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Neutrophils are our most numerous and deadly white blood cells 
and without them we would succumb quickly to infections by 
pathogens. The main mechanism that the neutrophils employ for 

our protection is phagocytosis, where they eat and enclose their target 
inside a membrane-bound organelle, the phagosome. Neutrophil phago-
somes are highly dynamic entities, and a large amount of antimicrobial 
substances are released to their interior within seconds of formation. In 
most cases this will kill the engulfed microbe, but there are exceptions. 
Streptococcus pyogenes is one of our most common pathogens and is re-
sponsible for a wide range of diseases. Recently it has been demonstrated 
that these bacteria are able to survive phagocytosis by neutrophils. This 
doctoral thesis is about explaining those mechanisms. 

What is described in this thesis is the development of new methods 
for studying phagosome biogenesis and maturation, including 
creating magnetic bacteria to isolate phagosomes and advanced 

microscopy for live measurements of phagosomal pH. The employment of 
cell lines and their differentiation into neutrophils is shown to be a useful 
research tool. Using these methods, novel findings regarding mechanisms 
for fusion between neutrophil granules and phagosomes are demonstrat-
ed. It is shown that S. pyogenes interfere with the intracellular membrane 
traffic of neutrophils, leading to a decreased delivery of antimicrobial sub-
stances and impaired acidification of S. pyogenes-containing phagosomes, 
helping them to survive phagocytosis.
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released to their interior within seconds of formation. In most cases this will kill the engulfed microbe, but 
there are exceptions. Streptococcus pyogenes is one of our most common pathogens and is responsible for a 
wide range of diseases. Recently it has been demonstrated that these bacteria are able to survive phagocytosis by 
neutrophils. This doctoral thesis is about explaining those mechanisms. 
 
What is described in this thesis is the development of new methods for studying phagosome biogenesis and 
maturation, including creating magnetic bacteria to isolate phagosomes and advanced microscopy for live 
measurements of phagosomal pH. The employment of cell lines and their differentiation into neutrophils is 
shown to be a useful research tool. Using these methods, novel findings regarding mechanisms for fusion 
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Preface

I have finally reached the end of my doctorate, and it is time to write these remarks. 
Normally, there wouldn’t be a need for a preface, but I thought that I should write 
something about the structure of my thesis. Besides, I always like to read prefaces 
since it is a way to understand the thoughts that went into the writing. 

About five years ago (time flies!), during my first visit to Toronto, I started planning 
for this book. I wanted something a bit different from the normal structure of a 
Swedish doctoral thesis in Medicine, where all the papers are put together at the end in 
their original formatting. This is usually preceded by a background, methods section, 
a summary of the results and a discussion. Instead, I decided to divide the thesis in 
larger sections and then attach the papers as appendices to the chapters they were 
closest in subject to. Also, they are all re-formatted in the same style as the rest of the 
book and I have added a layman’s summary in english to each paper.

Overall, this thesis consists of five chapters, where the first chapter puts everything in 
context. I have intended the following three chapters as focus chapters, with more of 
an in depth approach to specified subjects. They are intended to stand on their own, 
but I have cross references to the other chapters. Chapter 2 and 3 are more method-
oriented, whereas chapter 4 is more of a review of the field of neutrophil phagocytosis. 
Finally, the concluding chapter is a synthesis of all the chapters and papers, where I 
have tried to find central themes in the work presented and discuss these. 

My structure has unintentionally resulted in an unusually long thesis (apologies to my 
opponent, Professor Joel Swanson, who has to go through it all), but I hope it will give 
something back to those who read it. I had a lot of fun writing it at least!

                                 Lund, 5th of April 2010 
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Abstract

Neutrophils are our most numerous and deadly white blood cells and without them we would 
succumb quickly to infections by pathogens. The main mechanism that the neutrophils 

employ for our protection is phagocytosis, where they eat and enclose their target inside a 
membrane-bound organelle, the phagosome. Neutrophil phagosomes are highly dynamic 
entities, and a large amount of antimicrobial substances are released to their interior within 
seconds of formation. In most cases this will kill the engulfed microbe, but there are exceptions. 
Streptococcus pyogenes is one of our most common pathogens and is responsible for a wide range 
of diseases. Recently it has been demonstrated that these bacteria are able to survive phagocytosis 
by neutrophils. This doctoral thesis is about explaining those mechanisms. 

What is described in this thesis is the development of new methods for studying phagosome 
biogenesis and maturation, including creating magnetic bacteria to isolate phagosomes 

and advanced microscopy for live measurements of phagosomal pH. The employment of cell 
lines and their differentiation into neutrophils is shown to be a useful research tool. Using 
these methods, novel findings regarding mechanisms for fusion between neutrophil granules 
and phagosomes are demonstrated. It is shown that S. pyogenes interfere with the intracellular 
membrane traffic of neutrophils, leading to a decreased delivery of antimicrobial substances 
and impaired acidification of S. pyogenes-containing phagosomes, helping them to survive 
phagocytosis.
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Populärvetenskaplig sammanfattning

Hur lurar mördarbakterier våra celler?

Neutrofiler och fagocytos räddar liv

Utan vårt immunförsvar så skulle vi snabbt dö i infektioner från mikroorganismer. Det består ett 
komplicerat system av celler och molekyler som tillsammans kan klara av att stå emot attacker från 
bakterier, virus, svampar eller parasiter. Cellerna i immunförsvaret utgörs av vita blodkroppar 
och den sort som det finns flest av är neutrofilen. Neutrofilen är en av våra ätarceller och har 
som sin främsta uppgift att snabbt leta reda på farliga organismer, som t ex sjukdomsalstrande 
bakterier och sen döda dem genom att äta upp dem. Denna process kallas fagocytos och inleds 
med att molekyler på neutrofilens yta känner igen molekyler på bakteriens yta. Detta utlöser en 
signaleringskaskad inuti neutrofilen som tills slut leder till att delar av cellmembranet omsluter 
bakterien och knoppas av som en blåsa inåt i cellen; då har en fagosom bildats. Till fagosomen 
skickas därefter en stor mängd farliga substanser för att döda bakterien och bryta ner den. Det 
praktiska med en membranblåsa som fagosomen är att det som är farligt hålls isolerat för att inte 
skada neutrofilen och omgivningen. I de allra flesta fall dödas bakterier snabbt och effektivt av 
våra neutrofiler, men det finns undantag.

Streptokocker kan lura neutrofiler

Grupp A streptokocker, eller på latin Streptoccus pyogenes, är en våra vanligaste sjukdomsalstrande 
bakterier och orsakar många sjukdomar, däribland halsfluss, scharlakansfeber och rosfeber. De 
kan också orsaka väldigt allvarliga tillstånd som STSS (streptococcal toxic shock syndrome) och 
nekrotiserande fasciit. Det sistnämnda är anledningen till att kvällstidningarna ofta benämner 
dessa bakterier för “mördarbakterier” eller “köttätande bakterier”. Under de senaste åren har 
det visat sig att dessa bakterier har mekanismer för att kunna överleva fagocytos av neutrofiler. 
Eftersom neutrofilerna ofta är först på plats och äter upp bakterierna, så innebär det att 
streptokockerna är skyddade från ytterliggare angrepp av immunförsvaret så länge de kan klara 
sig i neutrofilerna.

Min avhandling handlar om att på molekylär nivå karakterisera hur S. pyogenes kan klara 
av att bli uppätna av våra neutrofiler. Mycket av min doktorandtid har handlat om att 

utveckla metoder för att kunna studera detta, vilket har lett till Arbete 1 och Arbete 2. De två 
återstående arbetena beskriver nya fynd om hur neutrofilen fungerar under fagocytos (Arbete 
3) och hur streptokocker kan påverka neutrofilen efter att ha blivit uppätna (Arbete 4). Dessa 
arbeten sammanfattas nedan. 

Verktyg 1 – Använda cancerceller och cancerbehandling för att studera neutrofiler

I Arbete 1 har vi visat att leukemi-celler kan användas som modell-system för att studera 
fagocytos av S. pyogenes. Cancerceller kan under rätt betingelser leva hur länge som helst genom 
att de delar sig hela tiden. Det är också det som är problemet med sådana celler i människor och 
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som behandling finns det ibland medel som kan hindra dem från att dela sig. Vi har använt oss 
av leukemi-celler (HL-60) härstammande från en kvinna på sjuttiotalet och gett dessa en sådan 
celldelningshämmande substans, som är en variant av A-vitamin. Det som händer då är att de 
omogna HL-60 cellerna börjar mogna och bli mer och mer lika neutrofiler och därmed kan 
användas för att studera fagocytos. 

Verktyg 2 – Skapa magnetiska bakterier för att isolera fagosomer

Det är en stor fördel att kunna analysera enbart fagosomer och på så sätt få reda på vilka ämnen 
som samlas eller försvinner under tiden en bakterie befinner sig där. För att kunna göra detta med 
bakterier visade det sig att det behövdes nya verktyg och den största delen av min doktorandtid 
har bestått av att utveckla en ny metod för att isolera fagosomer. I Arbete 2 har vi visat att det 
går att fästa in nanometer-stora magnetiska partiklar på ytan av bakterier. Med hjälp av detta 
har vi sedan lyckats med att magnetiskt rena fram intakta bakterie-innehållande fagosomer från 
neutrofiler. Detta kommer troligtvis att vara till stor glädje för forskningsfältet och har redan lett 
till ökad förståelse kring hur fagocytos-processen fungerar i neutrofiler (se nedan).

Fynd 1 – Nya mekanismer för leverans av anti-bakteriella substanser till 
fagosomer

När en neutrofil äter en bakterie och börjar skapa en fagosom så startar direkt en väldigt 
omfattande förflyttning av andra membranblåsor (vesiklar och granula) som innehåller bl a 
bakteriedödande ämnen. När dessa granula smälter samman med fagosomen möjliggör det 
att neutrofiler kan döda och bryta ner bakterier. De mekanismer som styr sådan leverans till 
cellytan (tidig fas) har i många fall antagits vara de samma som de till fagosomen (sen fas). I 
Arbete 3 har vi genom att bl a använda vår metod för att isolera fagosomer funnit att leverans 
av granula-innehåll skiljer sig åt om man jämför tidig och sen fas. Vi har visat att detta regleras 
av olika mekanismer där leverans under den tidiga fasen är beroende av kalcium och vissa 
membranstrukturer; leverans till fagosomen är däremot oberoende av dessa faktorer.

Fynd 2 – Streptokocker stör pH-mekanismer i fagosomen efter att ha blivit 
uppätna av neutrofiler  

Koncentrationen av vätejoner, dvs pH, är centralt för hur en fagosom fungerar. Det är väldigt 
svårt att studera, då man inte kan fixera vätejoner och de snabbt diffunderar i vätskor. För att 
undersöka hur det ser ut i bakterie-innehållande fagosomer så har jag i Arbete 4 använt mig av 
avancerad digital mikroskopi. Intensiteten på ljuset från vissa fluorescenta molekyler varierar 
med pH. Genom att fästa sådana till bakterieytan och sedan fånga det fluorescerande ljuset med 
en digital kamera går det med bildanalys att omvandla ljusintensiteten till pH-värden. Med hjälp 
av ett specialutrustat mikroskop går detta att göra på neutrofiler som håller på att äta bakterier 
och därmed mäta pH direkt i fagosomen. På detta sätt har jag kunnat visa att S. pyogenes hämmar 
inflödet av vätejoner i fagosomen (och därmed håller pH högt) genom att förhindra leveransen 
av vätejons-pumpar. 
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Abbreviations

ATCC = American Tissue Culture Central
ATP = adenosine triphosphate
ATRA = all-trans retinoic acid
BAPTA-AM = (1,2-bis-(o-aminophenoxy)-ethane- 
 N,N,N’,N’-tetraacetic acid,    
 tetraacetoxymethyl ester)
CCD = charged-coupled device
Cdc42 = cell division control protein 42
CGD = chronic granulomatous disease
CR = complement receptor
DMSO = dimethylsulphoxide
EDTA = 2,2’,2’’,2’’’-(ethane-1,2-diyldinitrilo)tetraacetic  
 acid
EGTA = (ethylene glycol-bis(2-aminoethylether)-  
 N,N,N,N-tetra acetic acid
Fab = fragment antigen binding
F-actin = filamentous actin
FAD = flavin adenine dinucleotide
Fc = fragment crystallizable
FcR = Fc receptor
FITC = fluorescein isothiocyanate
fMLF = formyl-Met-Leu-Phe
GAP = GTPase-activating protein
GDI = guanine nucleotide dissociation inhibitor
GDP = guanosine diphosphate
GEF = guanine nucleotide exchange factor
GPI = glycophosphoinositol
GTP = guanosine triphosphate
Ig = Immunoglobulin
ITAM = immunoreceptor tyrosine-based activation  
 motif
ITIM = immunoreceptor tyrosine-based inhibition  
 motif
LAMP = lysosomal-associated membrane protein
Man 6-P GP = mannose 6-phosphate-containing   
 glycoproteins
Met-β-CD = methyl β-cyclodextrin
MLC = multilaminar compartments
MPO = myeloperoxidase
MTOC = microtubule organizing center
MVB = multivesicular bodies
NA = numerical aperture
NADPH = nicotinamide adenine dinucleotide   
 phosphate
NOX = NADPH oxidase
PAK1 = p21-activated kinase 1
PAMP = pathogen-associated molecular pattern
PI(3)P = phosphatidylinositol-3-phosphate
PI(4,5)P2 = phosphatidylinositol-4,5-bisphosphate 
PI(3,4,5)P3 =phosphatidylinositol-3,4,5-trisphosphate
PI3K = phosphatidylinositol 3-kinase

PKC = protein kinase C
PLCγ = phospholipase C γ
PMA = phorbol myristate acetate
pmf = proton motive force
PRR = pattern recognition receptor
psf = point spread function
PX = phox homology
RBC = red blood cell
rcf = relative centrifugal force
ROS = reactive oxygen species 
rpm = revolutions per minute
RPMI = Roswell Park Memorial Institute
SNARE = soluble N-ethylmaleimide-sensitive factor  
 attachment protein receptor
S. pyogenes = Streptococcus pyogenes
TLR = Toll-like receptor
VAMP = (vesicle-associated membrane protein)
WASP = Wiskott-Aldrich syndrome protein
V-ATPase = vacuolar-type adenosine triphosphatase
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chaPter 1: context – eating your way out of trouble 19

Chapter
Eating your way out of trouble

1 context

“It strengthens the statement that the white blood corpuscles  
and other phagocytes of vertebrates eat disease producers…”266

Ilya Mechnikov (1845-1916)
the discoverer of phagocytosis

In essence, my thesis work is about our immune defense against pathogens, and how it can 
be overcome by a certain bacterium, Streptococcus pyogenes. This bacterium, also known as 
group A streptococcus, or in some cases actually “killer”- or “flesh-eating”-bacterium. The 

latter terms are mostly found in tabloids, but there is certainly some truth to them, even though 
such more clinical aspects will not be the main focus of this thesis. The light will instead shine 
on our hero, the neutrophil, which in most cases can stop the majority of microbes already at 
the gate; they arrive in huge numbers and then, in a rather primitive fashion, quite frankly just 
eat them. This process is called phagocytosis, constructed from the Greek words, phagein (“to 
eat” or in another form, phagos “eater of ”), kytos (“hollow receptacle” or the more modern “cell” 
) and the suffix -oasis (indicating a process); this gives the literal translation of phagocytosis as 
“the cellular process of eating” (see Fig 1.1). This thesis will in detail describe how phagocytosis 
functions in neutrophils and how it can be subverted by the pathogen S. pyogenes. In this chapter 
I will introduce some concepts that are fundamental to understanding the themes of this thesis, 
starting with the immune system.

