenge, IL-6, IL-10, IL-1β, and IFN-β did not.  TNF-α-induced 

protection of lysosomes has been reported for other systems (Persson and Vainikka, 

2010).  Thus lysosome renitence can be induced by different signaling inputs leading to 

classical macrophage activation.   

 To measure the contribution of Myd88 to signaling that induces lysosome 

protection, BMM from Myd88-deficient mice were loaded with Fdx, pre-stimulated with 

LPS or TNF-α, and then challenged with SMS.  Lysosome damage was similar between 
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wildtype and Myd88-deficient BMM when the cells were unstimulated or stimulated with 

TNF-α.  For LPS, lysosome damage was significantly decreased in BMM lacking 

MyD88, compared to unstimulated cells, (Fig. 3.2D).  This is consistent with the known 

properties of TLR4 signaling, in that TRIF signaling can partially compensate for 

MyD88-deficiency (Akira and Takeda, 2004).   

 To examine the relevance of inducible lysosome renitence for infections we 

measured the ability of whole live bacteria to induce lysosome resistance to damage.  

BMM were fed hly L.m., then loaded with Fdx then assayed 18 hours later for lysosome 

damage after phagocytosis of SMS.  L.m. lacking the hly gene, which encodes the pore-

forming cytolysin, Listeriolysin O, cannot escape the macrophage vacuole and are killed 

in lysosomes (Portnoy et al., 1988).  BMM fed hly L.m. showed less lysosome damage 

after phagocytosis of SMS than did unstimulated BMM (Fig. 3.2E).  This protection was 

similar to that induced by LPS.  Those BMM exposed to hly L.m. which did not ingest 

bacteria showed lysosome damage levels comparable to unstimulated cells (Fig. 3.2F), 

indicating that the hly L.m. activated this lysosome protective mechanism inside the 

cells that ingested them, rather than through some secreted factor.  Thus, macrophages 

possess an inducible system for the protection of lysosomes which can be elicited by 

soluble bacterial mediators, the phagocytosis of bacteria or activation signals from other 

cells of the immune system. 

3.4.3 Inducible lysosome renitence protects lysosomes against photo-oxidative 

damage.   

 Lysosome protection was also measured in a non-particulate lysosome damaging 

system. BMM lysosomes were co-loaded with Texas red-dextran (TRdx), as a 
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photosensitizer, and Fdx, to monitor lysosome integrity, then damaged by exposure to 

light, as in the methods of Kirkegaard et al. (Kirkegaard et al., 2010). Cells were 

illuminated with 580 nm light, which excites TRdx but not Fdx. While most of this 

excited TRdx returns to the ground state via fluorescence, some fraction of these excited 

TRdx will take part in photo-oxidation chemistries which damage cell membranes. BMM 

were loaded with TRdx and Fdx and prestimulated with LPS or IFN-γ.  The cells were 

illuminated with 580 nm light in five-second increments.  Lysosome integrity was 

measured by imaging Fdx after each 580 nm exposure.  In unstimulated BMM, lysosome 

damage was detectable as early as 25 seconds of 580 nm exposure and was nearly 

complete by 50 seconds (Fig. 3.3A & B).  This measurement was actual lysosome 

damage and not photobleaching of the Fdx as BMM not loaded with photosensitizer but 

exposed to the same 580 nm light failed to show any neutral Fdx throughout the 

experiment (Fig. 3.3A & B).  LPS- or IFN-γ-stimulated BMM were protected from 

phototoxic lysosome damage as the average lysosome damage in these conditions was 

reduced in LPS-or IFN-γ-stimulated BMM between 30 and 55 seconds.  Thus the 

lysosome protective activity induced in macrophages applies to lysosome damage other 

than that caused by silica (Fig. 3.3A & B).   

3.4.4 Lysosome renitence protects activated BMM from L.m. escape and lysosome 

damage. 

 We hypothesized that induced lysosome renitence could inhibit the escape of 

invasive pathogens from macrophage vacuoles.  The ability of lysosome renitence to 

limit L.m. escape in a BMM tissue culture model was assayed.  The escape of L.m. from 

macrophage phagosomes into the host cell cytosol is a critical step in the life cycle of this 
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invasive bacterial pathogen (Shaughnessy and Swanson, 2007).  Previous data suggested 

that in a low multiplicity of infection (MOI) BMM infection model most L.m. vacuolar 

escape occurs before vacuoles fuse with lysosomes (Henry et al., 2006).  Fdx-loaded 

BMM were fed SNARF-1-labeled wildtype or hly L.m.  Wildtype L.m. induced high 

levels of lysosome damage at higher bacterial loads (Fig. 3.4A, B, &C).  Some cells 

which contained fewer (1-7) bacteria had high levels of lysosome damage indicating that 

low numbers of bacteria could induce a detectable signal.  Generally, however, cells 

containing fewer than seven bacteria showed low amounts of lysosome damage (Fig. 4C).  

When other BMM coverslips were infected with identical doses of L.m. and scored for 

L.m. escape using phalloidin (Fig. 3.4D), amounts of escape and lysosome damage were 

both dose-dependent and correlated (Fig. 3.4E).  BMM infected with hly L.m. showed 

neither lysosome damage nor L.m. escape, confirming that lysosome damage is 

dependent on the bacterial cytolysin LLO.  Of note, cells containing low numbers of 

wildtype L.m. more frequently had escaped bacterium than lysosome damage.  This 

difference decreased at higher bacterial loads until there was no difference in the group 

with the highest numbers of L.m. (Fig. 3.4F).  These data suggest that while L.m.-induced 

lysosome damage is dependent on LLO, escape itself may not be the primary cause of 

lysosome damage in this system.   

Inducible lysosome renitence may reduce either of these potentially harmful 

outcomes.  Previous work has shown that activated macrophages use the nox2 

phagosomal oxidase to inhibit L.m. escape (Myers et al., 2003).  Nox2 was not critical to 

the induction of damage as lysosome damage levels in macrophages lacking the nox2 

phagosomal oxidase were identical to control cells (Fig 3.1 D&E).  To determine if 



 75 

induced lysosomal renitence inhibits L.m. escape in activated macrophages, wildtype and 

nox2-deficient BMM were loaded with Fdx, activated with IFN-γ, then infected with 

wildtype L.m.  Although IFN-γ-activated nox2-deficient BMM could not inhibit escape as 

well as IFN-γ activated wildtype BMM, they were significantly better than unactivated 

cells (Fig. 3.4H).  IFN-γ-activated, nox2-deficient BMM also showed reduced levels of 

lysosome damage after L.m. infection compared to unactivated nox2-deficient cells (Fig. 

3.4I).  Together these data imply that inducible lysosome renitence can inhibit L.m. 

escape and LLO-induced lysosome damage.  Thus lysosome renitence is a novel activity 

employed by activated macrophages to limit invasive pathogen escape as well as 

intracellular damage. 

3.5 Discussion 

 Lysosome renitence is a novel mechanism of activated macrophages which 

protects cells from harmful lysosome disruption.  This protection is important in part 

because lysosome damage can have grave consequences for host cells.  Aside from 

allowing access of microbes or virulence factors to an immune-privileged niche, 

lysosome damage induces a pro-inflammatory cell death program in activated 

macrophages.  Lysosome damage-dependent inflammasome activation requires NLRP3 

and results in IL-1β release and cell death (Davis and Swanson, 2010; Hornung et al., 

2008).  Lysosome damage is important in several diseases of crystal or particle 

accumulation such as silicosis (ground silica crystals) (Cassel et al., 2008; Hornung et al., 

2008) and arteriosclerosis (cholesterol crystals) (Duewell et al., 2010) and may also be 

important for gout (monosodium-urate crystals) and  asbestosis.  As there are significant 

negative consequences of excessive lysosome damage, there may be evolutionary 
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pressure to minimize lysosome damage in situations of pre-existing inflammation.  On 

the other hand, lysosome damage in unactivated cells results in less inflammatory cell 

death (Boya and Kroemer, 2008).  This dichotomy between the results of lysosome 

damage in activated and unactivated cells may explain why renitence correlates with 

macrophages activation: low lysosome renitence in non-infectious settings and high 

renitence in situations where pathogens have been detected.  Some level of lysosome 

permeability may even be beneficial in some circumstances, as it may facilitate the cross 

presentation of exogenous antigens on MHC class I molecules.  Indeed, low levels of 

background lysosome release have been observed in some systems (Davis and Swanson, 

2010).   

 One way cells may circumvent inflammatory sensing of lysosome damage is by 

sampling earlier endocytic compartments.  The lysosomal damage ligand recognized by 

the NLRP3 inflammasome and its localization are unclear at this time, especially as there 

is some uncertainty as to the role of cathepsins and cathepsin inhibitors in activating 

inflammasomes (Dostert et al., 2009; Hornung et al., 2008; Newman et al., 2009).  If 

early endocytic compartments are not under this innate immune surveillance, then some 

pathogens may avoid detection by entering cytoplasm from early endosomal 

compartments.  For instance, preferential escape of L.m. from pre-lysosomal 

compartments (Henry et al., 2006) may lessen inflammasome activation.  In cells 

containing low numbers of bacteria, L.m.-induced lysosome damage is less frequent than 

L.m. vacuolar escape, suggesting that some L.m. are capable of accessing host cell cytosol 

without significantly damaging lysosomes.  In addition to minimizing the bacterium‟s 
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exposure to microbicidal lysosomal conditions, early endosomal escape may enable 

pathogens to evade this immune sensing mechanism.  