The immune system and Innate Immunity

Overview of the immune system

Our immune system exists to protect us from infections by pathogens. Ideally, pathogens never 
get as far as even provoking the response of the immune system, i.e., when we get an infection. 
This is also what in most cases happen, with the skin and internal mucosal surfaces acting as 
barriers and covers all the way from the mouth to the rectum. However, these will eventually 
be breached and then the immune system will be triggered, and we get an immune response. 
This can be categorized by four Rs: recognize, the recognition of foreign (or non-self) agents; 
remove, the elimination of these agents by various effector functions (this is where phagocytosis 
fits in); regulate, the dampening of the response to protect the body from collateral damage; 



Phagocytosis by neutroPhils20

remember, the remembrance of the intruding agents to be able to stop them from infecting 
again. Traditionally,  the field of immunology which covers all these mechanisms is divided into 
two subgroups, adaptive and innate immunity. The former is only present in vertebrates and can 
be seen as a layer on top of the more ancient (of course relative, both are over 500 million years 
old80), and the evolutionary conserved innate immunity, which can be found in some form in all 
multicellular organisms34. Adaptive immunity is based on genetic diversification and selection in 
order to recognize specific patterns of a species, whereas innate immunity relies upon identifying 
more conserved patterns that most pathogens exhibit. These different branches of the immune 
system work closely together to complete its task (the four Rs above), as will be pointed out in 
the following descriptions of the two.

Adaptive immunity

The adaptive branch of our immune system is perhaps the one most people associate with 
immunity. This is likely due to the protection we receive through vaccination, whereby exposure 
to molecules from pathogens eventually give rise to a fast and specific response to agents 
exhibiting the same molecules. Even though not knowing the exact mechanism, on the 14th of 
May 1796, Edward Jenner managed to perform the first documented vaccination by taking pus 
from cow pox blisters and administering this to an 8 year-old boy, giving him protection against 
the closely related small pox391. During the 1900s, through a series of discoveries, the amazing 
mechanisms behind vaccination and specific immunity became unraveled. 

Absolutely pivotal to the specific nature of adaptive immunity is the antibody. First coined by 
Paul Ehrlich in 1891, and their anti-toxic effects first described by von Behring and Kitasato a 
year earlier242, the antibodies are part of the humoral immune defense, and as such are present 
in extracellular fluids. They are also called immunoglobulins, Ig, and five classes exist: IgA, 
IgD, IgE, IgG and IgM. Of these, IgG is by far the most abundant and also the one that I will 
focus on in this thesis (for an overview see Gerald Edelmans Nobel lecture from 1973110). IgG, 

Figure 1.1 - Phagocytosis by a neutrophil
The figure shows two neutrophils, one that has eaten several zymosan particles (derived from the cell wall 
of yeast), and one that is not active. The microscope image was taken using differential interference contrast 
technique. Scale bar is 10 μm.  



chaPter 1: context – eating your way out of trouble 21

is composed of polypeptide chains, two 
heavy (50kDa) and two light (25kDa), 
making it a large molecule with a combined 
molecular weight of 150 kDa (see Fig. 1.2). 
The heavy chains are linked with each other 
and attached to these are the light chains, all 
connections made through disulfide bonds. 
The heavy and light chain end in a variable 
region, one on each side of the molecule, 
giving two identical, but variable, binding 
sites. The opposite end, with only heavy 
chains, constitute the constant region, and 
is also the region which define the class of Ig 
and subsequently effector function. IgG also 
has carbohydrate structures on the constant 
region, which come in four variations, each 
representing a different subclass: isotypes 
IgG1 to 4. Of importance, the constant part of 
IgG can be cleaved of by papain428, generating 
two Fab fragments (Fragment antigen 
binding) and one Fc fragment (Fragment 
crystallizable). This is exploited in many 
experimental assays, where antigen detection (through Fab fragments) without provoking cross-
reaction (through the Fc region) can be essential.       

The antigen-specific response that antibodies mediate is no little task to achieve. First we need 
to consider how antibodies of the right specificity are synthesized in the enormous quantities 
required. This is achieved by B lymphocytes derived from the bone marrow. Each naive B 
lymphocyte has a single type of Ig receptor (or B-cell receptor) which recognizes only one 
specific variant of antigen. If the receptor bind antigen of the correct specificity, the B cell starts 
to proliferate and then these differentiate into plasma cells. The plasma cell is the activated form 
of B cells and produce and secrete antibodies targeted at the antigen that their B-cell receptor 
recognized. To prevent B cells from producing antibodies that target self-molecules, those  cells 
bearing such receptors are signaled to perform apoptosis. The above description is a very brief 
summary of the clonal selection hypothesis that was suggested by Burnet (see Nobel lecture 
from 196053) and proven by Medawar in 195353. It may sound like that this is a perfect system to 
fight pathogens with, however, there is major drawback: it takes a long time to get the antibody 
production up to speed, at least several days. To counteract this, after activation, there will always 
be some cells left with the same receptor specificity, greatly facilitating antibody production if the 
same antigen should be encountered again. This serves the function of immunological memory, 
as mentioned in the introduction. Still, this leaves the body open for infection the first time a 
pathogen is encountered. This is where innate immunity comes in.

Innate immunity

As long as there has existed organisms there has existed a need for protection against others. 
Likely, other types of immune systems have come and gone through the course of evolution, but 
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Figure 1.2 - Structure of IgG
An IgG antibody consists of two chains, one heavy 
(H, in dark grey) and one light (L, in light grey). It 
is composed of eight domains, six constant (C) and 
two variable (V). It is in the variable regions where 
the ability to interact with antigens (ag) is mediated. 
The whole molecule is held together with disulfide 
bonds but can be divided into two Fab fragments 
which bind antigen and one Fc fragment which 
interacts with host receptors for signal induction. 



Phagocytosis by neutroPhils22

one has been conserved in almost all life forms since the Cambrian explosion around 550 million 
years ago, and that is that of the innate immune system81.   

The first line of defense of innate immunity in humans is the epithelial surfaces; our skin and our 
mucosa lining the internal epithelial cells. These constitute a barrier which needs to be broken 
or penetrated in some way. This can be done either when we have a physical injury exposing us 
or through various virulence mechanisms that the pathogens might possess. Luckily though, 
most are killed or removed by countermeasures such as hindering adhesion by mucosa and cilia 
movement; release of defensins or other anti-microbial molecules; low pH and lytic enzymes (in 
the stomach); and others (for a review on innate immunity mechanisms see Beutler34). 

Once in a while, a pathogen makes it through the epithelial barrier, perhaps by invading an 
epithelial cell and then replicate within before moving along. It will then encounter a plethora 
of effector cells and molecules that will try and eliminate it. The hallmark of innate immunity 
is the germline-encoded pattern recognition receptors which can identify conserved molecules 
and structures of pathogens (for an overview see Janeway and Medzhitov191). This include the 
Toll-like receptors (TLRs, many variants that has affinity for various types of pathogen-related 
molecules271), dectin-1 receptor (recognizes β-glucan, a cell wall component of fungi133, f-Met-
Leu-Phe receptor (recognizes bacterial peptides450) to name a few examples. Once identified, the 
cellular and humoral components of the innate defense target the invading pathogen and tries to 
eradicate it. The cellular effector mechanisms are the ones that involve the various cells of innate 
immunity. Their recruitment during inflammation and the arsenal of antimicrobial measures 
that these cells possess will be discussed in the sections concerning inflammation, phagocytosis 
and neutrophils. 

The humoral antimicrobial effector mechanisms include a multitude of secreted proteins (like 
lysozyme and lactoferrin) and smaller peptides (the antimicrobial peptides) as well as the 
complement system. In mammals, the antimicrobial peptides are composed of two families, the 
cathelicidins and the defensins and these are believed to induce killing by membrane disruption 
(for a review see Ganz134). The complement system is composed of large number of proteins that 
are linked through an enzyme-triggered cascade (for a review see Sjöberg et al382). This can be 
activated on pathogen surfaces through three pathways: the classical, the lectin pathway and the 
alternative pathway. The classical pathway is linked to adaptive immunity by the interaction of 
C1q with antibody:antigen complexes (complementing specific response, hence the origin of the 
name) but can also bind directly to certain pathogen motifs. The lectin pathway is activated by 
the binding of mannose-binding lectin to certain carbohydrates, whereas interaction of C3 with 
pathogens can activate the alternative pathway. They all lead to the activation of C3 convertase 
and the subsequent generation of complement effector functions including membrane lysis, 
pathogen opsonization and phagocyte recruitment.  

Finally and perhaps not strictly a part of the innate immunity, but nevertheless an important 
anti-pathogen factor is the commensals. These are bacteria that live in symbiosis with the human 
host, or at least not causing disease. They will compete with any newcomer for nutrients and 
might deprive pathogens of the resources they need for propagation.
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Inflammation

It could be argued that the definition of a 
pathogenic microorganism or pathogen can 
be stated as a microorganism that has evolved 
mechanisms to overcome innate immunity. 
It is only when this falters that we will get 
infected and it is only then that adaptive 
immunity becomes aware and comes into 
play. Eventually this triggers a specific 
response to the pathogen responsible for the 
infection. In most cases of infection, there 
will also be inflammation (for an overview 
see Medzhitov269), traditionally described by 
the latin words calor, dolor, rubor and tumor juxtaposing the condition of heat, pain, redness 
and swelling that accompanies it. The function is to try and limit the spread of the infection 
by clotting the blood and then recruit effector molecules and cells to kill the trespassers. The 
initiation is by resident mast cells and tissue macrophages, that upon infection release cytokines 
and chemokines. This triggers a response from endothelial cells leading to dilation of blood 
vessels and vascular leakage of plasma proteins in to the site of infection. The endothelial cells 
also express molecules that together with the chemokines released will allow recruitment of 
inflammatory cells (see Fig 1.3). These are mainly the neutrophils and monocyte-derived 
macrophages, with the former arriving first and in larger numbers. Also important are the natural 
killer cells (NK cells), which target virus-infected cells and instruct them to kill themselves by 
undergoing apoptosis.

Figure 1.3 - Extravasation and phagocytosis 
by neutrophils
Bacteria (in green), invades the surrounding tissue 
in a wound and are identified and eaten by tissue-
resident macrophages (large cell in blue), which 
secrete pro-inflammatory cytokines. This triggers 
endothelial cells to express molecules that capture 
and allow activated neutrophils to adhere and 
traverse the capillary wall. The neutrophils then 
crawl out to the site of infection and eat the bacteria. 
The blow-ups show that the content of antimicrobial 
granules are delivered to bacteria-containing 
phagosomes, to eventually kill the bacteria. 
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Phagocytosis

There are several ways for cells to take up small molecules, and this is collectible grouped under 
the term endocytosis. This includes receptor-mediated endocytosis, pinocytosis (uptake of 
surrounding solute) and phagocytosis. For larger particles, such as bacteria, fungi and parasites, 
the latter mechanism is generally required. This is an active, receptor-mediated process where 
the phagocyte tries to engulf and eventually destroy its targeted prey. Through cytoskeletal re-
arrangements, the phagocytes’ plasma membrane extend and form pseudopods, which enclose 
the particle and place it in a membrane-bound vacuole; this is called a phagosome.  

First described by Ilya Mechnikov in 1883 during studies on starfish larvae408, phagocytosis is 
arguable the most important mechanism of innate immunity. The ability to target anything 
that is not “self ”, eat it up, safely seal it off in and then unleash a deadly mix of poisons into 
the phagosome is not only remarkable, but also absolutely essential in the body’s war against 
pathogens. Also, without macrophage phagocytosis, adaptive immunity can not be activated 
as this requires the antigen presentation that this mediates171. Phagocytosis is also essential in 
clearance of dead or dying cells, helping to make way for efficient wound healing and also to keep 
the system clean. Macrophages has been mainly attributed with this house-cleaning function. 
As was shown by the early studies, phagocytosis has been evolutionary conserved, even in small 
animals like water fleas, Daphnia. In 1884, Mechnikov described what happened after infection 
with budding fungus: 

“…it can be seen that the infection and illness of our Daphnias is a battle between 
two living beings — the fungus and the phagocytes. The first consist of one-celled 
lower plants, while the latter represent the lowest tissue element and have a great 
similarity with the simple organisms (Amoeba, Rhizopodium and so on). The 
phagocytes, which have retained the primitive property of taking up solid food, can 
act because of this as destroyers of parasites. They seem therefore, as the bearers of 
nature’s healing power…”266

In the above quote Mechnikov touches upon the probable origin of phagocytic ingestion, the 
uptake of food. So, in a number of unicellular lifeforms phagocytosis is instead a predatory 
function rather than a way to defend the organism. It is also from studies of these that most of 
our early mechanistic knowledge of the process comes from. Turning back to humans, I have 
already mentioned the macrophage, one of the so-called professional phagocytes. Others include 
the dendritic cell, monocytes (can differentiate into macrophages) and the polymorphonuclear 
cells: the basophil, eosinophil and the neutrophil. As most cells can be induced to perform some 
form of phagocytosis, other cells are called non-professional phagocytes when in that state339. 
The difference is largely due to the presence of specialized phagocytic receptors at the surface 
of the professional cells2. There exist a wide variety of such receptors and the expression differs 
between the different cell types, dedicating their function. Either they have affinity for pathogen 
structures called pathogen-associated molecular patterns (PAMPs) with the receptors termed 
pattern-recognition receptors (PRRs)190, 270, or they recognize pathogens via complement or 
antibodies. The latter generally triggers a much stronger response, and such coating of particles 
to make them more appetizing for phagocytes is termed opsonization. This will be discussed in 
more detail in Chapter 2. In the next section I will turn to the neutrophil, our most voracious 
phagocyte. 



chaPter 1: context – eating your way out of trouble 25

The neutrophil

The neutrophil is an amazing cell. It is a highly specialized killer, perfected over millions of years 
of evolution, with the main task of quickly responding once intruders are detected, keeping 
us safe from infection. This sounds simple enough, but considering that the pathogens they 
encounter will each have an equally perfectly evolved arsenal of countermeasures, and that the 
neutrophil has two serious disadvantages: it  needs to get to the (often remote) site of infection 
and if possible, should not damage its host, i.e., the human body. Carl Nathan has written this 
well-put summary:  

“The cellular engineering problems solved by neutrophil signaling systems include 
the following. The cell must remain non-sticky as it hurtles through the arterial and 
arteriolar circulation; then it must squeeze through capillaries smaller in diameter 
than itself, without allowing collision, friction or distortion to activate it. A fraction 
of the population must adhere tightly enough to the normal endothelium of post-
capillary venules to resist being washed away in the circulation, but loosely enough 
to roll while scouting for evidence of tissue damage and microbial infection. If such 
evidence is received, the cell must crawl to a boundary between endothelial cells, 
penetrate the junctions and the underlying basement membrane without damaging 
these structures, move up a chemotactic gradient and decide whether its original 
information remains valid. If the answer is negative, the cell must execute itself 
by apoptosis. If the answer is positive, the cell must attempt to engulf and destroy 
microbes. If it cannot locate microbes quickly, it must attempt to destroy them at a 
distance by releasing every weapon at its disposal.”294

To begin to grasp how all of this is achieved, one has to start looking at how the neutrophil is 
formed and its structural composition. The neutrophil belongs to the family of myeloid cells, 
which include all of the phagocytes except dendritic cells. They are derived from hematopoetic 
stem cells in the bone marrow, which also can differentiate towards the lymphoid lineage of cells, 
which include B and T cells. Once matured, the neutrophils circulate our blood stream waiting 
for signals of inflammation. They are the most numerous of all the white blood cells (60%), and 
one milliliter blood usually have up to five million neutrophils297. Their lifespan is very short, and 
they only live for up to 6-12 hours in the blood before entering apoptosis364, with new constantly 
taking their place from the bone marrow20. 

There are several structural characteristics that set the neutrophils apart from most other cells 
(see Fig 1.4). First, the most easily discerned feature, their multi-lobuled and oddly shaped 
nucleus, which has given the name polymorphonuclear cells (which also include the closely 
related basophil and eosinophil). It has been speculated about the function of several lobes, and 
the most likely explanation is that it simplifies the squeezing out of capillaries, when extravasating 
to an inflammation site. Recently, after reports of the use of extracellular webs of DNA as a way 
to trap and kill pathogens49, this could be another possible reason; this would in theory make it 
possible to release one lobe after another, while still maintaining the integrity of the cell. 

After the nuclei, the presence of pre-formed granules is probably the most distinctive feature 
of neutrophils. It is possible for the cells to release the contents of these granules to the plasma 
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membrane in a controlled fashion (termed granule exocytosis or secretion)311.  This can be a way 
to target pathogens that are either to large to be eaten or being at a distance from the neutrophil; 
the direct delivery to phagosomes during phagocytosis is of course also an alternative18, 71. The 
granules was originally described as either positive or negative for peroxidase, but over the years, 
through subcellular fractionation and biochemical analysis (covered in more detail in Chapter 
3), it became clear that the neutrophil possessed several distinct granule populations. So far, the 
ones that have been characterized are the azurophilic granules (also known as primary granules 
or azurophils), the specific (or secondary) granules and the gelatinase (or tertiary) granules. 
Usually included with these are also a fourth type, called secretory vesicles (for an overview 
see Faurschou et al.116. According to the targeting-by-timing hypothesis put forth by Niels 
Borregaard, the different composition of the granules is determined by the order they are formed 
during myelopoiesis, starting with the azurophilic granules230; this has been subject to debate and 
remains to be proven. As the granules are vital for the function of both phagocytic killing and 

Figure 1.4 - The neutrophil
The illustration tries to highlight certain prominent features of the neutrophil. They are full of different 
types of granules, which mediates various functions including endothelial adhesion (secretory vesicles), 
extravasation and chemotaxis to inflammatory tissue (gelatinase granules), generation of oxidative burst 
(specific granules), and killing of microbes (azurophilic granules). They have relatively few mitochondria 
and rely more upon an anaerobic metabolism, especially during phagocytosis. Neutrophils possess the 
ability to synthesize molecules, such as inflammatory mediators, but have a relatively small endoplasmic 
reticulum.    
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translocation to the site of inflammation I will describe the various granule types in more detail 
in the following sections. 

The azurophilic granules are the largest (about 300 nm in size331) and most dense19 of the granules. 
They are also believed to be the most important for killing of microorganisms197, 446, filled with 
proteolytic enzymes and antimicrobial proteins and peptides (see Table 1.1 for an overview of 
granule contents). The specific granules are smaller and less dense than the azurophilic granules 
and also contain a large antimicrobial arsenal. However, the most important function seem to 
be related to oxidative burst activation since they have the majority41 of the membrane-bound 
components (gp91phox and p22phox) required for this. The oxidative burst will be covered in more 
detail in Chapter 4). The neutrophil granules have different thresholds and signals for secretion, 
and generally this seems to be the opposite order of when they have been formed376. Thus, the 
gelatinase granules and secretory vesicles are more easily exocytosed than the others and are also 
believed to be more involved in the mechanism allowing the neutrophil to adhere to endothelial 

Table 1.1 - Neutrophil granule proteins

Azurophilic granules Specific granules Gelatinase granules Secretory vesicles

CD63 CD66b Gelatinase Alkaline phosphatase 

CD68 Cytochrome b558 Cytochrome b558 Cytochrome b558

Myeloperoxidase CD15 SNAP-23, -25 CD10

Stomatin CD11b/CD18  CD11b/CD18 CD11b/CD18

Cathepsins CD67 fMLP-R fMLP-R

Defensins β2-microglobulin β2-microglobulin CD13

Elastase fMLP-R NRAMP-1 CD14 

Lysozyme Fibronectin-R SCAMP CD16 

Sialidase Sialidase Lysozyme CD45 

Azurocidin Lysozyme VAMP-2 CR1 

BPI VAMP-2 V-type H+-ATPase VAMP-2

V-type H+-ATPase Laminin-R Leukolysin V-type H+-ATPase

Proteinase-3 Leukolysin Leukolysin 

SCAMP CD10

SNAP-23, -25 Plasma proteins

Stomatin C1q-R

hCAP-18

TNF-R

Collagenase 

Lactoferrin

NGAL

Mainly from Faurschou och Borregaard116, but also see Lominadze243.
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walls and extravasate to the site of inflammation375. This process in one of the more fascinating 
aspects of neutrophil biology.

Neutrophils in inflammation - first in place

The neutrophils circulate in an inactive state in the blood vessels; this is far away from where most 
microbes will appear. They need to get to the site of inflammation in order to target potential 
pathogens. The extravasation of neutrophils from blood vessels has traditionally been described 
with rolling along the vessel, activation and then adhesion to the endothelial surface. The picture 
is now much more complex and several steps have been added; capture, rolling, slow rolling, 
arrest, spreading, crawling, paracellular and transcellular migration are now also included (for 
a review see Ley et al.240). What mediates this process is selectins and integrins expressed on the 
surface of the neutrophils and the endothelial cells. In neutrophils, it is the sequential release of 
the different granules that allows them to reach the inflammation site. The secretion of secretory 
vesicles leads to the incorporation of various molecules in the membrane, such as L-selectin43, 
important for the early steps of extravasation. The next to be released is the gelatinase granules, 
which contain enzymes that can degrade collagen213, allowing the neutrophil to migrate further 
out into the tissue. Both the specific and azurophilic granules are much more difficult to mobilize 
and are mainly saved for use against microbes during phagocytosis. This is also important as 
they contain many degradative molecules which could cause profound host tissue damage. 

A striking feature of the neutrophils is their unusual metabolism. The speed and efficiency at 
which they perform their task of killing microbes would make it obvious that they use the best 
energy source available: aerobic respiration through mitochondria. However, first of all, they 
have far fewer mitochondria than a normal eukaryotic cell252. Secondly, these are not active most 
of the time. Instead, it seems that they have evolved an extremely efficient anaerobic glycolysis. 
This is not as strange at it seems when one looks at the conditions present at an inflammatory 
site, with low oxygen and glucose levels433. The neutrophils have large stores of glycogen in their 
cytoplasm18, 20, the main substrate used under anaerobic conditions. Using potassium cyanide 
and antimycin to block the electron transport chain, Sbarra and Karnasky could show that the 
ability of guinea pig neutrophils to perform phagocytosis was unaffected. This was also coupled 
with an increase in lactate and glucose consumption366; similar findings was later also shown and 
expanded upon with human neutrophils42. 

Another important aspect that has recently been emerging is that regarding the neutrophils’ 
capacity for protein synthesis. Having much less ER than most other cells and being terminally 
differentiated, it was earlier believed that this ER was a mere remnant from earlier stages of 
neutrophil myelopoiesis. The discovery that neutrophils can synthesize and release large amounts 
of the chemokine IL-828, opened up the field. Through in vitro studies, but also confirmed in 
many cases in vivo, many other molecules has been shown to be produced in neutrophils. These 
include pro-inflammatory cytokines such as TNF-α and IL-1β, anti-inflammatory such as 
TGF-β, and many other chemokines, growth factors and other molecules (for a comprehensive 
review see Cassatella63). This suggests that neutrophils are not only phagocytic killers, but also 
may play a larger part in coordinating the inflammatory response.  

Phagocytosis by neutrophils is the main focus of this thesis, and the incredible efficiency and 
killing potential that these cells possess will be covered in the following chapters. The importance 
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of neutrophils in keeping us safe from infection is underlined by the often fatal conditions that 
can be found in patients either lacking or having defect neutrophils. The neutrophils are also a 
double-edged sword, since a large number of disorders can also be attributed to the mis-targeting 
of the neutrophil response, causing collateral damage in the host tissue (for an overview see 
Witko-Sarsat446 and Quinn et al.338). We will now turn to the other major player of this thesis, 
Streptococcus pyogenes. 

Streptococcus pyogenes

The bacterium Streptococcus pyogenes is an amazing organism. As mentioned earlier, the 
definition of a pathogen could be that they must overcome innate immunity in some way; this 
bacterium has plenty of ways.

Clinical overview and classification

Streptococcus pyogenes, or group A streptococci are Gram-positive bacteria that grows in chains 
(see Fig. 1.5) and are a well-known cause of many illnesses. They primarily infect mucous tissue 
and skin; disorders often attributed to or caused by these bacteria include pharyngitis, scarlet fever, 
impetigo, erysipelas, cellulitis, septicemia, pneumonia, meningitis, toxic streptococcal syndrome 
and necrotizing fasciitis88. The two latter are the most serious ones and are often fatal390. There 
are also the sequelae acute rheumatic fever and acute post-streptococcal glomerulonephritis that 
can arise after an infection89. In 2005, when looking globally through meta-analysis, Carapetis 
et al. concluded that S. pyogenes is one of the most important human pathogens, both in terms 
of morbidity and mortality. The authors estimated the number of group A streptococcal-related 
deaths to be over 500 000 annually57.   

Table 1.2 - S. pyogens virulence factors

Virulence factor Reported function

M protein
Anti-phagocytic, intracellular survival387, phagosome fu-
sion386, invasion, adherence, vascular leakage166

Hyaluronic acid capsule Anti-phagocytic440, adherence, invasion
Protein H Anti-phagocytic208, IgG-binding4

C5a peptidase Neutrophil chemotaxis442

Lipoteichoic acid Adherence29

Fibronectin-binding proteins Adherence, invasion279

Protein F1 invasion320

Hyaluronidase Tissue degradation
Streptokinase Tissue degradation
SpeB Tissue degradation246, IgG-degradation428

IdeS and EndoS IgG-degradation75, 429

DNAses NET-degrading51

Streptolysin O Phagosome escape291

SIC
Complement interference5, inactivates antimicrobial 
peptides129

Unless specified the source for the reported functions is from the review by Bisno et al.37



Phagocytosis by neutroPhils30

The pioneer of streptococcal research, 
Rebecca Lancefield, introduced different 
systems for the classification of β-hemolytic 
streptococci. One is based on the different 
carbohydrate structures in the cell wall of the 
bacteria, where the group A have N-acetyl-
β-D-glucosamine linked to a polymeric 
rhamnose backbone262. The other is based on 
identifying the different M protein variants 
that can be found in S. pyogenes225. So far, over 
100 types of  M protein have been classified30 
(recently assisted by the advance of molecular 
biology), where M1 and M3 being the most 
common clinical isolates88. 

Phagocytosis of the “anti-
phagocytic”  S. pyogenes and 
subsequent intracellular survival

When reading the scientific literature 
regarding S. pyogenes is generally described 
as being an extracellular pathogen, and in 
many cases even referred to as one of the 
archetypical extracellular disease-causing 

bacteria in humans. To explain how the bacteria could withstand being eaten by neutrophils or 
macrophages, two virulence factors has been repeatedly attributed with anti-phagocytic effects, 
M protein120 and the hyaluronic acid capsule440. Suggested mechanisms include inactivation 
of complement through binding of factor H177 and evading detection by coating the bacterial 
surface with fibrinogen443. However, most studies have in fact not studied phagocytosis per se, but 
instead measured the survival, and then assumed that this was by avoiding being internalized. 
Survival is of course the most relevant aspect from a clinical standpoint, but it could lead to a 
misunderstanding of the underlying mechanisms. In 2003, when studying the phagocytic process 
of neutrophils interacting with M1 S. pyogenes, Staali et al. could show that the role of M protein 
instead was that of mediating intracellular survival387. This was confirmed by other groups, both 
with in vivo studies in mice267, 268 as well as with macrophages410. Later studies have shown that 
there is an inhibition of fusion between azurophilic granules and phagosomes containing S. 
pyogenes386, and characterizing that mechanism was the original aim of the investigation leading 
to this thesis.

That group A streptococci have an intracellular role is not new, and intracellular invasion of 
epithelial cells have been known for some time227. Adhesion is an important first step and binding 
to fibronectin279 has been implicated in this process as well as M protein-mediated adhesion106. 
This has been linked to recurrent pharyngitis infections317, where the bacteria could hide 
intracellularly both from the immune response as well as from non-permeating antibiotics such 
as penicillin. Some important virulence factors of S. pyogenes are listed in Table 1.2.  

Figure 1.5 - Steptococcus pyogenes
S. pyogenes is a coccus (round bacterium) that 
mainly grows in chains. The differential interference 
contrast image show bacteria of the AP1 strain. The 
scale bar is 10 μm. 
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AP1 and BMJ71

In the work presented throughout this thesis, two strains of S. pyogenes has been consistently 
used. The first is a clinical isolate, entitled AP1, which was originally obtained from the WHO 
Collaboration Centre for Reference and Research on Streptococci in Prague. BMJ71 is an isogenic 
mutant, generated by transposon insertional inactivation of the mga gene209. This gene encodes 
for several virulence factors which makes the AP1strain strongly virulent. Some characteristics 
include: binding of IgG and fibrinogen221, through protein H4 and M protein33; inhibition of 
complement5 and antimicrobial peptides through protein SIC129; degradation of C5a through 
C5a peptidase442; adhesion through the collagen-like surface protein SclA342. Moreover, the AP1 
strain has been shown to survive incubation in non-immune whole blood430, as well as being able 
to survive intracellularly inside neutrophils387; streptococci of the BMJ71 strain are in contrast 
effectively killed.
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Chapter
Modeling phagocytosis

2 focus

“The truth is, the science of Nature has been already too long made only a work of 
the brain and the fancy: It is now high time that it should return to the plainness 

and soundness of observations on material and obvious things.”

Robert Hooke (1635-1703)
inventor of the first practical compound microscope 

How to study phagocytosis? The complex series of events with chemotaxis, adhesion and 
the initiation of different signaling pathways and the actual internalization per se makes 
it difficult to study the process. To reduce the complexity, models need to be introduced 

and advanced methodology are necessary for a sufficient level of detail. In this chapter I will 
describe methodological considerations for the study of different aspects of the phagocytosis 
process; the majority of these have been used in the papers included in this thesis. The focus will 
be on neutrophils, but most of what is described will work for any phagocyte.

Neutrophil phagocytes

Primary cells

The ideal model phagocyte is of course a real one, such as a neutrophil that has been purified 
from donor blood. This can be achieved by drawing blood and centrifuging it with gradients 
that will separate the blood cells with regard to size and density54. In the original protocol by 
Böyum the density barrier at 1.077 g/ml made it possible to  get a pelleted fraction that contained 
neutrophils and erythrocytes. Further adjustments of the density to 1.114 g/ml and adding 
8.2% polysaccharide made it possible to only pellet the erythrocytes117, which is caused by their 
shrinkage and increased density under these conditions36 (and thus less centrifugal resistance). 
Relying on this principle, it is now possible to purchase commercial gradients specifically tuned 
for neutrophil isolation (Polymorphprep, Axis-Shield). 