 Inflammasome activation in L.m. tissue culture infection is dependent on the 

expression of LLO, as bacteria lacking this toxin do not induce IL-1β secretion (Warren 

et al., 2008). However, in addition to lysosome damage bacterial escape also delivers 

other inflammasome activators into the host cell cytosol.  Some inflammasome activation 

was observed to be IPAF- and flagellin- dependent (Warren et al., 2008; Way et al., 

2004).  AIM2 inflammasomes can also sense L.m. DNA in host cell cytosol (Kim et al., 

2010).  NLRP3- and ASC- dependent inflammasome activation are independent of IPAF 

and AIM2, suggesting that lysosome damage is sensed during in L.m. infection.   

 Bacterial load may affect lysosome damage-sensing by macrophages.  Figure 3.4 

shows that lysosome damage is proportional to the number of L.m. phagocytosed.  At low 

doses of L.m., lysosome damage was less frequent than escape and typically low while at 

higher bacterial loads lysosome damage was extensive and as frequent as escape.  It 

could be that infection of macrophages by one or two bacteria evades innate immune 

surveillance better than infections with higher bacterial loads, such as later in infections.   

 While lysosome damage induced by single L.m. bacteria was infrequent and on 

average low, some macrophages containing only one bacterium were positive for 

lysosome damage (Fig. 3.4 and data not shown).  These data imply that ratiometric 

detection of released Fdx is sensitive enough to detect the Fdx released by a single L.m. 

escape event and that escape only infrequently results in lysosome damage.  While 

lysosome damage and escape were completely dependent on the pore-forming toxin LLO 

(Fig. 3.4C & E), the mechanism by which LLO and L.m. induce lysosome damage 
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remains unknown.  Although single escape events only infrequently induced lysosome 

damage, perhaps multiple escape events in cells infected with many bacteria do induce 

lysosome damage.  Alternatively, LLO may damage lysosomes in processes outside of 

proper bacterial escape.  LLO secreted into the endosomal lumen by bacterium prior to 

escape or by the fraction of L.m. that do not escape (about 75%; Fig. 3.4H) may be 

trafficked to lysosomes and attack membranes there.  The fate of LLO secreted into the 

cytosol by L.m. is unknown (Schnupf and Portnoy, 2007).  Perhaps this cytosolic LLO 

attacks the cytosolic face of lysosomal membranes.  While L.m. escape from lysosomes 

may be inefficient (Henry et al., 2006), LLO may nonetheless damage lysosomes by 

other mechanisms.  

 Lysosome renitence was observed in a variety of different lysosome-damaging 

conditions.  Ground or microsphere silica particles damaged lysosomes mechanically 

(Fig. 3.2), while L.m. damaged lysosomes by the pore-forming toxin LLO.  In addition to 

protecting cells from these particles, induced lysosome renitence protected macrophage 

lysosomes from damage induced by photo-oxidation of a pre-loaded photo-sensitizer 

independent of any particles (Fig. 3.3).  These observations demonstrate that lysosome 

renitence inhibits lysosome damage from a variety of insults.  Thus, lysosome renitence 

is unlikely to involve mechanisms specific to any one damaging stimulus but is instead a 

general pathway which re-enforces lyososomal membranes against mechanical and 

chemical damage.  This novel activity of activated macrophages was induced by the TLR 

ligands LPS and PGN, whole bacteria, as well as the cytokines IFN-γ and TNF-α (Fig. 

3.1).  That these stimuli derive from disparate sources re-enforces that lysosome renitence 
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is probably induced in a variety of situations and is a novel common feature of classical 

macrophage activation.   

Macrophages cultures fed Δhly L.m. induced lysosome renitence (Fig. 3.2E).  

Induction of lysosome renitence required phagocytosis of bacteria as bystander cells were 

not protected (Fig. 3.2F).  This indicates that the secondary secretion of soluble factors, 

such as TNF-α, was not responsible for this induction.  A recent study showed that Δhly 

L.m. induced TNF-α secretion by macrophages nearly as well as wildtype L.m. 

(Dewamitta et al., 2010) suggesting that bystander cells could be protected by TNF-α 

induced renitence in some circumstances.  Our studies used sparsely cultured cells, 

whereas the Dewamitta study involved a higher density macrophage culture.  Thus 

dilution of secreted cytokines may have prevented any bystander protection.  In the 

setting of a L.m. infection, these data suggest that macrophages which survive an early 

infection by L.m. are protected from subsequent infection.  Figure 3.2E used Δhly L.m. to 

activate macrophages, as wildtype L.m. would have killed the macrophages.  Thus, the 

use of mutant bacteria insured a robust population of surviving cells and also reduced the 

role of inflammatory mediators released by death of the macrophages.   

The question of whether lysosome-damaging agents themselves induce lysosome 

renitence in surviving cells is yet unanswered.  Ground silica induces TNF-α secretion in 

a macrophage like cell line which is not killed by lysosome damage induced pyroptosis 

(Claudio et al., 1995).  This suggests that ground silica also induces renitence in survivor 

and bystander cells.  As induced renitence protects macrophage lysosomes from various 

insults, lysosome renitence induced after surviving one infection could provide some 

measure of protection in a subsequent infection with a different intracellular pathogen.  
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Accordingly, macrophages which survive a L.m. infection should be protected in a 

subsequent infection with Mycobacterium tuberculosis, which requires some lysosome-

cytosol contact but does not typically escape out of the vacuole (Teitelbaum et al., 1999).   

The mechanisms by which macrophages induce lysosome renitence remain 

unknown.  The role of ROS in the various lysosome damaging mechanisms tested here is 

mixed.  Non-phagosomal ROS was important to damage induced by silica particles (Fig. 

3.2) while luminally generated ROS from the TRdx photo-stimulation probably account 

for a portion of the phototoxic damage (Fig. 3.3).  In cells infected with L.m., 

phagosome-derived ROS protected lysosome integrity (Fig. 3.4I) and inhibited escape of 

L.m. from the macrophage phagosome (Myers et al., 2003).  Thus, while modulation of 

ROS remains a possible mechanism for modulating lysosome damage, this is unlikely to 

be the main mechanism of lysosome renitence. 

 The data presented here show that induced lysosome renitence is a novel pathway 

induced in activated macrophages which reduces the access of intracellular pathogens to 

macrophage cytosol.  This activity also reduced irritant particle-induced lysosome 

damage, indicating that therapeutic interventions which increase renitence, preferably 

independent of inflammation, could be efficacious against infection by intracellular 

pathogens or for individuals exposed to harmful lysosome-damaging particles.   
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Figure 3.1. Non-phagosomally generated reactive oxygen intermediates contribute 

to silica-mediated lysosome damage.  BMM were loaded with Fdx then fed ground 

silica (A and D) or PLL-coated silica microspheres (SMS) (C,B&E).  5μM 

diphenyleneiodium (DPI) (A & B) or 50 mM N-acyl-cysteine were added in the medium 

with the particles.  D) and E) BMM were derived from wildtype or Nox2 deficient (Nox2 

-/-) mice, loaded with Fdx and fed particles.  After one hour, cells were imaged and 

lysosome damage measured.  All data points represent mean±SEM Fdx release with 

n>200 BMM for A,B,D and E and n>50 BMM for C.  * p<0.05, ** p<0.001. 
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Figure 3.2. Macrophage activation increases lysosome renitence.  BMM were loaded 

with Fdx then chased for at least 3 hours in medium without Fdx.  BMM were then fed 

SMS and imaged after one hour to measure lysosome damage.  Following imaging the 

number of SMS phagocytosed by each BMM was counted and groups of BMM which 

contained similar numbers of SMS were plotted together.  Bars and data points are the 

average percent of Fdx released for at least 100 cells in all cases.  Error bars represent 

SEM.  BMM were stimulated during loading and chase with various stimuli.  A) 100 

ng/mL LPS was included in the loading and or chase medium for various times.  BMM 

stimulated for 18 or 6 hours were significantly different from those stimulated for 1 or 2 

hours or those left unstimulated (p<0.001) and BMM stimulated for 18 hours were 

significantly different than cells stimulated for 6 hours (p<0.05).  B) 100 ng/mL LPS, 2.5 

μg/mL peptidoglycan (PGN), 100 U/mL IFN-γ, 100 ng/mL TNF-α, 5 ng/mL IL-6  C) 100 

ng/mL IL-10, 10 ng/mL IL-1β, or 100 U/mL IFN-β were included in the loading and 

chase medium of select BMM.  D) BMM were derived from C57/BL6 (WT; dark bars) 

and myd88-deficient (Myd88 -/-; open bars) mice.  These BMM were dosed with 100 

ng/mL LPS or 100 ng/mL TNF-α in loading and chase medium.  E) BMM were infected 

with SNARF-1 stained hly deficient L.m. (Δhly) or stimulated with 100 ng/mL LPS or 

left unstimulated.  These cells were then lysosomaly challenged with SMS or left 

unchallenged.  F) Re-plotted data from the Δhly–primed  SMS-fed condition in E) 

(darkest bar).  Using the SNARF-1 signal, BMM were separated into cells which had 

phagocytosed at least one bacterium (Δhly; dark bar) and those cells in the same 

coverslips which had no SNARF-1 signal (w/o Δhly; striped bar).  Bars in B-D represent 

cells which contained between 7 and 9 SMS while Bars in E & F represent cells which 

contained between 1 and 3 SMS.  * p<0.05 ** p<0.001. 
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Figure 3.3. Inducible lysosome renitence protects lysosomes against photodamage.  