Despite this progress there are several concerns when using primary cells. Besides the ethical issues 
with taking venous blood from “healthy donors”,  the main issue with primary cells is the natural 
heterogeneity of neutrophils, even within one person. This can exhibit itself as differences in cell 
numbers, chemotaxis and phagocytosis ability, surface marker expression etc. (for a review see 
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Gallin132). Practical concerns are mainly attributed to the nature of neutrophils. They are short-
lived, meaning that experiments can only last for a few hours before the majority are apoptotic 
or necrotic. They also tend to be activated by or adhere to various surfaces, including glass and 
many normal plastics used, so it is necessary to test if this is a problem; polypropylene tubes are 
recommended297. Due to them being easily activated, one must never vortex neutrophils, and 
for the same reason it is also better to draw blood using a heparin-prepared syringe instead of 
vacutainer tubes as the latter, more turbulent flow, can activate the cells. 

HL-60 cells and using cancer treatment as a research tool

HL-60 cells were first isolated from a 36-year-old woman in 1977 with acute promyelocytic 
leukemia77. It was possible to keep the cells in continuous culture and they were deposited after 8 
passages at the American Tissue Culture Central (ATCC) for future storage. They are distributed 
at passage 21123. There exist many subclones of HL-60 (CCL-240 being the original), but most of 
these are not as well characterized and seems to have been kept for long times in culture123 which 
results in phenotype changes, including deficiency in phagocytic function155. Care should be 
taken when interpreting data obtained with other sublines than the original from ATCC.  

The original reason for studying HL-60 cells, and other myeloid cell lines, was to see if it was 
possible to reverse the malignant nature of these cells in order to treat leukemia357. A number 
of substances has over the years been shown to be successful in inducing a non-proliferative 
phenotype of these cells, which in theory would be enough to stop the spreading of myeloid 
cancer in patients.  As it turns out, one of these agents, all-trans retinoic acid (ATRA), has proven 
very effective as a treatment for acute promyelocytic leukemia179 (for a review on treatment see 
Sanz et al.363. What happens is that the cells undergo differentiation toward a neutrophil-like 
state and then eventually die through apoptosis; as will be discussed here, this differentiation 
can also be used as a research tool in the study of neutrophil functions. The study of HL-60 cells 
have provided useful insight into neutrophil gene regulation, mRNA expression and protein 
synthesis besides the knowledge gained on differentiation of myeloid cells and the treatment of 
leukemia282. 

Culture of HL-60 cells

HL-60 cells are distributed as frozen aliquots of low-passage cells in RPMI-1640283 with 10% 
glycerol and need to be stored at -196°C (liquid nitrogen). After thawing and resuspension 
in culture medium it usually takes 2-3 weeks for the cells to adapt before they can be used in 
experiments282. They have a generation time of 24-36 h, depending on culture conditions, of 
which the most common is RPMI-1640 supplemented with 10% fetal calf serum and L-glutamine 
as described by Breitman et al.48. Although simple to culture, they can easily differentiate into 
sublines or other phenotypes if care is not taken. They should at all times be kept at a cell 
density below 1 million per ml and passages kept below 40, otherwise they will lose the ability to 
differentiate towards neutrophils122, 356. 

Normal phenotype of HL-60

When in culture, HL-60 cells will continuously proliferate in suspension and do not adhere to  
vessel surfaces55. They are round cells with a diameter between 9-14 μm and have a large round 
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nucleus126. They have many characteristics 
indicating an immature cell of myeloid 
lineage, and do not express alkaline 
phosphatase76, have no NADPH oxidase 
activity and low pentose phosphate shunt301. 
There are reports that they have some Fc 
receptors with high affinity towards IgG1 and 
IgG385 as well as f-Met-Leu-Phe receptors303, 
although since there normally occurs some 
spontaneous differentiation during cell 
culture (between 5 and 10%131), these data 
could be indicative of that instead. Normal HL-60 cells have a very low phagocytic ability308 and 
low bacterial killing capacity301.

Differentiation of HL-60  towards neutrophils

HL-60 cells can be induced to differentiate along the monocytic, eosinophilic or granulocytic 
lineages through a multitude of agents (for a review see Collins76). Here, I will focus on the latter. 
The most common ways to induce neutrophil differentiation is with either dimethylsulphoxide 
(DMSO) or ATRA, with the retinoid being the most effective282. Retinoids are derivates of vitamin 
A, and regulate various cellular functions by association with members of the nuclear receptor 
superfamily, the retinoid acid receptors (RARs) and retinoid X receptors (RXRs); for a review 
see Mehta272. Upon induction of differentiation, the cells will become gradually smaller and 
their nucleus will change shape and in many cells acquire the traditional multi-lobed nucleus of 
mature neutrophils. There is a clear increase in FcRs292 and induction of other cell surface markers 
of mature neutrophils such as CD66a319, 323, CD66d319, and reduced expression of CD66c which 
can be found on untreated HL-60 cells319 (for an overview of other examples see Fleck et al.123). 
However, they fail to develop specific granules229 and other granules and vesicles formed at later 
stages of myeloid maturation48, 301. A more functional aspect is the development of adherence and 
the ability to perform chemotaxis126.  Phagocytosis and subsequent bacterial killing has not been 
as well studied as many other aspects of HL-60 cells. Still, the studies made so far seem to show 
that this could function quite well with correctly differentiated cells122, 323. Adding to this, when 
comparing untreated and ATRA-differentiated cells, it was recently shown that even very specific 
neutrophil findings such as fusion inhibition between S. pyogenes-containing phagosomes and 
azurophilic granules386 could be replicated with ATRA-differentiated HL-60 cells308 (see Paper 1).

Other cell lines

There are other closely related cell lines that can be used for similar studies as with HL-60 cells 
(see Table 2.1 for a list). 

Why model targets?

When studying phagocytosis one of the most important aspects is that of the prey used. It 
might not always be appropriate to use real live pathogens, not only for safety concerns but 
also scientifically. As will be discussed in this section, it all comes down to what questions you 

Table 2.1 - Neutrophil cell lines
Cell line Year of introduction Reference

U-937 1976 Sundström et al397

HL-60 1977 Collins et al77

THP-1 1980 Tsuchiya et al413

PL-21 1984 Kubonishi et al222 
PLB-985 1987 Tucker et al414

AML-193 1991 Valtieri et al417

NB-4 1991 Lanotte et al226
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are asking, and how many of these it is possible to answer with each experiment. First of all, it 
is important to point out that even when we disregard a phagocytes’ inherent properties, there 
are a multitude of factors that dictate what will happen when it encounters a presumptive prey. 
The overall size of a particle is vital both for which uptake mechanism that it induces, and the 
eventual fate of the internalized particle. When comparing phagocytosis of small (0.75 μm) 
to larger (2-3 μm) IgG-coated latex beads, the uptake became less dependent of clathrin and 
more dependent of actin, with the latter also maturing faster towards phagolysosomes218. The 
maximum phagocytic capacity has been measured for both macrophages56 and neutrophils351, 
with the former capable of eating particles as large as 1.4 times their diameter and neutrophils 
(diameter 10 μm) as many as 100 bacteria-sized  particles (about 0.9 μm). When the particle is 
too big to be internalized the phagocyte still tries to eat it and secrete molecules, in a process 
commonly referred to as “frustrated phagocytosis”295. Not only size matters: first presented at 
Gordon Phagocytes a few years ago, Champion and Mitragotri showed spectacularly that the 
shape of the particle is also a necessary parameter to take into consideration. By creating particles 
of various defined shapes, such as UFOs (!), they could show that shape, size and the angle of the 
phagocytic approach are all important66 (see Fig. 2.1).

Model particles

The red blood cell (RBC) is one of the most used model particles for studying phagocytosis68. They 
are easy and cheap to come by and are relatively homogenous in size. They are also easy to detect 
using light microscopy due to the large amount of hemoglobin. The best part of using them is 
that non-internalized RBCs can be removed with osmotic lysis, while internalized are protected 
by the phagocytes. A negative would be them being malleable and they can be deformed during 
internalization or even torn apart when phagocytes fight over them. Latex beads has long been a 
good tool for studying phagocytosis217 and recently particularly for use with phagosome isolation, 
due to their light density101. They are spherical particles usually made from polystyrene, and are 
strongly hydrophobic and will thus adsorb many molecules, which needs to be considered when 
using them. However, they can easily be coated with various molecules to monitor their effect on 
particle uptake. Zymosan particles (also known as zymin or Ecker’s fraction) are 2-3 μm in size 
and are prepared from the cell wall of baker’s yeast, Saccharomyces cerevisiae173. The typical core 
of the particles make them easy to spot in light microscopy (see Fig. 1.1). It has recently been 
discovered that leukocytes have a specific receptor, Dectin-1, that recognize the β-glucan that 
constitute the cell wall of fungi, and as such also non-opsonized zymosan particles50. 

The importance of opsonization

The process of opsonization is fundamental to studying phagocytosis. For instance, IgG-coated 
latex beads induce higher calcium transients than those without169, and uncoated beads do not 
trigger syk-mediated signaling87. Without careful selection of opsonin, or no opsonin at all, 
important control of the system is lost; in this way it will be difficult to obtain conclusive results 
regarding mechanisms. There are with almost certainty evolutionary conserved structures on any 
physiological prey that will be recognized by some phagocyte receptor, the only problem is that 
the experimenter does not know which or how many of these that are engaged. In some respect, 
this is also what happens when using a complex opsonin such as plasma (blood without cells) 
or serum (blood without cells and coagulation factors), although it is definitely physiological 
and might be preferred for other reasons. There are two main pathways that are most often 
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considered when studying opsonin-
mediated phagocytosis, FcR-mediated and 
complement-mediated. The former is easily 
evoked (through FcγR) by incubating the 
intended prey with pooled or specific IgG 
at 37°C388. Achieving correct complement 
opsonization is much more difficult and 
unfortunately many papers state that 
incubation with serum would be sufficient; 
it is more complex than that since IgG is 
present at high concentrations (over 10 mg/
ml115, which is actually much higher than is 
required for stimulating a strong Fc-mediated 
response). For CR-mediated phagocytosis, it 
is not sufficient to merely coat with a single 
factor either, such as C3b, since additional 
stimuli are required302. For an example how to 
study C3bi-mediated phagocytosis using IgM 
(to activate the classical pathway) and PMA 
(to trigger uptake) see Chow and Grinstein68.

Sonication

As described above, the size and shape 
is important for uptake. Having a mixed 
population of aggregated and single particles 
will have profound effects on the results. To 
reduce those effects a valuable and necessary 
procedure is that of sonication. There are 
several types of devices available, and it is 
important that is as gentle as possible. Most 
often used are water-bath cleaners, but 
these are difficult to use for small samples, 
especially in a reproducible way. There exist more expensive, but much more accurate sonicators 
specifically designed for Eppendorf tubes, where the amplitude and effect can be adjusted 
(Vialtweeter, Hielscher).  Sonication might be detrimental to the health of the bacteria, so this 
needs to be checked, most easily with live/dead fluorescence kits and/or in combination with 
overnight growth on agar plates. 

Measuring phagocytosis

There exist several different approaches to study phagocytosis. Mechnikov used microscopy to 
qualitatively describe the phenomenon of blood cells engulfing prey266 and this is still one of 
the best methods to investigate the process. One example of early quantitative methods include 
radioactive labeling where the prey (yeast cells) were pre-labeled with 51Cr. This made it possible 
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Figure 2.1 - Target geometry
Both the size and the angle of approach is vital for 
successful phagocytosis. On the abscissa various 
shapes and the point from which the neutrophil 
attempts to eat it is shown. On the ordinate it can 
be seen that if the correct approach angle is used, 
then the volume of the particle becomes the limiting 
factor. (Adapted from Champion et al.)
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to monitor the time-course of prey-neutrophil association with a gamma-counter307. Similar 
assays has since been described that exploit fluorescence instead of radioactivity, but also other 
approaches has been tried as will be discussed in this section. The problem with most of these 
methods is that it is hard (or impossible in certain cases) to distinguish internalized prey from 
phagocyte-associated prey. Before this, you need to present the phagocyte with its intended 
target. 

Presentation  of targets to the phagocyte

During in vitro studies the assay setup is important. In the physiological situation the neutrophils 
migrates to the site of infection and then hunt down their targets. After chemotaxis towards the 
target they bind to and internalize it. This is difficult to simulate in vitro and might complicate 
interpretation of experimental data. A common way to study neutrophil phagocytosis is by 
simply mixing the phagocytes with the their intended targets in suspension through rotation284. 
In theory, as long as the neutrophils come in contact with enough particles, this would maximize 
the number of internalized particles. Still, even though the cells can crawl on extracellular matrix 
components, they cannot swim, thus making prolonged incubation time an important factor to 
increase the chance of particle-phagocyte contact. However, as can be deduced from the above 
description, this is a long way from resembling the natural situation. 

There are better ways to control the assays. One is by first adhering the neutrophils to a glass 
slide, either coated with “natural” substances such as fibrinogen388 or with “sticky” material such 
as poly-L-lysine308. In this way, imaging can yield live information about both chemotaxis and 
about internalization. If live experiments are not essential it is easier to quantitate experiments 
performed in suspension, as long as it is possible to define the starting point. This can be done 
by either pelleting the targets and neutrophils through centrifugation or by allowing them 
adhere together at below 15°C (usually on ice) where no internalization is happening68. In the 
latter case, upon heating to 37°C, the attached targets will start to get internalized and different 
maturation times can be set by the incubation time. Essentially, using either of these approaches, 
the phagocytic process can be synchronized (see Fig. 2.2). 

Distinguishing extracellular from intracellular 

The most critical aspect of studying phagocytosis is how to be able to distinguish those particles 
that has been fully internalized from those that are merely attached to the phagocyte surface. One 
way is to eliminate extracellular particles through lysis, such as with hypotonic lysis of red blood 
cells8, 68, or the use of lysostaphin or PlyC to destroy adherent staphylococci422 or streptococci300, 
respectively. Such methods are besides being target-dependent, also coming with their one 
drawbacks, like lysis of erythrocytes by various factors released in the sample medium174. 

Imaging has been, and still is the best way to be sure of actual internalization, but is also riddled 
with pitfalls. Transmission electron microscopy is a method which has sufficient resolution to 
make a clear distinction between extracellular and intracellular particles. However, it is impractical 
as a quantitative tool, both for single cell analysis (since it only shows a thin section of the cell), 
and population studies (due to the limited area that is shown in a field)161. Actual internalization 
was made simpler to measure in 1977 when Jan Hed introduced quenching of extracellular 
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Preheat
neutrophils

to 37 °C.

Present bacteria
to neutrophils by

short and hard
centrifugation.

Allow internalization
of bacteria for 

30 seconds at 37 °C. 

Resuspend
samples and put

them on ice.

Remove free bacteria
by di�erential 
centrifguation.

Opsonize
bacteria
at 37 °C.

Resuspend and 
incubate at 37 °C for
 desired chase times.

End on ice.
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3.
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Figure 2.2 - Phagocytosis assay
Outline of how to perform an assay of neutrophil phagocytosis. Exact incubation times and centrifugation 
speeds varies depending on the specific application. The use of a multi-channel pipette (up to four 
Eppendorf tubes with a standard 8 channel microtiter pipette) is recommended to minimize the difference 
in sample treatment. Analysis methods are not included in the outline, but are generally intended to be 
introduced after step 5. 

fluorescein signal through the use of crystal violet159. As a side note, the principle is based on the 
same energy transfer that later would explode in use as a technique for the study of molecular 
interactions, better known as FRET (fluorescence or förster resonance energy transfer)447. 
Further refinement of the technique with trypan blue as quencher made it more suitable for flow 
cytometry analysis160. Before the assay can start, particles need to be pre-labeled, which is done 
using a fluorescein derivative, fluorescein isothiocyanate (FITC). Other fluorophores can be used 
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depending on the application and if the prey 
is IgG-opsonized it easy to add a secondary 
label that detect the opsonizing antibodies. 
See Figure 2.3 for a brief description of a 
modified variant for use with neutrophils.