BMM lysosomes were loaded with Fdx and TRdx overnight and chased as in previous 

figures.  As in Figure 3.1, LPS (100 ng/mL) or IFN-γ (100 U/mL) were included in the 

loading and chase medium as indicated.  Coverslips were mounted onto the stage of an 

epi-fluorescent microscope.  Chosen fields were then exposed to bright 580 nm light from 

the microscope arc lamp in 5-second pulses with Fdx pH images acquired in between 

each pulse.  A) Sample pH maps of fields of photostimulated BMM with pH color key.  

B) Percent of Fdx released was calculated for each cell.  Average percent release for each 

time point is plotted ± SEM.  Note LPS and IFN-γ curves are nearly identical making 

them difficult to distinguish.  At least 50 cells were analyzed for each condition.  * 

p<0.05 ** p<0.001 noted comparisons are between control cells and LPS and IFN-γ. 
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Figure 3.4. Lysosome renitence protects IFN-γ activated macrophages from L.m. 

escape and damage.  A-C) C57/BL6 BMM were loaded with Fdx overnight and then 

chased in dye and antibiotic-free medium for at least 3 hours.   BMM were infected with 

SNARF-1 labeled wildtype or Δhly L.m. for 10 min then chased in gentamicin-containing 

medium.  90 minutes later BMM were imaged to measure lysosome damage and the 

number of bacteria in each cell counted using the SNARF-1 signal.  A) Fdx pH map of a 

BMM infected with wildtype L.m. B) Fdx pH map of a BMM infected with Δhly L.m and 

pH color key.  Scale bar in A) represents 10μm while green pseudo-color in A), B) and 

G) labels SNARF-1 labeled L.m.  C) Average ± SEM percent Fdx release for BMM 

plotted in groups of cells containing similar numbers of total wildtype (filled bars) or 

Δhly (open bars) L.m.  D) Sample image of BMM infected with CFSE stained L.m. 

(pseudo-colored green) then fixed and stained with phalloidin for F-actin (pseudo-colored 

red) and DAPI (pseudo-colored blue)  E) Fdx release data from C) re-plotted with 

average number of escaped (phalloidin positive) L.m. ± SEM plotted on the x-axis for 

each category of BMM grouped by total number of L.m.  Filled circles represent groups 

of BMM infected with wildtype L.m. while open symbols near the origin represent all 

three groups of Δhly L.m. which have background Fdx release and no escape.  F) Average 

percent of cells positive for at least one event of L.m. endosomal escape (filled bars) or 

greater than five percent Fdx release (striped bars).  Bars are average percentages from at 

least 6 different coverslips ± SEM.  G) Example Fdx pH map of nox2 deficient BMM 

pre-stimulated with 100 U/mL of IFN-γ depicting reduced lysosome damage.  H) and I) 

C57/BL6 (WT) and nox2-deficient (Nox2 -/-) BMM were pre-stimulated with IFN-γ 

(open bars) or left un-simulated (dark bars) and for I) loaded with Fdx.  BMM were 

infected as above with wildtype L.m. and after 120 minutes were fixed and stained with 

phalloidin for L.m. escape H) or imaged for Fdx release I).  Bars in H) are average 

percent of phalloidin positive L.m. and error bars are SEMs with about 150 cells analyzed 

for each bar.  Bars in I) are average percent of Fdx released ± SEMs of BMM containing 

1 to 7 L.m. per cell.  About 150 cells were analyzed for each bar.  * p<0.05 ** p<0.001  
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Chapter 4 

Mechanisms of lysosome damage and repair. 

 

 

4.1 Abstract 

 Lysosome renitence may consist of mechanisms which reduce membrane-

damaging chemistries, which increase membrane resistance to damage or which repair 

damaged organelles.  We therefore examined several possible mechanisms of membrane 

stabilization and repair.  Exogenously added HSP70 protected macrophage lysosomes 

and pharmacological inhibition of HSP70 activity reversed lysosome renitence, indicating 

a role for HSP70 in lysosome stabilization.  Although previous studies showed that 

inhibition of acid sphingomyelinase (ASM) destabilized fibroblast lysosome membranes, 

the same ASM inhibitory drug did not alter silica microsphere (SMS)-mediated lysosome 

damage in macrophages.  To examine possible lysosome repair mechanisms in lysosome 

renitence, we tested two possible repair mechanisms: calcium-mediated membrane 

patching and autophagy.  Chelation of lysosomal but not extracellular calcium increased 

SMS-mediated lysosome damage, suggesting that luminal calcium protects lysosomes 

from damage.  Time-lapse studies of phagocytosis indicated the existence of rapid 

membrane –sealing activities on phagosomes.  GFP-Lc3, a marker of autophagosomes, 

localized to a fraction of phagolysosomes which contained lysosome-damaging SMS.  

GFP-Lc3 did not localize to phagolysosomes containing a different variety of SMS which 
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did not damage lysosomes.  Together these data suggest that lysosome repair mechanisms 

contribute to lysosome renitence.     

4.2 Introduction 

 The mechanism of inducible lysosome renitence is unknown.   Lysosome damage 

resistance could involve inducible mechanisms which reinforce lysosome membranes, 

which repair modestly damaged lysosomes before damage becomes severe, or which 

interfere with the mechanisms which cause lysosome damage.  In this chapter we 

examine several possible mechanisms which may mediate lysosomes renitence. 

 One possible mechanism for lysosome renitence is that activation induces changes 

in lysosomal membrane composition which alter chemical reactivity and or biophysical 

properties of the lysosomal membrane.  Kirkegaard et al (Kirkegaard et al., 2010) 

recently showed endocytosed HSP70 activates acid sphingomyelinase (ASM) in 

lysosomes.  ASM-catalyzed synthesis of ceramide protects fibroblast lysosomes and 

inhibition of ASM destabilizes lysosomes.  ASM converts sphingomyelin at the luminal 

face of lysosomal membranes into ceramide which can increase acyl-packing 

(Holopainen et al., 1998), putatively conferring some membrane renitence.  We 

hypothesized that a similar system operates in BMM and may be regulated by 

macrophage activation.   

 BMM repair damaged plasma membranes by a process which reduces membrane 

tension, docks endomembranes, and stimulates endocytosis all at the site of membrane 

damage (Idone et al., 2008; McNeil and Steinhardt, 2003).  When plasma membranes are 

damaged, calcium (Ca
2+

) flows into the cytosol from the extracellular environment and 

triggers all three of these mechanisms.  Plasma membrane repair occurs in a wide variety 
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of cells including macrophages (McNeil and Steinhardt, 2003).  Moreover, some 

pathogens inhibit plasma membrane repair in macrophages (Divangahi et al., 2009).  As 

lysosomes are known to contain higher Ca
2+ 

concentrations than the cytosol (Christensen 

et al., 2002), lysosome damage may trigger a lysosome active membrane repair activity 

analogous to the Ca
2+

-dependent plasma membrane repair mechanisms.  Here we test this 

hypothesis by probing SMS-mediated lysosome damage in situations which modify 

lysosomal calcium levels. 

 Another option for lysosome repair or renitence is the autophagy system, 

reviewed in (Mehrpour et al., 2010).  Autophagy is a cytosolic pathway in which 

organelles or cytosolic proteins become enclosed by vesicular membranes.  These double 

membrane-enclosed compartments, termed autophagosomes, fuse with lysosomes, 

leading to the degradation of the autophagosome contents.  Autophagy-related proteins 

have also been shown to localize to phagosomes to a higher degree in TLR-activated 

cells, suggesting that conditions which induce lysosome renitence may also induce 

autophagy (Delgado et al., 2008; Mehrpour et al., 2010; Sanjuan et al., 2007).  We 

hypothesized that damaged lysosomes may trigger autophagy mechanisms that repair the 

lysosomes or engulf the damaged membrane in an autophagosome which would fuse with 

an intact lysosome.  In this chapter we show that GFP-Lc3 chimeras are recruited to 

phagosomes containing silica microspheres (SMS) which damage lysosomes but not to 

phagosomes containing SMS which do not damage lysosomes.   

4.3 Materials and Methods 

4.3.1 Materials 
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Fluorescein-dextran, RPMI medium and fetal bovine serum was purchased from 

Invitrogen (Carlsbad, CA, USA).  Buthionine sulfoximine (BSO), Desipramine (des), 

EGTA and BAPTA were purchased from Sigma-Aldrich (St. Louis, MO. USA).  Silica 

microspheres (SMS), uncoated, and amine-coated were purchased from Microparticles-

Nanoparticles.com (Cold Spring, NY, USA).  Uncoated SMS were washed in 1 M 

hydrochloric acid overnight then rinsed thoroughly in distilled water before use.  

Recombinant HSP70 and the HSP70-modifying pharmacological agents, 115-7c, Ym1 

and Myr were generous gifts from the Jason Gestwicki lab at the University of Michigan. 

4.3.2 Fdx loading and drug treatment of  macrophages 

 The preparation of bone marrow-derived macrophages (BMM), pulse-chase Fdx 

loading, SMS preparation, and lysosome damage calculations were performed as 

described in (Davis and Swanson, 2010) and chapters 2 and 3.   Microscopic imaging was 

performed as described in chapter 3. Buthionine sulphoximine was included in Fdx 

loading and chase medium while desipramine was added one or three hours before 

addition of SMS.  Both drugs were included in medium used to feed BMM with SMS.  

Recombinant HSP70 (300 nM) or the HSP70-acting drugs 115-7c (100 µM), Ym1 (20 

µM) and Myr (25 µM) were included in the macrophage medium for 5 hours.   

4.3.3 Time lapse imaging of macrophages 

 Macrophages with Fdx-labeled lysosomes were fed SMS and incubated for ten 

minutes.  Excess SMS were then rinsed away and coverslips were mounted onto the 

heated stage of a microscope.  After a suitable field was found images were acquired 

every 5 minutes using short exposure times to minimize photobleaching.  pH calculations 

were performed as described in chapter 2 (Davis and Swanson, 2010).  Regions of 
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interest were drawn over cells and phagosomes and the data transferred to Excel for 

analysis.   

4.3.4 Lysosomal Calcium modification  

 BMM were prepared and Fdx loaded as in (Davis and Swanson, 2010) and 

chapters 2 and 3.  One hour before SMS addition, cells were rinsed in Ringer‟s buffer 

(RB) (Davis and Swanson, 2010) or RB lacking CaCl2 (Ca
2+

 free-RB).  BMM were then 

incubated with RB, Ca
2+

 free-RB or Ca
2+

 free-RB with 10 mM EGTA or 3 mM BAPTA 

for one hour.  SMS were then added in the same buffer.  After one hour cells were 

imaged for lysosome damage in this same buffer. 

4.3.5 Imaging of GFP-Lc3 

 GFP-Lc3 transgenic mice (Mizushima and Kuma, 2008) were the generous gift of 

Dr. Michele Swanson.  GFP imaging was performed on the microscope described in 

chapter 3.  Because GFP signal in GFP-Lc3 BMM was extremely dim, live cell imaging 

was performed with a 485 nm excitation filter and without any other emission filter.  

Phase-contrast images were also acquired for each frame. 

4.4 Results 

4.4.1 HSP70 protects lysosomes 

 To determine whether HSP70 contributes to induced lysosome renitence,  

macrophages were incubated with either recombinant HSP70, a pharmacological 

activator of HSP70 called 115-7c (Jinwal et al., 2009; Koren et al., 2010), or LPS and 

lysosome damage after SMS phagocytosis was measured.  Recombinant HSP70 and 

HSP70 activator 115-7c reduced lysosome damage to levels comparable to that induced 

by LPS (Fig. 4.1A).   As HSP70 has been observed to interact directly with lysosomal 
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membrane components (Sanjuan et al., 2007), these data suggest that HSP70 mediates 

induced lysosome renitence.  To test this hypothesis, macrophages were loaded with Fdx 

and left unstimulated or stimulated with LPS for 5 or 18 hours.  For the last 5 hours of 

this stimulation, cells were dosed with HSP70 inhibitors, Ym1 and Myr (Jinwal et al., 

2009; Koren et al., 2010; Wadhwa et al., 2000).  LPS-stimulated macrophages not 

exposed to drug were protected from lysosome damage, and macrophages stimulated 

with LPS for 5 hours in the presence of either HSP70 inhibitor showed higher lysosome 

damage than did LPS-stimulated cells without drug (Fig. 4.1B 5hrs).  The HSP70 

inhibitor Ym1 reversed LPS-induced renitence (Fig. 4.1B 18 hrs).  These data indicate 

that HSP70 may function as a mediator of LPS-induced lysosome renitence, perhaps by 

interacting with lysosomal membrane components.   

4.4.2 The role of acid sphingomyelinase in lysosome renitence 

 Recent data has shown that HSP70 mediates lysosome protection in fibroblasts by 

activating ASM activity in fibroblast lysosomes.  The ASM inhibitor, desipramine, 

reversed HSP70-mediated lysosome protection in fibroblasts (Kirkegaard et al., 2010).  

To determine the role of ASM in induced lysosome renitence, Fdx-loaded BMM were 

pre-incubated with desipramine for 1 or 3 hours then fed SMS with or without 

desipramine in the medium before measuring lysosome damage.  While LPS activation 

reduced lysosome damage, desipramine-treated BMM did not show increased lysosome 

damage either in naïve or LPS-activated cells (Fig. 4.2).  Interestingly desipramine-dosed 

BMM not fed SMS had higher lysosome damage compared to control BMM not fed 

SMS.  These data suggest that ASM inhibition does not impact lysosomal stability in 
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macrophages, indicating that lysosome stability may be regulated differently than in 

fibroblasts.   

4.4.3 Macrophages repair minor phagolysosome damage 

 Mammalian cells possess the ability to repair damaged plasma membranes (Idone 

et al., 2008; McNeil and Steinhardt, 2003).  Thus we sought to extend these results to the 

repair of the lysosomal membranes.  Fdx-loaded macrophages were fed SMS for ten 

minutes, then mounted on a microscope for time-lapse imaging.  Images were acquired 

every five minutes for one hour.  A variety of outcomes were observed in these 

phagolysosomes, from no damage (Fig. 4.3A, Cii and D) to high levels of Fdx release 

(Fig. 4.3B, Ciii and G).  Some SMS phagosomes progressed through phagocytosis, 

phagosome fusion with an acidic lysosome, followed by a damage event which resulted 

in neutralization of the phagolysosome without Fdx release (Fig. 4.3E, F, H and I).  A 

population of these neutral phagolysosomes was observed to proceed to full release of 

Fdx (Fig. 4.3B & Ciii) while another group of phagosomes was observed to re-acidify 

without lysosomal Fdx release (Fig. 4.3A & Ci).  This re-acidification suggests that these 

phagolysosomes repaired the minor damage allowing the vacuolar ATPase to acidify the 

lysosomal lumen.  Roughly equal numbers of phagosomes re-acidified as proceeded to 

lysosome release (Fig. 4.4) suggesting that lysosome repair occurs in a significant 

fraction of damaged phagolysosomes.   

It should be noted that dilution of Fdx upon phagolysosome fusion was ruled out 

in the case of repair type phagosomes since only phagolysosomes which containing Fdx 

in an acidic environment for at least one frame prior to neutralization were considered 

strong evidence for repair (such as Fig. 4.3 A,C,D & E phagosome i).  Neutralized 
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phagosomes without a preceeding frame depicting an acidic phagolysosome were also 

acquired (Fig. 4.3A 20 min. upper right of image and Fig. 4.4) but were not considered 

definitive data depicting phagolysosome repair.  

4.4.4 Lysosomal calcium chelation potentiates SMS lysosome damage  

 The repair of plasma membranes is initiated by the influx of extracellular Ca
2+

 

into the low calcium cytosol, through patching of the plasma membrane damage by 

intracellular membrane stores (Idone et al., 2008; McNeil and Steinhardt, 2003).  As 

lysosomes contain high concentrations of calcium (Ca
2+

) (Christensen et al., 2002), we 

hypothesized that release of lysosomal Ca
2+

 could trigger a lysosome repair mechanism 

analogous to that which repairs plasma membrane.  BMM lysosomes were loaded with 

Fdx and the cells were incubated for one hour in buffer containing high or low Ca
2+

 

concentrations.  BMM were then fed SMS and imaged an hour later in the same buffer.  

BMM maintained in 2 mM Ca
2+

 showed moderate levels of lysosome damage following 

phagocytosis of SMS (Fig. 4.5, Solid-dark bars).  Cells in buffer without added Ca
2+

 

showed slightly higher levels of lysosome damage than did cells in Ca
2+

-containing 

buffer (Fig. 4.5),  BMM in Ca
2+

-free buffer with the calcium chelator BAPTA showed 

greater damage (Fig. 4.5, hatched bars).  Thus chelation of Ca
2+ 

in BMM lysosomes 

increased lysosome damage, consistent with a Ca
2+

-dependent repair mechanism.  To test 

the specificity of this Ca
2+ 

 requirement, BMM were also assayed in buffer containing 

EGTA, a Ca
2+

 chelator which efficiently binds Ca
2+

 at neutral pH but only binds Ca
2+ 

weakly at the low pH of lysosomes (Fig. 4.5, solid gray bars, EGTA).  BMM in EGTA 

buffer had lysosome damage equivalent to that induced in Ca
2+

-free buffer consistent 

with a role for lysosomal calcium in damage repair. 
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 4.4.5 A role for autophagy in lysosome renitence 

 The components of this damage repair system remain unknown.  The process of 

autophagy is an attractive possible mechanism for lysosome repair, as autophagy is 

known to sequester damaged mitochondria.  We tested the role of autophagy in lysosome 

repair using BMM from mice expressing GFP-Lc3 as a transgene chimera (Mizushima 

and Kuma, 2008).  The Lc3 protein is an important component of autophagy, as it is 

covalently attached to phosphatidylethanolamine and is inserted transiently into 

membranes of autophagosomes (Mehrpour et al., 2010).  Thus, GFP-Lc3 can be used to 

localize autophagic membranes in living cells.  BMM were fed uncoated or amine-coated 

SMS.  Fdx-loaded BMM fed uncoated, acid-washed, SMS (AW) showed high levels of 

lysosome damage, while those fed amine-coated SMS (AC) showed very low levels of 

lysosome damage (Fig. 4.6A).  GFP-Lc3 transgenic BMM fed AW SMS showed high 

levels of GFP-Lc3 recruited to a subset of phagolysosomes, while cells fed AC SMS 

failed to recruit high levels of GFP-Lc3 (Fig. 4.6 B & C).  While the majority of cells fed 

either particle showed low levels of recruitment, a subset of cells of fed AW SMS 

showed high levels of GFP-Lc3 recruitment, no cells fed AC SMS showed such high 

levels of recruitment (Fig. 4.6D&E).   This difference in recruitment led to significant 

differences in the mean intensity of GFP-Lc3 on SMS phagosomes (Fig. 4.6F) and in the 

percentage of SMS containing phagosomes showing high levels of recruitment (Fig. 