Since antibodies do not penetrate intact 
plasma membrane they were first used 
in tandem with secondary fluorescent 
antibodies to demonstrate the presence 
of non-internalized particles336. A double-
immunofluorescence approach, with fixation 
and staining followed by permeabilization and 
a second staining round was introduced by 
Heesemann in 1985161. This greatly facilitated 
the standardized and detailed analysis of 
phagocytosis using fluorescent microscopy. 
See Figure 2.4 for a brief description of a 
modified variant for use with neutrophils.    

The use of flow cytometry to analyze 
phagocytosis can be very practical, especially 
for large samples. Still, there are some issues 
that should be considered. The target must 
have a label that make it possible for a clear 
indication of internalization; this is normally 
accomplished in the same way as for samples 
intended for analysis by microscopy. 
The difference is that many fluorophores 
including FITC does not label uniformly. 
Also, quenching with trypan blue is not an 
absolute extinction of fluorescence68. This 
makes it important to have careful controls 
for background signal in order to gather 
relevant data418. Certain beads have a very 
similar fluorescence intensity234, and in such 
cases it can be possible to deduce the exact 
number of particles per cell by measuring the 
intensity of single beads separately.

Deducing phagocytic ability by the 
use of phagocytic indices

The use of an index as a way to evaluate 
phagocytic function was introduced by Sam 
Silverstein and co-workers in 1975:

1. Use prey prelabeled with 
FITC or Oregon Green 

3. Add red Fab fragment
directed against antibody

2. Add antibody 
directed against prey

(alternative) 
2. Quench  uorescence

 with trypan blue

Green �lter

Red �lter

Green longpass �lter

End result
in the microscope

Figure 2.3 - Measuring phagocytosis I
The procedure and outcome in the microscope for 
prelabeling of phagocytic prey is shown. This will 
allow for assesment of intracellular and extracellular 
particles (using secondary label) under live 
conditions as well as after fixation. The use of Fab 
fragments reduce potential background fluorescence 
from non-specific interaction with Fc receptors. 
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“Ingestion or attachment index is the 
percentage of macrophages which 
ingested or attached erythrocytes x 
average number of erythrocytes ingested 
or attached per macrophage.”35 

This is often referred to as the phagocytic 
index even though there are many definitions 
throughout the scientific literature, and 
is perhaps more appropriately termed the 
phagocytosis product26. What it gives us is 
an expected number of internalized particles 
per cell. This is useful information if you 
know your system and what to compare to, 
but it does not tell you directly if you have a 
competent phagocyte. A better indication of 
that ability is the percentage of internalized 
targets per phagocyte, which in most cases 
is good enough, especially for healthy 
professional phagocytes. However, in the 
situation where there might be a problem 
with the ability to adhere to particles, such as 
with receptor disorders or when measuring 
gain of function during differentiation, 
you need to take adhesion ability into the 
equation as well. In Paper 1, when assessing 
phagocytosis during differentiation of HL-60 
cells, we used this combined approach and 
constructed a new index that describes the 
phagocytic ability of a population of cells308. 

(2.1)

(2.2)

(2.3)

This requires both the information on 
the proportion of phagocytes that engage 
any target (adhere to) and also the rate of 
successful internalization for each interacting 
cell. 

1. Add antibody 
directed against prey

2. Add green Fab fragment
directed against antibody

3. Add antibody 
directed against prey

4. Add red Fab fragment
directed against antibody

PERMEABILIZE

Green �lter

Red �lter

Green longpass �lter

End result
in the microscope

Figure 2.4 Measuring phagocytosis II
The procedure and outcome in the microscope for 
double immunofluorescence is shown. This will 
allow for simultaneous (using green longpass filter) 
assesment of both intracellular and extracellular 
particles after fixation of samples. The use of Fab 
fragments reduce potential background fluorescence 
from non-specific interaction with Fc receptors. 
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Killing assays and the problems with assessing intracellular survival

There is a general confusion regarding the importance of various neutrophil effectors in 
microbial killing. Despite the many antimicrobial mechanisms of the neutrophil, killing is of 
variable efficiency and can be blocked by some microbes. To assess the bactericidal capacity of 
neutrophils, or a prey’s ability to survive, a variety of methods have been employed (see Fig. 2.5). 

When looking at intracellular survival during phagocytosis, it is essential that you can 
differentiate between those bacteria that have been internalized and those that are attached to 
the cell surface. Extracellular bacteria can be selectively removed by differential centrifugation73, 

235, or killed using antibiotics or other agents. It is not possible to remove all extracellular bacteria 
by centrifugation because of cell adhesion and the presence of aggregates. Because of this, most 
studies include anti-bacterial substances. However, these can be internalized by pinocytosis 
and delivery to phagosomes can effectively kill intracellular bacteria109. The use of antimicrobial 
agents can therefore lead to overestimation of intracellular killing.

Methods to quantify the number of bacteria in a sample can be problematic in itself. The classical 
approach is the plating assay, where samples are diluted and applied to agar plates. Following 
overnight incubation, viable bacteria will form colonies, ideally one per bacterium (the colony-
forming unit or CFU). However, aggregates of bacteria are only counted as one colony. It might 
therefore be a good idea to disperse large aggregates by gentle sonication before the start of 
an experiment. Another important consideration regarding enumeration by plating is that you 
measure colonies many hours after the experiment has been performed. As demonstrated by 
Mannion et al., bacteria can be viable but not able to grow into a colony255. Further, incomplete 
lysis of neutrophils results in a similar type of error as bacterial clumping. Decleva et al. brought 
this to attention and demonstrated that findings based on lysis by only distilled water may need 
reconsideration. Lysis can be facilitated using detergents or alkaline water (pH 1195, 135).   

Turbiditry measurements have been put forward as an alternative viability readout method241. 
This approach overcomes some of the problems mentioned and is less labour-intensive. However, 
analysis is still difficult and bacterial aggregation can be a problem, especially when comparing 
species and strains with different tendencies to clump together. If set-up properly, this technique 
is more reproducible than a plating assay and, in a microtiter format, it can be used as a high-
throughput assay. 

Microscopy is fundamental to the study of phagocytosis; it allows distinction of internalized and 
associated bacteria159; it gives information on where in a cell a bacterium is located; it can show 
whether that bacterium is dead or alive (most viability stains detect membrane integrity), what 
cellular components are associated with it, and much more. However, sample analysis takes long 
time and is reliant on user experience for reproducibility. To summarize, assessing intracellular 
survival correctly is difficult and both assay and analysis details must be chosen carefully for the 
specific hypothesis being tested. 
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Tradtional killing assayIntracellular survival assay

As above but with turbidometry as readout

After 
phagocytosis,

remove 
free bacteria

by di	erential 
centrifguation.

Resuspend
aliqouts in

H2O (pH 11)
to lyse 

neutrophils.

Dilute in four
steps and 
plate each

 in triplicate 
(=12 counts per 

time point 
and sample)

Resuspend and 
incubate at 37 °C 

for desired 
chase times.

Take aliqout at 
each time point.

Incubate at 37 °C 
for desired 

chase times.
Take aliqout at 

each time point.

OD

Time

Figure 2.5 - Intracellular survival assay
The figure outlines different assays that are used to assess intracellular survival. In tradtional killing 
assays (top right), free bacteria are not removed which makes it impossible to conclude whether 
intracellular survival occurs, but they are easier to perform. As described in the text, there are many 
factors to consider and on the left side a procedure that take the most important into account are shown. 
The possibility for different readout methods (plating or turbidometry) are indicated. Phagocytosis can 
be performed as described in Figure 2.2. 
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Fluorescence microscopy

Microscopy was the tool used to discover 
the phenomenon phagocytosis, and it is still 
the principal tool for investigating it. A lot 
of progress has been made, especially the 
last twenty years with strong expansion of 
digital fluorescence microscopy. Some basics 
concepts are needed to be explained and I 
will start to mention the two most common 
types of fluorescence microscope techniques: 
wide-field and confocal (for a comparison of 
these see Hoppe et al.176). 

Wide-field fluorescence microscopy 
illuminates the whole field of view with 
excitation light (using epi-fluorescence 
illumination), including out-of-focus planes. 
All of the emission light is directed back 
through the objective via dichroic mirrors 
and filters to allow for detection of separate 
types of fluorophores (usually emitted as 
either blue, green or red light). See Figure 2.6. 
As first described by George Stokes in 1852, 
a substance will always emit light at a longer 
wavelength than that of the excitation light; 
this is usually referred to as Stokes’ shift447. 
This is due to the loss of vibrational energy 
and it also why shorter wavelengths have 
more energy than longer ones. 

Confocal fluorescence microscopy uses pinholes to limit the excitation light to only illuminate 
close to the focal point. A conjugate pinhole then also limit the emission light to the same z 
plane. This effectively eliminates out-of-focus fluorescence, resulting in an increase of depth 
resolution, as compared to a wide-field set-up. Originally introduced already in 1957 by Marvin 
Minsky322, but due to lack of laser technology (first used epi-fluorescence illumination, which 
required the whole stand to move) and poor display technology (it cannot be used with a human 
eye as primary detector) it took a long time before advances in other areas made it fully useful. 

If you were to compare the two methods the most important aspects are: both are relatively equal 
in xy-resolution; confocal has higher z resolution and thus is generally better for 3D imaging, 
especially with thick specimens; wide-field 3D resolution can be improved with deconvolution 
techniques, partly compensating for the lack of z resolution; confocal requires more power and 
longer exposure times resulting in slower image acquisition and more bleaching of samples; this 
makes wide-field generally more suitable for live imaging. A useful rule of thumb is: 

Diachroic mirror

Hg lamp

Sample

Detector

Figure 2.6 - Fluorescence microscopy
The figure illustrates the principles for 
fluorescence microscopy. Light from a strong 
light source (Hg lamp) is directed through a 
condenser to a filter cube where only light with 
specified wavelengths pass through (in this case 
green). A diachroic mirror reflects light at certain 
angles and lets through light at others; this directs 
the light to the sample through the objective. The 
sample contains a red fluorophor like Alexa 594 
or Texas Red, which gets excited by the green 
light and emits red light. The red light passes back 
through the objective and the dichroic mirror, 
while light at other wavelengths are removed at 
the emission filter. Finally, the light reaches the 
detector (usually a human eye or digital camera).
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“if the wide-field fluorescence image looks good through the eyepiece,  
you do not need a confocal microscope”435

On the formation of an image

To view a specimen in a microscope you need light and thus a light source. This can often be 
separate sources working in parallel to each other, such as a tungsten lamp for normal light 
microscopy and a more powerful gas discharge mercury lamp for fluorescence microscopy. The 
light passes through a diffuser to transform the unevenly distributed light from the filament to 
give homogenous illumination. A condenser then focuses this light onto the specimen, which 
will transform the light that passes through. Through a series of lenses and diaphragms the light 
is guided to either a human eye or to a light-sensible sensor, such as a camera. Modern research-
grade microscopes are based on the principle of taking the light from a specimen and project this 
light to infinity. This is to provide space for adding equipment along the light path for various 
applications such as differential interference contrast or epifluorescence microscopy. This 
will have no negative impact on image quality as long as they are plane parallel, i. e., properly 
adjusted to be able to convey the light  through waves in a plane parallel to the incoming light. In 
fluorescence microscopy, which uses incident light, the objective is also the condenser, resulting 
in always perfect alignment of the two204. 

Resolution and magnification

To understand how to discriminate between two objects in a microscope image we need to 
introduce the term point spread function (psf). In essence, this is how the microscope will convey 
the image of a single point of light (including all the potential artifacts that can be introduced). 
Since all objects can be represented as an infinite number of individual points this gives us the 
possibility to understand how any object will be imaged. The spreading of light from a single 
point is known as the point spread function, and the process is known as convolution448. 

Due to the nature of light there will be interference as the light waves reach the image plane, in 
most part positive, but also negative, resulting in a specific pattern. This pattern, which nicely 
illustrates the point spread function is known as an Airy disc448, after George Biddell Airy (see 
Figure 2.7). The ability of the human eye to distinguish between two such Airy discs is what 
has been empirically defined as resolution. Also known as Rayleigh’s criterion, the minimum 
distance to resolve two points is: 

(2.4)

where λ is the wavelength of the light used, and NA stands for numerical aperture of 
the objective and condenser

For a self-luminous object, such as a fluorescent one, as mentioned above the objective is also 
the condenser, which means that the denominator is effectively 2 x NAobj instead. The numerical 
aperture is given by:   

(2.5)NA = sinn θ

obj cond

1.22
NA NA

r λ
=

×



Phagocytosis by neutroPhils46

Resolved

Resolution limit

Not resolved

In the microscope

Airy disc

Rayleigh’s criterion for resolution:

The limit is when the primary maximum
of two Airy discs coincide

Primary 
maxmimum

Figure 2.7 - Resolution
The empirically based Rayleigh criterion for resolution is the ability to distinguish the primary maximum 
of two Airy discs. A 3D view of an Airy disc is shown where the large intensity difference between the 
primary and secondary maximum is evident. See text for details on how to calculate the distance. 
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where θ is the collection angle and n is the refraction index of the medium.

Arguably the most important part of the microscope for image resolution is the objective.  Often 
misunderstood as the same, resolution and magnification are separate, and as can be seen from 
the above formulas, it is the numerical aperture (objective and condenser) that decides the 
resolution. As the collection angle is usually larger with higher magnification objectives, they 
usually also have higher NA, but it does not have to be the case.  

Deconvolution - restoring the original

As mentioned earlier, the spreading of light and any defects that might be introduced during 
the image formation is called convolution. Deconvolution is the mathematical restoration of 
the “original” image, and can markedly improve image detail and contrast. It can be described 
mathematically like this434:

(2.6)

where image(x’,y’,z’) is the stack of images that appears in the microscope or camera 
with each perceived coordinate, psf(x,y,z) is the matrix describing the point spread 
function and object(x,y,z) is the matrix describing the real object if it had not been 
distorted by the microscope defects and out of focus light.

Simplified, this means that to perform a successful deconvolution one most know the point 
spread function of the particular system used. This is ideally measured using fluorescent beads, 
but it is also possible to achieve good results by using information from the manufacturer of the 
microscope and camera. Once you have an approximation of the point spread function there 
exist many available algorithms to perform the deconvolution of the image stack405. In most 
cases, what essentially happens is that out of focus light is removed (revealing more detail), 
which is why the process requires  three-dimensional stacks (see Fig. 2.8).

There are potential concerns when using deconvolution, but as long as one have the original 
images, any patterns should be visible even before deconvolution. If new patterns emerge, 
especially that would alter the scientific interpretation, care should be taken that is not artifacts 
introduced by the specific algorithm. 