4.6G).  Thus SMS which damage lysosomes also induce the localization of GFP-Lc3, 

consistent with a mechanism in which autophagy contributes to lysosome repair.   
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4.5 Discussion 

 These studies examined possible mechanisms for induced lysosome renitence.  

Inhibition of ASM (Fig. 4.2) did not increase lysosome damage after phagocytosis.  

Chelating lysosomal calcium increased lysosome damage (Fig. 4.5).  A marker of 

autophagy (GFP-Lc3) localized to phagolysosomes containing lysosome-damaging SMS 

but not to inert SMS (Fig. 4.6).  Time-lapse microscopy provided evidence of a rapid 

repair mechanism operating inside macrophages (Fig. 4.3 &4.4).  The role of lysosome 

repair in inducible lysosome renitence remains an intriguing possibility meriting further 

study. 

  One mechanism by which lysosomes become resistant to damage is through 

ASM (Holopainen et al., 1998).  Recently, ASM was shown to be activated by 

endocytosed HSP70, which protected fibroblast lysosomes (Kirkegaard et al., 2010).  Our 

observation that HSP70 protected BMM from lysosome damage (Fig. 4.1), suggested that 

macrophage activation may increase ASM activity, either through HSP70 or by other 

means, and that increased ASM activity would increase lysosome renitence.  However, 

pharmacological inhibition of ASM did not increase phagolysosome damage; but rather it 

decreased lysosome damage after phagocytosis (Fig. 4.2).  These data indicate a second 

role for ASM or its product ceramide.  Increased ceramide levels reduce the release of 

TNF-α from LPS-stimulated macrophages (Jozefowski et al., 2010; Rozenova et al., 

2010), suggesting that ceramide may be involved in macrophage differentiation.  Thus, 

the decrease in SMS-mediated lysosome damage observed following ASM inhibition 

(Fig. 4.2) may be due to altered activation signals as opposed to biophysical changes in 

membrane properties.  ASM inhibition did increase lysosome damage in cells not fed 
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SMS (Fig.4.2), perhaps indicating that there may be a weakening of resting lysosome 

membrane integrity.   

 HSP70 may contribute to lysosome renitence, especially if activation of BMM 

increases HSP70 expression.  Cytosolic HSP70 may act on the cytosolic face of 

lysosomal membranes.  Alternatively, HSP70 could be secreted from activated 

macrophages leading to endocytic re-uptake and trafficking to the lysosomes.  A third 

possibility is that HSP70 is sequestered from cytoplasm into autophagosomes and 

trafficked into lysosomes.  Secreted HSP70 may also protect cells surrounding the BMM, 

via endocytosis and delivery into lysosomes.  The expression or secretion of HSP70 by 

activated and naïve BMM is an interesting topic for further study. 

 Time-lapse imaging studies illustrated re-acidification of neutralized 

phagolysosomes in SMS-fed BMM, indicating that macrophages can rapidly re-seal 

damaged lysosomes (Figs. 4.3 & 4.4).  Plasma membrane damage is repaired by a 

patching mechanism regulated by extracellular calcium, which enters cytoplasm through 

the damaged membrane.  This increased cytosolic calcium binds to synaptotagmin VII, 

which activates V-SNARE-mediated vesicle fusion with the damaged membrane (Idone 

et al., 2008; McNeil and Steinhardt, 2003).  As lysosomes have higher calcium 

concentrations than the cytosol, calcium released from damaged lysosomes may induce a 

repair program similar to that which repairs plasma membrane.  Chelation of lysosomal 

calcium increased SMS-mediated lysosome damage, suggesting the existence of a 

calcium-dependent lysosome repair pathway.  These data suggest that synaptotagmin VII 

and V-SNARES may be interesting targets for future study.   Also, the regulation of these 

components by macrophage activation may affect their roles in inducible lysosome 
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renitence.  Other calcium sensors, such as classical protein kinases C or calmodulin, may 

also play a role in lysosome damage repair and merit future consideration.   

 We also obtained evidence that autophagy contributes to lysosome repair.  

Autophagy is the process by which cells sequester their damaged organelles or bulk 

cytosol into endomembranes, creating a double membrane structure with the damaged 

organelle or cytosol inside.  Fusion of these structures with lysosomes recycles damaged 

organelles and proteins.  We found that the marker for autophagosome formation, GFP-

Lc3, localized selectively to some phagolysosomes containing a type of SMS which 

induced high levels of lysosome damage (Fig. 4.6).  Although GFP-Lc3 localized to 

phagosomes infrequently (Fig. 4.6G), that may be due to the assay conditions.  Whereas 

the lysosome damage assay reports any lysosome release that takes place after the Fdx is 

loaded into the cells, GFP-Lc3 localization shows only the Lc3 localizing at the time 

examined.  If lysosome damage repair is transient then GFP-Lc3 localization should be 

transient, as well.  Thus, at any one time only a fraction of cells may be actively repairing 

organelles, even in situations where high lysosome damage is observed.  Further, 

experiments are required to confirm that GFP-Lc3 is indeed localized to the damaged 

phagosomes, to determine the timing of localization relative to damage and the role of 

macrophage activation in the regulation of autophagic repair of lysosomes.  Activation of 

macrophages has been shown to result in increased autophagy (Xu et al., 2007) 

suggesting that autophagy-mediated repair may be increased by activation as well.  

Inhibition of autophagy with gene deletion, siRNA, or small molecule inhibitors would 

be predicted to reverse the induction of lysosome renitence and result in increased 

lysosome damage following SMS challenge.   
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Occasionally one particle (SMS or L.m.) was sufficient to trigger complete 

lysosome release.  These rare cases may be intact lysosomes fusing with damaged 

lysosomes and spilling even more lysosomal contents into the cytosol.  Plasma membrane 

repair mechanisms use lysosome membrane exocytosis to repair plasma membrane 

damage.  In the case of lysosome repair, other lysosomes recruited to repair damaged 

lysosomes may result in additional lysosome content release.  Alternatively cells may 

repair lysosomes using an autophagy-like pathway, in which the damaged organelle, 

including the SMS, is bound into a autophagosome, which fuses with a lysosome which 

the SMS may damage anew.  Thus, lysosome repair mechanisms have the potential to 

modulate lysosome damage levels in interesting ways which merit future exploration.   
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Figure 4.1. HSP70 protects SMS phagolysosomes.  Fdx was loaded into BMM 

lysosomes as described (Davis and Swanson, 2010).   A) Loaded BMM were exposed to 

100ng/mL LPS, 300 nM recombinant HSP70 or 100 µM HSP70 activator 115-7c for 5 

hours each.  Cells were rinsed and fed SMS for one hour then imaged for lysosome 

release as in (Davis and Swanson, 2010).  B) BMM were exposed to LPS for 5 or 18 

hours or left untreated.  Ym1 (20 µM) or Myr (25 µM) were included for the last 5 hours 

of stimulation.  Bars are population averages (± SEM) of BMM.  * p<0.05, ** p<0.001 
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Figure 4.2. Inhibition of acid sphingomyelinase does not potentiate SMS-mediated 

lysosome damage.  BMM lysosomes were loaded with Fdx and chased as described 

(Davis and Swanson, 2010).  Where indicated, 100 ng/mL LPS was included in the 

loading and chase medium.  BMM were pre-incubated in 12.5 μM desipramine (DES) for 

one or three hours before SMS addition (also in the presence of DES).  One hour after 

SMS addition, cells were analyzed for Fdx release into cytoplasm.  Bars are population 

averages (± SEM) of BMM containing 1-3 SMS per cell of at least 100 cells per 

condition.   * p<0.05, ** p<0.001  
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Figure 4.3. Phagolysosome damage can be repaired in BMM.  BMM lysosomes were 

loaded with Fdx by endocytosis.  Cells were fed SMS for ten minutes then rinsed, and 

time-lapse images were acquired every five minutes.  A) Selected pH maps, phase-

contrast, and Fdx fluorescent images showing phagolysosome repair (phagosomes i.1 and 

1.2) and never show any lysosomes damage (phagosome ii).  In phagosome i, 

phagosome-lysosome fusion was evident at 30 min., neutralization occurred at 40 min. 

followed by re-acidification at 45 min.  B) Selected images from a cell with a SMS 

phagosome which proceeds from neutralization (35 min.) to full release (40 min.).  C) 

Enlarged pH maps of phagosomes i,ii and iii from the cells in A) and B), at all time 

points imaged.  D) and G) show the percent lysosome release calculated from regions of 

interest drawn around the cells and phagosomes in A) and B) respectively.  E) and H) 

show the mean pH calculated from regions of interest drawn around the cells and 

phagosomes in A) and B) respectively.  F) and I) show the mean fluorescence intensity in 

the 440nm channel calculated from regions of interest drawn around the cells and 

phagosomes in A) and B) respectively.   
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Figure 4.4. Lysosome release and phagolysosome repair are potential outcomes of 

damage.  Combined data from time-lapse imaging studies described in figure 4.  Data 

represent 18 movies collected over 3 days.  Examples of repair and release were observed 

all three days.  Data are broken down based on the number of cells (top row) or 

phagosomes (bottom row) which displayed phagosomal pH profiles consistent with no 

damage, release or repair.  Phagosomes with “no damage” were those which never 

displayed any neutral Fdx at any time point (phagosomes ii from figure 4 is an example 

of this type of event).  Release was characterized as cells with greater than 10% released 

Fdx after the 60 minute image.  These events were distinguished as those where a neutral 

phagosome was obvious a frame before lysosome release was detectable (phagosomes iii 

from figure 4) and those where there was no observed neutral phagosome.  Repaired 

phagosomes were those in which a neutral phagosome later acidified.  These events were 

broken down into those where this neutralization was preceded by phagosome-lysosome 

fusion (phagosomes i from figure 4) or where there was not phagosome-lysosome fusion 

preceding phagosome neutralization.  Phagosome-lysosome fusion was indicated by 

acidic Fdx surrounding the SMS particle.   
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Figure 4.5. Chelation of lysosomal calcium increases SMS phagolysosome damage.  
BMM lysosomes were loaded with Fdx as described (Davis and Swanson, 2010).  BMM 

chase medium was then exchanged for Ringer‟s buffer, Ca
2+

-free Ringer‟s buffer, Ca
2+

-

free Ringer‟s buffer with 10 mM EGTA, or Ca
2+

-free Ringer‟s buffer with 3 mM 

BAPTA.  SMS were then fed to the BMM in these same buffers and one hour later cells 

were imaged.  SMS were counted and lysosome damage measured.  Bars are population 

averages ± SEMs of BMM containing the indicated SMS per cells.  * p<0.05, ** p<0.001 
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Figure 4.6. Lc3-GFP is recruited to damaging but not inert SMS suggesting 

autophagic involvement in lysosome repair.  For A), BMM were preloaded with Fdx 

and chased in fresh medium for 3 hours.  Macrophages were then fed amine coated (AC) 

or uncoated acid-washed (AW) SMS.  After 1 hour cells were imaged and lysosome 

damage calculated for cells containing 1-3 SMS.  Bars are average lysosome release for 

n<50 cells and error bars indicate SEM.  B-G) BMM from GFP-Lc3 transgenic mice 

were fed AC or AW SMS and imaged 30 minutes later.  Sample GFP fluorescence 

images of Lc3-GFP BMM fed AC (B) or AW (C) SMS.  Recruitment of GFP-Lc3 was 

calculated for each imaged SMS phagosome as the fraction of total GFP-Lc3 signal 

which was in a region of interest drawn surrounding the phagosomes.  D&E) Histograms 

with normalized GFP-Lc3 intensity on the horizontal axis and phagosome count on the 

vertical axis.  D) Data from cells fed un-coated SMS (AW).  E) Data from amine-coated 

SMS (AC).  F) Average GFP intensity for all recorded phagosomes.  G) The percent of 

phagosomes with GFP-Lc3 recruitment above a threshold level indicated by dashed line 

in D&E).   ** p<0.001 
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Chapter 5 

Discussion 

 

 

5.1 Summary of findings 

 A novel technique was developed to explore lysosome damage following 

phagocytosis in macrophages.  Macrophage endosomes were pulse-loaded with 

fluorescein-dextran (Fdx), which was then chased into lysosomes.  Live-cell, epi-

fluorescence ratiometric microscopy was used to measure the distribution and pH of Fdx 

simultaneously.  The pH measurements were used to distinguish Fdx contained in acidic 

lysosomes from that released into neutral cytosol.  The percent of Fdx released into 

cytosol could be calculated as a quantitative measure of lysosome damage. 

This technique has several advantages over previous methods which only detect 

lysosome damage by dye redistribution.  In all of the previous methods, dye 

redistribution indicates the transition from intact lysosomes to a diffuse signal after 

release into the cytosol. By using Fdx, fluorescence from dye which remains in intact 

lysosomes indicated the acidic lumen of lysosomes, while Fdx released from lysosomes 

reported the neutral pH of the cytosol.  This method has three main advantages over the 

previous techniques: (1) sensitivity in the detection of low levels of lysosome release, (2) 
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a method for classifying dye as inside of or outside of lysosomes, and (3) quantification 

which derives from combining the previous two factors.   

 The increased sensitivity of this system is due to the large increase in 485nm 

excitation efficiency of fluorescein at neutral pH, compared to the relatively inefficient 

485nm excitation obtained at acidic pH.  Upon release of Fdx from the acidic lysosome to 

the neutral cytosol, the 485 nm signal from each Fdx molecule increases.  The signal 

from Fdx can be processed into quantitative data using pH calibration.  This increased 

signal sensitivity is a significant improvement in the detection of low levels of Fdx 

release compared to other fluorescent molecules, such as that used in (Hornung et al., 

2008).  As Fdx fluorescence in the 440nm channel is less sensitive to pH this channel 

illustrates dye redistribution without any additional sensitivity; observing just this 

channel is similar to previous dye redistribution methods.  The pH-dependent spectral 

shift of fluorescein increases the per-Fdx-molecule 485nm fluorescence at the higher pH 

of cytoplasm.  Figure 2.2D illustrates this difference in signals.  This cell has significant 

lysosome damage, displayed in the pH and 485 nm images, but cytoplasmic Fdx cannot 

be observed in the pH insensitive 440 nm channel.  As other techniques for detecting 

lysosome damage lack this sensitivity boost most of the lysosome damage reported in 

other works probably only represents the highest levels of damage.  Thus the role of 

lower levels of damage and the amounts of damage necessary for the induction of 

downstream signals are unknown. 

 Quantization of lysosome damage allowed various aspects of populations to be 

compared.  While macrophages fed certain damaging particles such as ground silica 

showed high average levels of lysosome damage, individual cells showed lysosome 
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damage from the entire spectrum of possible lysosome damage states: from no damage, 

despite high levels of internalized ground silica, to complete release of all loaded Fdx.  

While lysosome damage and inflammasome activation were correlated at the population 

level (Chapter 2), lysosome damage and inflammasome activation could not be 

monitored in the same cells.  Thus, the dynamics of lysosome damage which 

subsequently lead to downstream signaling have not yet been demonstrated.  It is 

unknown if a threshold level of lysosome damage exists which triggers inflammasome 

activation.  The level of inflammasome activation necessary to induce cell death is also 

unknown.  Figures 2.4 and 2.5 show that macrophages fed low doses of ground silica had 

some cells with higher lysosome damage, low FLICA activation and IL-1β secretion, 

whereas polystyrene beads failed to induce lysosome damage higher than 10%, elicited-

no FLICA signal and no IL-1β release.  Using 10% Fdx release as a threshold and a 

similarly set threshold for FLICA signal yielded similar percentages of cells positive for 

both lysosome damage, caspase-1 activation and cell death in all the various conditions 

tested.  This suggests that greater than 10% lysosomal content release in LPS-stimulated 

macrophages commits the cells to inflammasome activation and cell death.  This 

hypothesis could be tested in cells simultaneously stained for lysosome damage and 

caspase-1 activation.  These experiments may also show the fate of cells with sub-

threshold levels of lysosome damage which have been hypothesized to undergo other 

types of programmed cell death (Boya and Kroemer, 2008).     

 Sensitive detection of lysosome damage in individual cells allowed a more careful 

examination of the types of particles which induce lysosome damage after phagocytosis.  

The average level of lysosome damage following phagocytosis was found to depend on 
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the type of particle phagocytosed.  The particle coating was especially important, as silica 

microspheres coated with various materials induced different levels of lysosome damage; 

hence lysosome damage is not a common outcome of phagocytosis but is instead 

triggered by chemistries present on only some phagocytic targets.   

 While the vast majority of resting macrophages which had not been fed particles 

showed background levels of lysosome damage, a few cells showed higher levels of 

lysosome damage.  Background levels of lysosome damage were typically low but were 

mostly non-zero, indicating that some level of lysosome damage exists in otherwise 

healthy cell populations, and higher lysosome damage in a sub-population of cells.  This 

could explain how endocytosed material can access cytoplasm leading to the cross-

presentation of exogenous antigens on MHC class I molecules.  In all cases this 

background was low enough to allow comparisons with experimental conditions.   

Figures 2.2 and 2.3 showed that some particles mediated at least some lysosome 

damage.  These data provide a potential mechanism for the phenomena of particle 

phagocytosis increasing the efficiency of exogenous antigen cross-pressentation on class 

I MHC (Harding and Song, 1994; Kovacsovics-Bankowski et al., 1993; Oh et al., 1997; 

Reis e Sousa and Germain, 1995).  One prediction is that induced lysosome renitence 

would decrease the access of exogenous antigens to host cytosol and perhaps decrease the 

efficiency of presentation of these exogenous antigens on MHC class I.  This effect may 

be confused by other consequences of macrophage activation such as increased efficiency 

of antigen processing and MHC protein up-regulation.  