Quantitative microscopy

Live fluorescence imaging 

There are many considerations to take into account when attempting to capture fluorescence on 
live cells. For a review see Waters435. If we start with the optical conditions, spherical aberration is 
something that is likely introduced when using ordinary oil-immersed objectives. This is caused 
by the difference in refractive index between the solution where the cells are and that of the 
objective immersion medium. To correct this, water immersion lenses can be used. An important 
parameter to reduce aberration is to use a correct thickness of the glass or chamber holding 
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Figure 2.8 - Deconvolution
The figure illustrates the practical workflow and the benefits of performing deconvolution (this is the same 
image stack that was used in Paper 1, Fig. 4). The original view in the microscope is shown on the top left. 
The three channels are captured individually with a monochrome camera and a motorized stand to change 
z-plane. After the three stacks has been captured, a deconvolution algorithm is applied and a 3D view is 
rendered. The same plane as was used for the microscope image is presented after deconvolution, and red is 
changed to magenta to aid color-blind persons that cannot discriminate between red and green.  
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Figure 2.9 - Fluorescence excitation spectra 
of FITC.
The pH dependence of the fluorescence of FITC 
is shown. After excitation at 440 nm, there is only 
small differences in the fluorescence emission 
when varying pH, whereas at the optimal excitation 
wavelength of 490 nm, there is considerable 
variations in emission intensity. This can be exploited 
in ratiometric imaging (see Fig. 2.10). 

the specimen (normally 0.17 mm, grade 
No. 1.5). When it comes to magnification, 
one should always use the lowest possible 
since brightness decreases with increasing 
magnification1.  

The specimen is usually kept in a chamber 
of some sort, either of an open or closed 
type; the former allows manipulation of the 
conditions to be performed and monitored 
more easily. The sealed ones are better for 
controlling temperature and CO2, but this 
can be achieved to some extent by using 
Hepes-buffered media. There exist many 
commercial chambers, but is also easy to 
manufacture metal cover slip holders (“space 
ships”).  

In general it is important to try and reduce 
illumination of the specimen as much 
as possible to avoid photobleaching and 
cytotoxicity. One way to achieve this is 
through binning of the captured images. 
This instructs the CCD (charged-coupled 
device) camera to create super-pixels in 
order to reduce readout noise384. A binning 
of 2 records all pixels as a single 2x2 pixel. 
Instead of reading each pixel individually (four readings, each causing noise) this will result in 
a single reading with four times less readout noise. Of course, the resolution is also halved, but 
the higher signal-to-noise ratio means that less illumination is needed, which is one of the most 
important factors in live imaging. If you only have to monitor one type of fluorophore, another 
way to improve the signal is to use long pass filters to recover as much of the emitting light as 
possible. Due to the speed, strong signal and low noise that is possible to attain with wide-field 
epi-fluorescence illumination, it is in many cases preferred over confocal microscopy for live 
imaging applications. 

Ratiometric imaging - measuring phagosomal pH

The emission of a fluorescent probe and the perceived intensity of this is dependent of a number 
of factors, and if quantitive measurements are to be made the list grows longer. Factors include 
quantum yield of the probe, quantum efficiency of the detector, excitation intensity, extinction 
coefficient, optical pathlength and fluorophore concentration312. This makes it obvious that it is 
very difficult to quantitate standard fluorescence emission. By using a setup that make dual wave-
length excitation or emission possible, many of these problems can be removed or reduced388. To 
measure phagosomal pH the target prey can be labeled with FITC, and exploit the pH-dependent 
fluorescence emission of this probe. From the excitation spectra of FITC (see Fig. 2.9) it can be 
seen that the fluorescence varies strongly with pH at its optimal excitation wavelength, 490 nm. 
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However, at 440 nm, there is very little difference in the fluorescence emission when varying pH. 
By capturing the emission from both of these wavelengths it is possible to accurately determine 
the emission at the measured pixel, with the pH-independent signal (440 nm) functioning as 
normalizer. This is normally given as a ratio between the two wavelength emissions and can 
be converted to a corresponding pH value using a calibration curve (see Fig. 2.10). A similar 
procedure but with other fluorophores can be used to measure calcium in whole cells150 (so far 
no way to measure intraphagosomal calcium).  

A

DC

B

anti-IgG

440 nm 490 nm

6

7

8

E

pH

Figure 2.10 - Measuring phagosomal pH 
using ratiometric imaging
Differentiated HL-60 cells were allowed to eat 
FITC-labeled and IgG-opsonized S. pyogenes. Cy3-
conjugated anti-human Fab-fragment was added to 
localize non-internalized bacteria (B and arrowhead 
in E).  By comparing the fluorescence emission of the 
two excitation wavelengths (C and D) and then relate 
the ratio to a calibration with known pH solutions, 
it is possible to quantify the intraphagosomal pH. 
In E, acidification of phagosomes is shown (arrow), 
whereas the non-internalized bacterium (arrowhead) 
remains at neutral pH. A shows the corresponding 
phase contrast image. Scale bar is 10 uM.
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1       aPPendix i

Using cancer treatment as a research tool

Cancer cells will under the right conditions stay alive 
forever, since they are constantly dividing. That is also 
the problem when they are present in humans, and some 
treatments target this and stop them from dividing. In 
this paper we have used cancer cells (HL-60) from 1977, 
originating from a woman who had leukemia. We used 
a drug (vitamin A-like substance, ATRA) that cause the 
cells to stop dividing by causing the non-mature cells 
to mature towards neutrophils. We then show how this 
can be exploited as a research tool when studying what 
happens when neutrophils eat and try to kill the bacterium 
Streptococcus pyogenes.  

Layman’s summary
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Phagocytosis of Streptococcus pyogenes 
by all-trans retinoic acid-differentiated 

HL-60 cells: roles of azurophilic granules  
and NADPH oxidase

Pontus Nordenfelt, Susanne Bauer, Per Lönnbro and Hans Tapper

Abstract
Background

New experimental approaches to the study of the neutrophil phagosome 
and bacterial killing prompted a reassessment of the usefulness of all-trans 
retinoic acid (ATRA)-differentiated HL-60 cells as a neutrophil model. HL-
60 cells are special in that they possess azurophilic granules while lacking the 
specific granules with their associated oxidase components. The resulting 
inability to mount an effective intracellular respiratory burst makes these 
cells more dependent on other mechanisms when killing internalized 
bacteria. 

Methodology/Principal findings

In this work phagocytosis and phagosome-related responses of ATRA-
differentiated HL-60 cells were compared to those earlier described in 
human neutrophils. We show that intracellular survival of wild-type S. 
pyogenes bacteria in HL-60 cells is accompanied by inhibition of azurophilic 
granule–phagosome fusion. A mutant S. pyogenes bacterium, deficient in 
M-protein expression, is, on the other hand, rapidly killed in phagosomes 
that avidly fuse with azurophilic granules. 

Conclusions/Significance

The current data extend our previous findings by showing that a system 
lacking in oxidase involvement also indicates a link between inhibition 
of azurophilic granule fusion and the intraphagosomal fate of S. pyogenes 
bacteria. We propose that differentiated HL-60 cells can be a useful tool 
to study  certain aspects of neutrophil phagosome maturation, such as 
azurophilic granule fusion.
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Introduction

The human promyelocytic HL-60 cell line continuously proliferates in suspension culture and 
can by various agents be induced to differentiate into granulocytes, monocytes, macrophages or 
eosinophils1. The original cells were isolated and described in 1977 by Collins et al.2 and is reported 
to have Fc receptors (20, 000 per cell) with high affinity towards human IgG1 and IgG3 (5-10 
nM)3. The proportion of Fc receptor-positive cells also increase (from ~20% to ~50%) during 
differentiation with retinoic acid4. In this paper, we used all-trans retinoic acid (ATRA) to induce 
a neutrophil-differentiated phenotype that contains azurophilic granules but lacks the specific 
granules5 and other granule types that are formed late in the granulocytic maturation process6, 7. 
To study the mechanisms regulating the fusion of azurophilic granules with phagosomes, 
important for the efficient killing of bacteria by human neutrophils, we thus reasoned that it 
would be advantageous to use neutrophil-differentiated HL-60 cells. For such studies, we first 
needed to show that neutrophil-differentiated HL-60 cells can efficiently phagocytose bacteria 
and that the latter can be killed inside phagosomes that fuse with azurophilic granules.

The azurophilic granules contain bactericidal substances such as various proteases, defensins 
and anti-microbial peptides8 that can be delivered to phagosomes by fusion. Neutrophils, but not 
HL-60 cells, also have additional granule types that can fuse with phagosomes, adding further 
to the phagosome antibacterial arsenal by, e.g., enabling activation of an intraphagosomal 
production of oxidants9. The neutrophil respiratory burst requires several components to 
function. One is the membrane-bound flavocytochrome b558, which is composed of a large 
glycoprotein (gp91phox) and a smaller protein (p22phox)10. The catalytic core of the oxidase is the 
gp91phox subunit, also called Nox2, after NADPH oxidase11, 12. The other components involved 
can be found in the cytosol and consist of p40phox, p47phox, p67phox and the small GTPases Rac1 
and Rac213, 14. For a NADPH oxidase review, see Vignais15. Because HL-60 cells are incomplete in 
their granule arsenal, their use might be informative when investigating the involvement of the 
plasma membrane-localized respiratory burst16, 17 in the killing of bacteria. In neutrophils, the 
flavocytochrome b558, i.e. the membrane-bound component of the NADPH oxidase, is not only 
localized to the membranes of the specific granules18 (approximately 85%), but also to secretory 
vesicles and the plasma membrane19. HL-60 cells contain neither specific granules nor secretory 
vesicles. Despite the lack of granular flavocytochrome b558, some phagosomal oxidase activity 
can still occur in HL-60 cells during phagosome formation or, later, by the delivery of plasma 
membrane-derived oxidase components to the phagosome by fusion processes. Therefore, the 
question whether or not the respiratory burst is important for the killing of S. pyogenes was also 
addressed in this study.

Streptococcus pyogenes is a Gram-positive human pathogen that causes a wide range of diseases, 
from uncomplicated pharyngitis and pyoderma to severe and life-threatening invasive diseases 
such as sepsis and streptococcal toxic shock syndrome20. S. pyogenes bacteria use multiple 
strategies to avoid being killed by host cells21 and have been known for many years to be able to 
survive incubation in human non-immune blood. This ability has been ascribed, at least partly, to 
an antiphagocytic effect of M and M-like proteins expressed on the bacterial surface22. However, 
we have shown that S. pyogenes bacteria are phagocytosed efficiently by human neutrophils and 
that avoidance of killing is accompanied by an inhibited fusion of azurophilic granules with the 
phagosome23, 24. In contrast, the isogenic mutant strain, BMJ71, lacking the mga regulon which 
codes for the virulence factors M protein, protein H, SIC and C5a peptidase25, is rapidly killed 
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and degraded inside phagosomes that avidly fuse with azurophilic granules. 

In the following, we demonstrate that valuable information can be obtained by using ATRA-
differentiated HL-60 cells in studies of neutrophil phagocytosis. 

Results

All-trans retinoic acid enhances the phagocytic ability of HL-60 cells 
We investigated the effects of ATRA treatment on HL-60 cells over a five-day period. Cell density 
was affected by ATRA treatment, and a reduced growth rate (in accordance with induction of 
differentiation) compared to control cells was observed (Fig. 1A). Also viability and apoptosis 
was monitored, showing a slightly reduced viability for ATRA-treated cells on day 4 and 5 with 
a concurrent increase in apoptosis and necrosis (Fig. 1B). Having ensured that the differentiated 
cells were in good health, we proceeded to investigate the phagocytic ability of these cells. 
Mutant (BMJ71) S. pyogenes bacteria were presented to HL-60 cells at 37°C by a synchronized 
presentation protocol. In order to study a general and defined uptake mechanism we chose to 
focus on Fc-receptor mediated phagocytosis of IgG-opsonized prey, since these are present in 
HL-60 cells3. The  effect of opsonization on the  interaction of cells with bacteria  is shown in 
Figure 2A. Similar to neutrophils, a larger proportion of the HL-60 cells interacted with bacteria 
that had been opsonized with human IgG. This enhanced interaction was observed also using 
the wild-type strain AP1 (not shown). An interaction ratio was calculated by relating the number 
of cells with attached and/or phagocytosed Oregon Green-labeled bacteria to the total number of 
cells. The interaction of HL-60 cells with bacteria was slightly less efficient than was the case for 
human neutrophils under comparable assay conditions in a previous report24. 
 
Two parameters were studied: the interaction of cells with bacteria and the internalization of cell-
associated prey. Figure 2B shows that the interaction is slightly increased during differentiation 
with ATRA. In contrast, the control cells decrease their interaction ability. Looking at 
internalization, there is an increase following ATRA treatment as compared to control cells 
(Figure 2C). To better assess the phagocytic ability, we combined interaction and internalization 
data.  This was normalized to that of control cells, illustrating the ATRA-induced phagocytic 
ability over time (Fig. 2D). Figure 2E presents the basis for calculations used in figures 2B, 2C 
and 2D. 

Intracellular survival of S. pyogenes bacteria and inhibition of azurophilic granule–phagosome 
fusion

We have previously described that wild-type S. pyogenes (AP1 strain) can survive phagocytosis by 
neutrophils24 and that this can be correlated with an inhibition of azurophilic granule–phagosome 
fusion23. Here, we similarly show that AP1 bacteria survived better inside differentiated HL-
60 cells than did mutant BMJ71 bacteria, see Figure 3C. Using fluorescence microscopy to 
distinguish between phagocytosed and surface-associated bacteria we wanted to see whether 
this could be explained by a difference in internalization rate. The wild-type AP1 strain was 
found to be slightly more resistant to internalization at early time points (Fig. 3B), but after one 
hour no difference could be seen between the two bacterial strains. The proportion of bacteria 
interacting with HL-60 cells was also compared (Fig. 3B) and no significant difference could be 
noted between AP1 bacteria and BMJ71 bacteria. A more efficient interaction or internalization 
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of BMJ71 bacteria thus cannot explain the survival benefit of AP1 bacteria in phagosomes.

Next, the fusion of azurophilic granules with bacteria-containing phagosomes was investigated. 
We employed a technique based on magnetic selection to isolate bacteria-containing 
phagosomes26. In Figure 4A, a reduced delivery of azurophilic content to phagosomes containing 
AP1 bacteria is demonstrated by Western blot. The membrane was probed with antibodies 
against cathepsin D (azurophilic granule content marker) and GM130 (Golgi marker, used as a 
negative control). As shown in the figure, the cathepsin D band of BMJ71 phagosomes is stronger 
than that of AP1 phagosomes. GM130 is only visible in the cell lysate lanes. Protein content 
was determined by EZQ (Invitrogen), equal loading being verified by post-blot UV-scanning. 
As an additional loading control, the membrane was probed with an antibody recognizing 
S. pyogenes, revealing similar amounts of bacterial protein in the phagosome lanes. We also 
employed immunofluorescence microscopy, but since it is difficult to quantitate fusion to small 
phagosomes in whole cells we only used this method qualitatively. To evaluate the experiments, 
cells were inspected for bacteria surrounded by fluorescent ring-like structures that indicated 
fusion of azurophilic granules with phagosomes. For the BMJ71 strain, such fusion patterns were 
observed in a majority of the cells. For the AP1 strain, a smaller fraction of the cells displayed a 
pattern consistent with azurophilic granule–phagosome fusion (Fig. 4C). 

Taken together, the data in Figure 4 suggests that wild-type S. pyogenes bacteria can reduce the 
fusion propensity of phagosomes in HL-60 cells.

A

B

Figure 1. Effects of ATRA-induced 
differentiation of HL-60 cells

A. Cell growth during differentiation. 
HL-60 cells were treated with ATRA during five days 
and cell growth was measured by using a Bürker 
chamber. Error bars show SEM, based on four cell 
counts. 
 
B. Viability and apoptosis/necrosis during 
differentiation. 
Viability was measured by evaluation of trypan 
blue exclusion using a Bürker chamber. Error bars 
(smaller than symbols) show SEM, based on four cell 
counts. To measure apoptosis and necrosis, samples 
were stained with Alexa 488-conjugated annexin V 
and propidium iodide. Data shown were obtained 
using flow cytometry (30,000 cells per condition). 
Similar data were obtained by quantitative 
fluorescence microscopy (100 cells per condition) 
where the criteria for being classified as an apoptotic 
cell were  distinct plasma  membrane staining of 
annexin V, and no propidium iodide staining. Cells 
positive for both markers were classified as necrotic. 



Phagocytosis by neutroPhils58

PaPer

1

0 2 4 6
0

5

10

15

Time (days)

Ph
ag

oc
yt

ic
 a

bi
lit

y
(f

ol
d 

in
cr

ea
se

)

1 min 60 min
0

20

40

60
control
IgG ops

In
te

ra
ct

io
n

(%
 c

el
ls

 w
ith

 a
ss

oc
ia

te
d 

ba
ct

er
ia

)
A B

C D

Interaction =
sum of cells associated with bacteria

sum of all cells
 

Phagocytic ability = Interaction x Internalization 

Internalization = average of 
sum of internalized bacteria

sum of all bacteria
per interacting cell

[ [

E

Figure 2. Phagocytic ability is induced by ATRA differentiation

A. Effect of opsonization on interaction. Differentiated HL-60 cells were allowed to interact at 37°C with 
Oregon Green-labeled BMJ71 bacteria, either IgG-opsonized (1 mg/ml) or not, at a bacteria/cell ratio of 
10:1. After a synchronized presentation, the samples were incubated at 37°C as indicated. Analysis was by 
flow cytometry. An interaction ratio was calculated by dividing the number of cells interacting with Oregon 
Green-labeled bacteria with the total number of cells. Error bars show SEM, based on a total of three 
experiments; * = p<0.05.

B–C. Interaction and internalization during differentiation. The ability of HL-60 cells to associate with 
and to internalize BMJ71 bacteria was measured. Oregon Green-labeled and IgG-opsonized bacteria were 
allowed to interact for 5 min with the c ells at a bacteria/cell ratio of 2:1. Analysis was by fluorescence 
microscopy. Error bars represent SEM of two separate experiments.  

D. Phagocytic ability induced by ATRA-treatment. Fold increase of phagocytic ability arrived at by 
normalizing the phagocytic ability of ATRA-treated cells to the corresponding control sample. 

E. Basis for calculations. The different formulas used for the analysis of data in the figures B–D are presented. 
Interaction is defined as the fraction of all cells that are associated with at least one bacterium. Interacting 
cells were further analyzed to determine how large a fraction of the associated bacteria was intracellular. The 
term phagocytic ability was constructed to take interaction as well as internalization into account. 
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Minor contribution of the plasma membrane respiratory burst to killing of S. pyogenes bacteria

In neutrophils, high concentrations of superoxide and hydrogen peroxide is generated in 
the phagosome27. Earlier, we reported that similar amounts of oxidative metabolites were 
observed to be generated during neutrophil phagocytosis of the AP1 and BMJ71 strains23. To 
investigate the role of respiratory burst metabolites for the killing of bacteria, we performed 
survival assays using differentiated HL-60 cells treated with the oxidase-inhibitor DPI28. 
Early control experiments showed no effect on intracellular survival of AP1 bacteria so we 
used instead the less virulent BMJ71 strain. Such treatment did only slightly increase the 
survival of the bacteria, see Figure 5A. Looking at later time points, it would appear that 
activation of the respiratory burst is not  the only mechanism responsible for the killing of 
BMJ71 bacteria in HL-60 cells.  However, Nox2 activation at the plasma membrane might 
contribute to the rapid killing of BMJ71 bacteria during phagocytosis by differentiated HL-
60 cells. Therefore, we investigated the susceptibility of S. pyogenes bacteria to the respiratory 
burst product H2O2. The bacteria were killed by H2O2 treatment (Figure 5B). Importantly, 
the wild-type AP1 strain was not more resistant than the BMJ71 strain to killing by H2O2. 

Having observed only a minor effect of the DPI treatment on the intracellular survival of S. 
pyogenes bacteria, we wanted to confirm the efficient inhibition of respiratory burst activity 
in differentiated HL-60 cells by DPI. We therefore investigated stimuli-triggered formazan 
formation during differentiation. This response proved to increase over the studied period, with 
a peak on day 4 (Fig. 6A). Fluorescence microscopy was employed in order to locate regions 
of respiratory burst activity during phagocytosis in HL-60 cells. As can be seen in figure 6B, 
black formazan precipitates, indicating oxidation of NBT by superoxide anion, could be 
observed associated with both extra- and intracellular bacteria, although precipitates were more 
pronounced on the former. Precipitates could be detected already after one minute. At later 
times, most of the cells interacting with bacteria displayed evidence of respiratory burst activity. 
Precipitate formation was prevented in samples incubated with DPI (Fig. 6C). A triggering of a 
DPI-inhibitable respiratory burst in HL-60 cells by BMJ71 bacteria was also observed using flow 
cytometric analysis of cells pre-loaded with dihydrorhodamine 12329, 30 (data not shown). Taken 
together, despite a localized phagocytosis-induced respiratory burst in HL-60 cells, this response 
appears to play a minor role in the killing of S. pyogenes bacteria.

Discussion

We have examined the interaction of S. pyogenes bacteria with differentiated HL-60 cells. The 
goal was to better understand neutrophil phagocytosis and the mechanisms by which wild-type 
AP1 bacteria interfere with intracellular killing. We suspected the involvement of azurophilic 
granules, with their arsenal of proteases and other antimicrobial substances, as well as the 
production of respiratory burst metabolites triggered by NADPH oxidase activation.

Initial experiments were designed to characterize our experimental system. The agents most 
commonly used for the differentiation of HL-60 cells towards a neutrophil-like state are DMSO 
and ATRA31, but others have also been used32, 33. During differentiation, various characteristics of 
the HL-60 cell phenotype change, e.g. the appearance of neutrophil cell surface antigens such as 
CD11b34 and CD6635, 36, as well as the downregulation of CD7137. We opted to use ATRA, which 
tends to yield a high percentage of neutrophil-like cells38. Using low-passage cells (less than 
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Figure 3. Intracellular survival of S. pyogenes bacteria
A. Interaction. Differentiated HL-60 cells were allowed to interact at 37°C with Oregon Green-labeled IgG-
opsonized (1 mg/ml) AP1 and BMJ71, at a bacteria/cell ratio of 10:1. After a synchronized presentation, 
the samples were incubated at 37°C as indicated. Analysis was by flow cytometry. An interaction ratio was 
calculated by dividing the number of cells interacting with Oregon Green-labeled bacteria with the total 
number of cells. Error bars show SEM, based on a total of three experiments. 

B. Internalization. After phagocytosis as in A, the internalization of bacteria was determined by 
immunofluorescence microscopy using non-permeabilized and permeabilized conditions and anti-S. 
pyogenes antibodies. For each condition, at least 100 cells were counted. A representative experiment is shown.

C. Intracellular survival. Differentiated HL-60 cells were allowed to phagocytose AP1 and BMJ71 bacteria 
at 37°C, bacteria/cell ratio 10:1. After a synchronized presentation, the samples were incubated at 37°C as 
indicated, before killing of extracellular bacteria by PlyC. Intracellular survival of bacteria was determined 
by diluting HL-60 lysates and counting the number of colonies formed after overnight growth at 37°C. Data 
shown are expressed as the CFU ability relative to the values at 1 min. Error bars show SEM, based on a total 
of three experiments. 

two months from stock) was also a conscious 
decision, since extended continuous cell culture 
may affect the response to differentiation 
agents38. Usually seen as a lack of growth arrest, 
this was not observed in our experiments, thus 
indicating “true” HL-60 cells. 

There are several ways to evaluate phagocytic 
function. The most commonly used parameter 
is called the phagocytic index and was 
introduced by Silverstein and co-workers39, and 
is also known as the phagocytosis product40. 
It consists of two factors; the percentage of 
cells that are associated with prey (adhered or 
internalized) and the average number of prey 
per cell. This works well in most cases when 
studying professional phagocytes, but it does 
not give any information about the ability to 
internalize per se. In this work we are looking at 
the potential gain of phagocytic ability during 
differentiation. In our view, this could be an 
increase of association with prey (or interaction, 
as we call it), an increase of internalization of 
prey or both. Our results show that both of 
these parameters are affected, and we therefore 
constructed a composite of these which we 
denote phagocytic ability. The conclusion that 
we draw from differentiation with ATRA is that 
the treatment enhanced the phagocytic ability 
of the cells to a high degree.
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The use of a cell line for phagosome studies provides several benefits, both practical and scientific: 
it reduces experimental variation due to heterogeneity41; it is possible to transfect HL-60 cells; 
large number of cells can easily be obtained; and it represents a reductionist system where several 
of the neutrophil granule types are absent (phagosomal oxidase assembly is defective because 
of the lack of specific granules). Further, for phagosome isolation experiments, the use of HL-
60 cells offers several additional advantages, such as reduction of total experiment time and 
increased reproducibility. Important phagosome maturation differences between the HL-60 and 
neutrophil models are summarized in Figure 7.
 
In accordance with recently published data on the intracellular survival of S. pyogenes bacteria 
in neutrophils23, an inhibition of the fusion of azurophilic granules with phagosomes containing 
wild-type AP1 bacteria was observed in HL-60 cells. In contrast, massive fusion occurred on 
phagosomes containing the mutated strain BMJ71, lacking M and M-like proteins. Phagosome 
isolation allowed a quantitative analysis of azurophilic granule–phagosome fusion. A potential 
drawback is that we used heat-killed bacteria for this. However, we have earlier reported that 
effects on intracellular trafficking persist even after heat treatment of bacteria, albeit to a lesser 
degree 23, 42. The reduced amount of azurophilic granule-marker found on phagosomes containing 
wild-type bacteria as compared to those containing the mutant provided further evidence to the 
hypothesis that wild-type S.pyogenes bacteria interfere with phagosome maturation. 

In neutrophils, respiratory burst products such as O2
- and H2O2 can be formed in phagosomes43, 

and this is the case with both BMJ71- and AP1-containing phagosomes23. AP1-containing 
phagosomes do not readily fuse with azurophilic granules and lack of fusion leads to a lack of 
the azurophilic granule component MPO, which catalyzes reactions between H2O2 and, e.g., 
halides into more toxic oxidative products such as hypochlorite44. The phagosomes containing 
BMJ71 bacteria would therefore generate larger amounts of more potent oxidative metabolites. 
This could be one factor contributing to the observed difference in survival between the two 
bacterial strains.

Because specific granules are absent in HL-60 cells, the phagosomal respiratory burst activity in 
these cells ought to be lower than in neutrophils since the deposition of specific granule NADPH 
oxidase components on the phagosome is not possible. Instead, during differentiation, HL-60 

Figure 4. Fusion of azurophilic granules with phagosomes containing S. pyogenes bacteria.
A.   Western blot of isolated phagosomes and cell lysate. Differentiated HL-60 cells were allowed to 
phagocytose IgG-opsonized, heat-killed and magnetically labeled S. pyogenes bacteria for 20 min at a 
bacteria/cell ratio of 5:1. Following washes, the cells were lysed by nitrogen cavitation and phagosomes were 
retrieved by magnetic selection. Equal amounts of phagosomes were loaded and probed with antibodies 
against cathepsin D (azurophilic granule content marker) and GM130 (Golgi marker) with anti-S. pyogenes 
as loading control. Increasing amounts of cell lysate (relative protein content .05x, 0.5x and 1.0x) was used 
as a control. 

B. Azurophilic granule–phagosome fusion. Differentiated HL-60 cells were allowed to phagocytose 
opsonized Oregon Green-labeled S. pyogenes bacteria, either the BMJ71 (i-iii) or the AP1 (iv-v) strains, 
at a bacteria/cell ratio of 10:1. After a synchronized presentation, the samples were incubated at 37°C for 
5 min, fixed and incubated with antibodies directed against CD63, subsequently detected using Alexa 594 
F(ab’)2 fragments. Single deconvolved focal planes from serial z-stacks were taken from the mid-part of the 
HL-60 cells. Oregon Green staining shows the localization of bacteria (ii, v).  Magenta staining shows the 
localization of the azurophilic granule membrane marker CD63 (i, iv). The images are also presented as 
merged (iii, vi). Size bar: 5 µm. 
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Figure 5. Killing of BMJ71 bacteria does not 
require Nox2 activation

 A. Intracellular killing with inhibited oxidase. 
Differentiated HL-60 cells were allowed to 
phagocytose BMJ71 bacteria at 37°C, bacteria/cell 
ratio 10:1, in the presence or absence of 10 µM DPI. 
After a synchronized presentation, the samples were 
incubated at 37°C as indicated, before killing of 
extracellular bacteria by PlyC. Intracellular survival 
of bacteria was determined by diluting HL-60 lysates 
and counting the number of colonies formed after 
overnight growth at 37°C. Data shown are expressed 
as the CFU ability relative to the control value at 1 
min. Error bars show SEM, based on a total of five 
experiments. A significant difference was found 
between control and DPI-treated cells at the 1 min 
time point, p<0.05.  

B. H2O2 susceptibility of S. pyogenes. BMJ71 and 
AP1 bacteria were incubated with 1.5% H2O2 at 
37°C as indicated. The samples were stained using 
a bacterial viability kit (Viagram) and analyzed 
by fluorescence microscopy. As a control, catalase 
(1,000 U/ml) was added. At least 100 bacteria per 
condition were analyzed. Error bars show SEM, 
based on a total of three experiments. 

cells develop an ability to mount a plasma 
membrane oxidative burst in the vicinity of 
forming phagosomes. After showing that 
the bacteria used were sensitive to oxygen 
metabolites, the effect of the oxidase inhibitor 
DPI on intracellular survival of bacteria was 
assessed. The survival was only affected to 
a small extent and only at the early stage of 
phagocytosis. 

In conclusion, the survival of S. pyogenes 
bacteria in neutrophil-differentiated HL-60 
cells seems to be caused by an inhibition of 
azurophilic granule fusion with phagosomes 
and not primarily by inhibition of the 
respiratory burst. The intracellular fate of 
wild-type and mutant S. pyogenes strains in 
neutrophils is very similar to what is observed 
in HL-60 cells, and it is therefore tempting 
to suggest that the relevant antibacterial 
mechanisms in the HL-60 cell line  might 
be  similar to those used by neutrophils.   In 
other words, a major role for azurophilic 
granules and a limited role for plasma 
membrane respiratory burst activity should 
apply for both cell types. Further studies are 
needed to clarify the role of the neutrophil 
NADPH oxidase as a means of defense 
against S. pyogenes intracellular persistence. 
Finally, we have demonstrated that the HL-
60 cell, when used in parallel with human 
neutrophils, provides a  useful model for 
phagosome maturation studies, in which the 
respiratory burst (and granule types other 
than the azurophilic) does not significantly 
contribute to bacterial killing. 

Materials and methods

Bacteria

The wild-type S. pyogenes AP1 (40/58) strain 
of the M1 serotype was provided by the 
World Health Organization Streptococcal 
Reference Laboratory in Prague, Czech 
Republic. The mga-regulon deficient S. 
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Figure 6. ATRA-induced oxidative ability

A. Induction of Nox2 activation during 
differentiation. Cells were allowed to phagocytose 
IgG-opsonized BMJ71 bacteria for 5 min (bacteria/
cells, 2:1), or were stimulated with 160 nM PMA, 
in the presence of 1 mg/ml NBT. Measurement of 
absorbance was used to quantitate the intracellular 
respiratory burst. Data are presented as the ratio 
between formazan formation in ATRA-treated 
cells compared to control cells. 