Lysosome renitence was examined more thoroughly in chapter 3.  Treatment of 

macrophages with LPS, peptidoglycan, interferon-γ and tumor necrosis factor-α (TNF- α) 
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reduced subsequent lysosome damage induced by particle phagocytosis.  Stimulation 

with these molecules resulted in protection from lysosome damage induced by a wide 

variety of agents.  Induced lysosome renitence reduced the escape of Listeria 

monocytogenes (L.m.) from macrophage endosomes and reduced lysosome damage 

induced by L.m. infection, indicating that inducible lysosome renitence is a novel activity 

utilized by activated macrophages to resist infection by intracellular pathogens.  While 

lysosome damage resistance has been shown in other contexts (Kirkegaard et al., 2010; 

Persson and Vainikka, 2010), this is the first description of lysosome renitence as an 

activity that can inhibit infection.  Kirkegaard (2010) showed that exogenous HSP70 

could protect fibroblast lysosomes from damage by activating acid sphingomyelinase.  In 

our studies, macrophage lysosomes were protected by HSP70 but inhibition of acid 

sphingomyelinase in macrophages did not inhibit lysosome renitence (chapter 4), 

suggesting that acid sphingomyelinase does not function in macrophages as it does in 

fibroblasts.  Alternatively, the acid sphingomyelinase inhibitor may alter membrane 

trafficking, or another process involved in lysosome damage, which may function 

differently in macrophages and fibroblasts.    

TNF-α may exert different effects on lysosomes in different cell types.  While 

TNF-α induces lysosome damage and cell death in some cell types, it is protective in a 

Fe-ROS-mediated lysosome damage system in macrophages (Persson and Vainikka, 

2010) as well as in our system.  In Persson (2010), this protection was mainly mediated 

by increasing the cellular defenses against ROS, specifically increasing levels of anti-

oxidants and endogenous iron chelators.  The protective roles for TNF-α and 
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sphingomyelinase may be linked, as sphingomyelin is involved in the release of TNF-α in 

some cells (Jozefowski et al., 2010; Rozenova et al., 2010).   

Lysosome damage measured during Listeria monocytogenes (L.m.) infection (Fig. 

3.4) was unexpected, as previous work had shown that L.m. escape from vacuoles before 

they fully fuse with lysosomes (Henry et al., 2006).  The observed lysosome damage may 

have resulted from the small fraction of bacteria which did escape from the lysosomes.  

Alternatively, L.m.-induced lysosome damage could have been caused by listeriolysin O 

(LLO) secreted from the L.m. which were trafficked into lysosomes but unable to escape.  

LLO secreted while bacteria reside in early endosomes may go to lysosomes via vesicular 

trafficking.  Alternatively, Fdx release may have resulted from intact lysosomes fusing 

with vacuoles already damaged during L.m. escape.  In all cases, lysosome damage was 

dependent on LLO (chapter 3 figure 4).  Lysosome damage following L.m. may also be 

induced by secondary signaling events which only occur after Listeria escape, such as 

those which eventually lead to cell death.  Certain apoptotic stimuli can induce lysosome 

damage.  Thus the role of the Bcl-2 family members and mitochondrial integrity in 

Listeria-induced lysosome damage may be interesting to investigate in the future.   

Reactive oxygen species (ROS) can have a mixed role in lysosome integrity 

depending on the particle and circumstances. ROS inhibitors and anti-oxidants reduced 

silica-induced lysosome damage (chapter 3), indicating that ROS contributed to that 

damage.  As the nox2 phagosomal oxidase was excluded as a source of ROS causing 

silica-mediated lysosome damage, perhaps ROS from mitochondria induce lysosome 

damage.  Thus, the localization of mitochondria, especially damaged mitochondria, may 

be an important determinant for lysosome damage.  Although the phagosomal oxidase 
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inhibited L.m. escape, (chapter 4) and shown previously (Myers et al., 2003), it had no 

impact on silica-mediated lysosome damage (chapter 3) reinforcing that the role of ROS 

is context or perhaps location-dependent.    

Chapter 4 provided evidence of a phagolysosome damage-repair system.  Time-

lapse images showed that some phagosomes undergo temporary neutralization following 

phagosome-lysosome fusion.  Some of these phagosomes went on to show release of Fdx 

from lysosomes.  Others re-acidified, implying that the membrane damage which allowed 

the pH to equilibrate with cytoplasm was repaired.  While repair of plasma membrane has 

been previously described (Idone et al., 2008; McNeil and Steinhardt, 2003), this is the 

first report of the repair of an intracellular membrane.  Plasma membrane repair requires 

calcium (Idone et al., 2008; McNeil and Steinhardt, 2003).  Similarly, chelation of 

lysosomal calcium increased silica particle-mediated lysosome damage, suggesting that 

the mechanisms of plasma membrane repair may be involved in repairing lysosomes.  

Repair of damaged lysosomes could involve autophagy, which envelopes damaged 

organelles in membranes and delivers them to lysosomes for degradation.  We observed 

autophagy markers recruited to phagolysosomes containing membrane-damaging 

particles, but not to those containing non-damaging particles (Chapter 4).  The complete 

process of autophagy may be induced by damaged lysosomes, alternatively autophagy 

proteins may be involved in a repair response to lysosome damage.  Autophagy proteins 

have been implicated in membrane binding and fusion (Mehrpour et al., 2010).  That 

could explain why autophagy-related proteins were recruited to some phagosomes 

independent of full autophagy (Sanjuan et al., 2007).   Full repair of damaged lysosomes 

still containing the damaging stimulus may re-initiate membrane damage and ultimately 
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lead to increased levels of lysosome release.  The role of calcium and autophagy in 

phagolysosome repair has yet to be fully resolved and would be an interesting topic of 

further research.  

Other mechanisms responsible for lysosome renitence may exist.  Regulated 

changes of membrane composition could stabilize membranes and reduce lysosome 

damage upon challenge.  Kirkegaard (2010) suggested that HSP70 mediated protection 

was mediated by the activation of lysosomal sphingomyelinase which converts 

sphingomyelin to ceramide.  Thus, increases in ceramide or reductions in sphingomyelin 

in the luminal face of the lysosomal membrane may stabilize the compartment.  

Accumulation of sphingosine is known to damage lysosomes (Kagedal et al., 2001a; 

Kagedal et al., 2001b; Werneburg et al., 2002) so reduction of lysosomal sphingosine 

may improve lysosomal stability.  Lipid rafts are membrane sub-domains of increased 

rigidity, composed of high concentrations of sphingolipids and cholesterol. Thus 

membrane rigidity may be involved in the sphingolipid effect on lysosomal membrane 

stability.  Indeed, depletion of cholesterol can decrease lysosome stability (Hao et al., 

2008).  Other changes in membrane lipid content may also regulate lysosome stability as 

lysophosphatidycholine, a phospholipid produced in some phospholipase reactions, can 

also reduce lysosomal membrane stability (Hu et al., 2007).  Future research into the 

regulation of these species during macrophage activation may illuminate the role of 

membrane composition in induced lysosome renitence. 

Lysosome renitence may also have important implications for lysosome storage 

disorders.  The widespread activation of macrophages and macrophage-like cells present 

in many lysosome storage disorders may induce renitence and account for the relative 
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absence of lysosome damage in these patients.  However, lysosome damage has been 

reported for Niemann-Pick patients and mouse models of the disease (Kirkegaard et al., 

2010).  HSP70, shown in chapter 4 to be important for lysosome renitence, is thought to 

induce lysosome protection by activating acid sphingomyelinase.  Thus patients with 

Niemann-Pick, which have mutations in acid sphingomyelinase, may be unable to fully 

activate lysosome renitence.  Alternatively, lysosome renitence may not get activated in 

Niemann-Pick due to a lack of inflammatory mediator secretion.  Niemann-Pick alveolar 

macrophages did not have elevated TNF-α levels compared to normal cells and cells from 

other lysosome storage disorder models (Dhami et al., 2001). 

Our studies suggest a model of phagolysosome damage progression (Summarized 

in figure 5.1).  Initially, a phagocytosed particle is trafficked through the various 

endosomes until its phagosome fuses with lysosomes.  Some aspect of the particle‟s 

chemistry damages the lysosomal membrane.  In the case of silica this damage is 

mediated by phagosomal oxidase-independent ROS.   L.m. induces lysosome damage 

through the action of the pore-forming toxin LLO.  In the photo-damage model, lysosome 

damage is initiated by photo-oxidative damage due to the fluorophore Texas-red.  Initial 

damage is typically minor and results in phagolysosome neutralization without 

substantial dye release.  A fraction of these damaged lysosomes are repaired and re-

acidify while others proceed into complete rupture.  Activation of macrophages reduced 

lysosome damage in multiple models.  The mechanism of this resistance is unknown, but 

could involve mechanisms that reduce the initial damage, enhance membrane repair or 

inhibit the transition from neutralized phagosomes to fully ruptured lysosomes.   
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5.2 Experimental limitations 

5.2.1 Limitations with lysosome damage assay 

 Although ratiometric imaging of released Fdx provides an improvement over 

previous techniques, some experimental caveats remain.  The image processing protocols 

which measure the percent of Fdx released harvests data from all regions where the pH of 

the Fdx containing compartments is above 5.5.    Thus the protocol does not necessarily 

differentiate diffuse from compartmental staining, implying that conditions which 

neutralize but do not rupture lysosomes could produce an artificially high percentage of 

Fdx released.  Therefore it is important to confirm that cells with neutral pixels also show 

diffuse staining typical of release.  In practical terms this has not been a significant 

problem with this system, as normal healthy cells maintain an acidic lysosomal pH.  

Neutral pH pixels in intact lysosomes were only observed when lysosomotropic agents 

such as ammonium chloride were added at a sufficient concentration to raise the 

lysosomal pH. 

 Another limitation of ratiometric imaging on an epi-fluorescence microscope 

comes from fluorophores above or below the focal plane of the lysosomes.   As 

lysosomes are maintained at a pH of about 4.75 and the cytosol is maintained at around 

neutral, pH 7.0, the Fdx signal should be near one of these two values.   Instead, a range 

of pH is observed in cells due to the mixing of fluorescence from Fdx in intact lysosomes 

and the released Fdx above or below the lysosome.  The nucleus is a good place to look 

for released Fdx, as there are relatively few lysosomes above or below the nucleus.  In 

some cells, this may result in an undercounting of the released Fdx signal as the relatively 

bright lysosomes may overwhelm the signal from the diluted released Fdx.  Moreover, 
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changes in cell shape may result in different amounts of averaging which may result in 

different regions showing pH greater than the pH 5.5 cut-off used for measuring 

lysosome release.  This was taken into account by gathering data from cells of many 

different shapes for each data set.   

The method could be improved.  One way to possibly reduce the z-axis averaging 

would be to collect through-focus image stacks and perform 3-D reconstructions of the 

cells.  This technique also has some limitations as Fdx is easily photo-bleached and the 

light used to image cells would have to be minimized which may reduce signal levels at 

each plane.  Another drawback is that current 3-D reconstruction algorithms do not 

maintain quantitative values across multiple fluorescent channels.  New computer 

algorithms would need to be developed to maintain proper pH ratios throughout de-

convolution.  Another possible improvement is based on the assumption above that all 

cellular Fdx is in compartments at pH 4.75 or pH 7.0.  Spectral un-mixing algorithms 

could be designed to calculate the relative contributions from neutral (pH 7.0) and acidic 

(pH 4.75) compartments.    

5.2.2 Membrane and endosomal trafficking  

Another drawback to this method is that endosomal trafficking is required to load 

lysosomes.  Measurements of lysosomal pH or damage in cells with trafficking defects 

may be difficult to interpret.  Trafficking and membrane fusion may also be important for 

increasing lysosome damage by increasing lysosome fusion with phagosomes containing 

damaging particles.  Intact lysosomes may also fuse with damaged compartments and 

result in increased lysosome release.  This could also be reduced in situations of altered 

trafficking.  Thus drugs and mutations which drastically alter intracellular trafficking may 
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have complicated and potentially counter-intuitive phenotypes in regards to lysosome 

damage and protection.  This is an especially important consideration when interpreting 

data regarding sphingomyelinase inhibition such as that in Kirkegaard (2010) and chapter 

4, figure 3, as membrane sphingomyelin and ceramide concentrations can alter membrane 

trafficking and fusion (Choudhury et al., 2004; Leventhal et al., 2001; Liscum, 2000).   

5.3 Future experimental directions 

 Several interesting questions are prompted by the findings in this thesis.  There 

are probably many other medically relevant particles and conditions which involve 

lysosome damage.  As lysosome damage is known to activate the NLRP3 inflammasome 

(Halle et al., 2008; Hornung et al., 2008), molecules which activate the NLRP3 

inflammasome may also damage lysosomes.  A number of diseases and pathologies rely 

on NLRP3 signaling, including dextran sulfate sodium-induced colitis, which may 

depend on NLRP3 signaling (Bauer et al., 2010; Zaki et al., 2010).   

Intracellular pathogens likely damage lysosomes.  Intracellular bacteria such as 

Franciscella, Salmonella, Mycobacteria and other Listeria species could all be tested for 

lysosome damage during infection.  While over-expression of some viral proteins such as 

HIV NEF (Laforge et al., 2007) can induce lysosome damage, it is not known if viral 

invasion damages lysosomes.  Even if lysosome damage does not occur at low MOI, 

higher MOI infection or viruses that traffic to lysosomes could trigger lysosome damage.  

Lysosome damage resulting from infection may serve a trigger which overcomes immune 

evasion.   

To screen a large variety of molecules for lysosome damage activity, this damage 

assay could be adapted into a high through-put, high-content imaging technique.  Imaging 
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platforms exist which could be used for fast low magnification imaging in two 

fluorescent channels.  Such methods could be used to identify other conditions and 

signals which induce lysosome renitence.  One broad category of molecules which has 

not been tested for the induction of lysosome renitence are lipid immune mediators.  

Arachidonic acid derivatives are powerful immune modulators which may affect 

lysosome stability.  The molecules identified so far which induce lysosome renitence are 

associated with classical activation of macrophages.  Conditions which alternatively 

activate macrophages have not yet been explored for inducing lysosome renitence.  

Although interleukin-10 did not induce lysosome renitence, other cytokines which reduce 

or resolve inflammation remain to be tested.  Resolution type signals are associated with 

the fibrotic diseases which result from exposure of lysosome damaging particles, such as 

silica, suggesting that resolution type signals may modify lysosome stability.   

Common signaling intermediates may mediate lysosome renitence.  The 

molecules which induce lysosome renitence are involved in classical activation in 

macrophages.  TNF-α may itself be a common intermediate as it is induced in LPS 

(Carswell et al., 1975), PGN (Gupta et al., 1995) or IFN-γ- (Collart et al., 1986) 

stimulated macrophages.  By blocking TNF-α using an antibody, or using TNF-α-

deficient mutant mice, one could determine if TNF-α is an intermediate in lysosome 

renitence induced by other stimuli.  Secreted HSP70 could be another common 

extracellular mediator of lysosome renitence.  HSP70 released from activated 

macrophages could even induce lysosome renitence in cells which lack receptors for 

inflammatory immune molecules.    
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The mechanisms responsible for lysosome renitence and or repair could be 

explored.  Common intracellular signaling proteins could be identified using siRNA or 

mutant mice.  While lysosome repair and, perhaps, secreted HSP70 are important 

mediators of lysosome renitence, other mechanisms may be involved.  Changes in 

membrane composition can affect membrane stability.  Many systems implicated in 

lysosome damage in this work and others may alter membrane dynamics and 

composition.  ROS species can form peroxide membrane phospholipids which can 

destabilize membrane.  Sphingomyelin, ceramide and sphingosine can stabilize or 

damage membranes and have been implicated in HSP70-mediated lysosome stability 

(Kirkegaard et al., 2010).    

In chapter 2 it was noted that, after one hour of exposure to ground silica, cells 

stimulated with LPS displayed lower levels of lysosome damage but much higher levels 

of cell death compared to unstimulated cells, which had high levels of lysosome damage 

and almost no cell death.  Thus macrophage stimulation had profound effect on the 

trajectory of silica-mediated cell death.  The details of this cell death phenotype have not 

been explored further.  While it seems likely from other studies that unstimulated 

macrophages with high levels of lysosome damage would eventually die by apoptosis, 

this death has not been characterized for this system.  One hypothesis is that macrophage 

activation acts as a switch which converts lysosome damage-mediated cell death from a 

slow non-inflammatory apoptotic type to a fast version of pyroptosis which results in the 

release of IL-1β and other inflammatory signals.  This would be contrary to current 

beliefs where lysosome damage levels are assumed to be responsible for such a switch 
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from apoptosis to necrosis or pyroptosis (Boya and Kroemer, 2008).  If TNF-α or IFN-γ 

mediate such a switch in cell death characteristics is also unknown. 

5.4 Potential therapeutics suggested from this thesis 

Further study of inducible lysosome renitence may result in new treatments for 

disease.  Molecules which induce lysosome renitence could be used to combat infection 

by intracellular pathogens or to delay or reduce inflammation caused by particulates such 

as silica or asbestos.  To be most useful, induction of lysosome renitence would have to 

be separated from the inflammation associated with the molecules identified here with 

classical macrophage activation.  This strategy may be especially useful in immuno-

suppressed individuals.  The general prevention of inflammation by immune-suppression 

regimens may circumvent normal levels of lysosome renitence in these individuals, 

leading to increased susceptibility to intracellular infection.  One common strategy for 

immuno-suppression is to use an antibody against TNF-α.  This may directly reduce 

lysosome renitence which could be repaired using a specific inducer of lysosome 

renitence.  While we have not tested for inflammatory induction, the HSP70 ATPase 

activator assayed in figure 4.1, 115-7c is a promising start to the identification of 

lysosome renitence activators.   

Molecules which reduce lysosome renitence may also be useful.  Such molecules 

would have to be used carefully but could be useful in situations where delivery of 

hydrophilic compounds into the cell cytosol is critical such as in vaccines where cellular 

CD8 immunity is important.  The delivery of macromolecular drugs into cell cytosol, 

such as siRNA or proteins, may also be enhanced by inhibitors of lysosome renitence.   
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5.5 Conclusion 

 This thesis explores the process of lysosome damage after phagocytosis and the 

novel inducible resistance to this damage in macrophages.  The novel lysosome damage 

measurement system described here has the potential to open new avenues of study in the 

fields of inflammation and cell death.  Inducible lysosome renitence is a novel activity of 

activated macrophages which could be targeted with novel therapeutics which oppose 

intracellular pathogens and or reduce irritant-induced inflammation.  Repair of 

intracellular membranes, demonstrated here as repair of lysosomes, is a novel ability of 

macrophages which merits further study. 
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Figure 5.1 Summary of the process of phagolysosome damage.  Following 

phagocytosis and fusion of the phagosome with lysosomes, particle associated 

chemistries damage the lysosomal membrane resulting in pH equilibration of the 

phagolysosome with the cytosol.  This minor damage can be repaired or proceed to full 

lysosome rupture.  Macrophage activation reduces lysosome damage by preventing initial 

damage, increasing repair or by inhibiting the progression from minor damage to full 

rupture.   
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