B. Localization of formazan formation. 
Differentiated HL-60 cells interacting with IgG-opsonized Oregon Green-labeled BMJ71 bacteria were 
incubated with 1 mg/ml NBT. A bacteria/cell ratio of 10:1 was used. Respiratory burst activity was indicated 
by blue-black formazan precipitates, visible by light microscopy (iii, vi). Oregon Green fluorescence (i, iv) 
shows the total number of bacteria, and anti-streptococcal staining (ii, v) shows the location of extracellular 
bacteria. In the upper panel, precipitate formation on cell-adherent bacteria is illustrated. The lower panel 
shows that NBT precipitates may also be found on internalized bacteria. Size bar: 10 μm.

C. Quantitation of respiratory burst-positive cells. The diagram shows the proportion of bacteria-
interacting cells that display formazan precipitates   and the effect of DPI (10 µM). At least 50 cells per 
sample were analyzed. Error bars show SEM, based on a total of three experiments.

pyogenes strain BMJ71, was generated from the 
wild-type serotype as previously described25. 
The bacteria were grown as described by Staali 
et al.24 and opsonized with pooled human IgG 
(Sigma-Aldrich, Stockholm, Sweden). For 
some experiments, bacteria were stained with 
5 μM Oregon Green 488-X succinimidyl ester 
(Invitrogen, Copenhagen, Denmark) for 30 
min in the dark at room temperature. Excess 
fluorochrome was then removed by washing 
the bacteria three times in PBS. The stained 
bacteria were kept on ice until use. 

HL-60 cells

HL-60 cells were acquired from the ATCC 
and were kept in low passage (<2 months) and 
then exchanged for freshly thawed aliquots. 
In accordance with the protocol of Breitman 
et al.6, seeding of HL-60 cells was performed 
in l-glutamine-containing RPMI 1640 
medium (PAA Labs, Gothenburg, Sweden), 
supplemented with 10% fetal bovine serum 
(Gibco, Copenhagen, Denmark) and 1 µM 
ATRA (Sigma-Aldrich, Stockholm, Sweden). 
The cell concentration was 0.3–0.4·106/ml 
and the viability was over 95%. The cells were 
kept in 5% CO2 atmosphere at 37°C for four 
days and were then harvested. No antibiotics 
were used. The viability of the differentiated 
cells was 75–80%, as determined by trypan 
blue exclusion. After harvesting (20·106/ml), 
the HL-60 cells were put on a rotator (8 rpm) 
at room temperature. All experiments were 
performed in Na-medium (5.6 mM glucose, 
127 mM NaCl, 10.8 mM KCl, 2.4 mM KH2PO4, 
1.6 mM MgSO4, 10 mM HEPES, 1.8 mM CaCl2; 
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Figure 7. ATRA-differentiated HL-60 cells as a model for neutrophil phagocytosis 
Both neutrophils and differentiated HL-60 cells are able to internalize and kill IgG-opsonized prey within 
minutes.  However, phagosome maturation  differs for the two cell types  because HL-60 cells have only 
azurophilic granules (depicted in red) and lack other granule types. Also, Nox2 activity (depicted in black) 
is lower in HL-60 cells and located at the plasma membrane. These deficiencies of ATRA-differentiated HL-
60 cell lines can be exploited for the study of the roles of azurophilic granules and Nox2 during phagocytosis. 
In the figure, the different fates of two strains of S. pyogenes bacteria in both neutrophils and HL-60 cells are 
shown. In both cell types, the killing of the BMJ71 strain is accompanied by the avid fusion of azurophilic 
granules, whereas less fusion and less killing is observed for the AP1 strain.
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pH adjusted to 7.3 with NaOH), within 30 min of harvesting.

Phagocytosis 

Phagocytosis of bacteria was performed in Na-medium which was preheated to 37˚C. Different 
bacteria/cell ratios were used for different assays, varying between 2:1–10:1 (see figure legends). 
These were chosen empirically to compensate for differences in presentation techniques employed. 
To synchronize interaction, bacteria and cells were pelleted in a microcentrifuge (12,000 g, 30 s), 
followed by an additional 30 s incubation at 37˚C. The pellet was then resuspended and the cells 
were further incubated at 37˚C. Phagosome maturation was halted by putting the samples on ice. 
To ensure equal treatment of the samples, an 8-channel multi-pipet was used for resuspension. 
In some experiments (figures 2B, 2C, 4B and 6A) the presentation step was repeated to increase 
interaction efficiency.  

Intracellular survival assays

To study intracellular survival of S. pyogenes, the bacterial strains were first sonicated (XB2 
sonicator bath, Grant) to reduce bacterial aggregation. Before presentation to cells, they were 
IgG-opsonized (1 mg/ml) and then gently centrifuged (200 g, 2 min, swing-out) to remove 
any remaining aggregates (checked by microscopy). After equilibration at 37°C, differentiated 
HL-60 cells were presented to the bacteria by centrifugation (12,000 g, 30 s, fixed angle). The 
phagocytic process was  halted by placing the samples on ice and extracellular bacteria were 
killed by incubating the samples with PlyC, a streptococcal C1 bacteriophage lysin (functionally 
a murein hydrolase45, 46), at 1.5 U/µl for 15 min on ice, followed by thorough washing. The HL-60 
cells were lysed by incubating the samples for 20 min with 2% saponin. The samples were diluted 
in distilled water and plated on Todd-Hewitt agar plates. Following an overnight incubation at 
37°C, the number of colony forming units (CFU) was determined.

Phagosome isolation 

The cells were allowed to interact with the bacteria at a bacteria/cell ratio of 5:1 and after 20 min 
of phagocytosis the maturation was halted by placing the samples on ice. Bacteria-containing 
phagosomes were prepared using a method of magnetic selection as described by Lönnbro et 
al.26. 

Western blot

SDS-PAGE was performed using a modified protocol of Laemmli47 made according to 
instructions for NuPAGE gels (4-12% Bis-Tris, Invitrogen) and PVDF membranes (Millipore). 
The membranes were probed using antibodies against cathepsin D (Santa Cruz Technology, 
Santa Cruz, CA), GM130 (Affinity Bioreagents, CO, USA) and group A streptococci (Biogenesis, 
Poole, England). Western blots were developed with Super Signal West Dura Extended (Pierce). 
PageRuler Plus (Fermentas) was used as molecular weight standard.  
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Flow cytometry

Flow cytometric analysis was performed using a FACSCalibur flow cytometer (Becton-
Dickinson) equipped with a 15 mW argon laser tuned at 488 nm. For each sample at least 20,000 
events were recorded and the results were analyzed using the CellQuest Pro software (Becton 
Dickinson) and FlowJo 8.8.6 (Tree Star). 

Immunofluorescence microscopy

In figure 4, samples were treated and analyzed as described by Staali et al24. A monoclonal 
antibody against CD63 (1:800, (Santa Cruz Technology, Santa Cruz, CA)) and a polyclonal goat 
antibody against S. pyogenes (1:1000, (AbD Serotec, Düsseldorf, Germany) were used as primary 
antibodies. As secondary antibodies an Alexa Fluor 594 anti-mouse antibody or an Alexa Fluor 
488 anti-goat antibody (1:600, (Invitrogen, Copenhagen, Denmark)) were used. Acquisition of 
images were performed using a fluorescence microscope (Nikon Eclipse TE300 equipped with 
a Hamamatsu C4742-95 cooled CCD camera, using a Plan Apochromat 100X objective with 
NA 1.4). To increase resolution, z-series were captured and out-of-focus light was removed by 
deconvolution (NIS-Elements 3, Nikon). This was performed with a calibrated point spread 
function to limit errors introduced by the microscope setup. 

To analyze interaction and internalization during phagocytosis (cf. Fig. 2B and 2C) Oregon Green-
labeled bacteria were used. The opsonizing IgG on non-internalized bacteria were visualized 
by the addition of anti-human Cy3-conjugated F(ab’)2 fragments (Jackson Immunoresearch, 
Baltimore, PA). 

NBT assays

Oregon Green-labeled bacteria were suspended in PBS containing 1 mg/ml NBT (Roche 
Diagnostics, Bromma, Sweden). After allowing phagocytosis as described above, the samples 
were fixed using 2% PFA. To distinguish extracellular bacteria from intracellular, the former were 
stained using a goat anti-streptococcal antibody (1:600) and Alexa Fluor 594 F(ab’)2 fragment of 
anti-goat IgG (1:600). The presence of blue-black formazan precipitates, caused by the reduction 
of NBT by the superoxide anion (O2

-)48, was quantified by microscopy. In order to quantitate the 
intracellular respiratory burst, cells were allowed to phagocytose IgG-opsonized BMJ71 bacteria 
for 5 min or were treated with 160 nM phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich, 
Stockholm, Sweden)49 in the presence of 1 mg/ml NBT. The samples were treated with 70% 
methanol followed by 2 M KOH, after which the formazan precipitates were dissolved using 
concentrated DMSO as described by Mollinedo et al. Finally, absorbance (600 nm and 450 nm) 
was measured using a Victor3 plate reader (PerkinElmer).

Oxidant susceptibility assay

H2O2 was added to 2·109 bacteria at a final concentration of 1.5% (v/v). Samples were incubated 
at 37°C for 15, 30 and 60 minutes, respectively, after which catalase (1000 U/ml) was added to 
stop the reaction as described by Liu et al.50. Samples were fixed using 1% PFA and stained using 
the Viagram Viability Kit (Invitrogen, Copenhagen, Denmark). Bacterial viability was analyzed 
by fluorescence microscopy. Alternatively, analysis of H2O2-treated bacteria (non-fixed) was 
performed by counting colonies after 16 h incubation on Todd-Hewitt agar at 37°C.
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Statistics

GraphPad Prism 5 was used for t-test analysis in all figures except in Figure 5 where a two-way 
ANOVA with Bonferroni was used.
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Chapter
Phagosome isolation

3 focus

“Do not go where the path may lead;  
go instead where there is no path and leave a trail.”

Ralph Waldo Emerson (1803-1882)

Why isolate phagosomes? The idea to purify and selectively study phagosomes and 
other membrane-bound organelles out of their intracellular milieu is nothing new.  
Preparations of nuclei444, mitochondria172, granules41 and phagosomes102 have been 

routinely performed to name but a few. The underlying rationale stems from a reductionist 
approach where a reduced complexity – fractioning the eukaryotic cell into its different parts 
– increases the certainty of the observed characteristics. As will be shown in this chapter, the 
authenticity of this statement relies upon the qualities of the experimental approach which 
requires a sufficient high yield and purity of the targeted organelle. The focus will be on how to 
purify phagosomes and the underlying principles for this, with a special section on automating 
magnetic separation of phagosomes.

Separation principles

The possibility to physically separate organelles from each other depend on their inherent 
physical properties. Typically exploited characteristics are size, density and surface charge, 
but also include magnetic moment and antigenic phenotype. There are numerous techniques 
available that can target these properties, but here only the ones that has been successfully 
employed for phagosome isolation will be described (see Fig 3.1). See Table 3.1 for a selection of 
published phagosome preparations, listed according to the separation procedure used.   

Centrifugation

Arguable the most important phagosome isolation method, centrifugation has also become the 
most widely used. The centrifugal force is determined by the angular velocity (ω) of the rotor and 
the rotation distance (x) of the same. It is commonly reported as normalized to gravity (g), and 
is then called relative centrifugal force (rcf).

(3.1)
2

rcf = x
g

ω
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rcf can be calculated from the revolutions per minute (rpm) and the rotation distance of the 
rotor.   

(3.2)  

To understand what affects separation, it is helpful to consult the Svedberg equation for 
sedimentation of spherical particles in viscous media400: 

(3.3)

where dx/dt is the sedimentation velocity; ω is the angular velocity; x is the rotation distance 
of the rotor; r is the radius of the particle; ρp and ρm is the density of the particle and medium 
respectively and η is the viscosity of the medium. 

Important conclusions that can be drawn from this from a practical standpoint is that the 
traveling velocity increases with the square by increasing the size (i.e., r2) of a particle, but  only 
increases proportionally with the difference in density (i.e., ρp–ρm). Also, increasing the viscosity 
of the medium proportionally decreases the sedimentation velocity of the particle. These are the 
basic parameters that an experimenter can vary in attempting to purify an organelle. Two main 
centrifugation techniques has come out this: differential centrifugation and density gradient 
centrifugation. The former is most often used when there are large differences in size, such as 
separating intact cells from the content of broken cells, often as a preparatory step for further 
separations. Hirsch and Cohn were the first to prepare granule fractions, and they employed 
differential centrifugation in multiple steps to prepare fractions of rabbit neutrophil granules72. 
Even though valuable information was generated, it is likely that the purity of these fractions 
were questionable. Today, density gradient centrifugation is preferably used when there are small 
differences in size, but where instead the density differs, such as with neutrophil granules or 
for phagosome preparations. There are many ways to form a density gradient and traditionally 
sucrose has been the main component of these, but the high osmolality of such solutions are 
prone to introduce artifacts. 

To isolate the granules of human neutrophils, Olsson proposed the use of a high density and 
low osmolality gradient composed of colloidal silica sol and dextran316. An alternative approach 
which has later become the de facto standard for granule preparations was reported by 
Borregaard et al., and consisted of using a discontinuous Percoll gradient41. See Kjeldsen et al. 
for a detailed description214. Similar approaches has been used for the purification of azurophilic 
granules also from HL-60 cells24, 236, 298. In the above mentioned studies the authors have changed 
the composition of the centrifugation medium, targeting the ρm and η parameters. The first 
successful phagosome isolation instead exploited the ρp parameter, by changing the phagocytic 
particles to low-density latex beads. 

Some examples of phagosome isolation techniques based on centrifugation

In 1969 did Wetzel and Korn publish the first successful study on isolated phagosomes441. To get 
larger numbers of cells, they used the amoeba Acanthamoeba castellanii as phagocyte, since it 
can be grown in large volumes in shaking culture flasks. As prey they choose 1 μm latex beads 
which due to their low density floats and separates from most other cellular components on 

2rpmrcf = 11.18
1000

x  
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Magnetic separation

Gradient centrifugation

Figure 3.1 - Separation principles
Illustrated here are two basic principles used for phagosome isolation. At the top, gradient centrifugation 
is shown, where the sample is layered over a density gradient (or sometimes put below the gradient) and 
then centrifuged at high speed. The composition of the gradient will decide which densities that will be 
separated and at the end of the centrifugation there will typically be several bands where one will mainly 
contain phagosomes. 

At the bottom, magnetic separation is illustrated. The magnetic phagosomes will be pulled out of the sample 
mixture and then concentrated into a new vessel.  
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Table 3.1 Selection of phagosome and vacuole preparations, listed according to separation principle

Principle Disruption Cell type Prey Maturation Analysis Reference

gradient
centrifugation Dounce A. castellanii 1 μm LB 30 min EM,  

biochemical Wetzel 1969441

gradient
centrifugation Dounce Guinea pig 

PMNs oil emulsion 15, 30, 45, 60 min EM,  
biochemical Stossel 1971392

gradient
centrifugation Dounce J-774 mouse 

macrophages 0.8 μm LB 5-60 min/0-20 h EM, 2D gel
biochemical Desjardins 1994102

gradient
centrifugation Dounce

U937
J-774
hamster and 
rat kidney

0.8 μm LB 60 min/1-24 h 2D gel
biochemical Desjardins 1994100

gradient
centrifugation Dounce J-774 0.8 μm LB 60-120 min 2D gel

biochemical Garin 2000136

gradient
centrifugation Dounce J-774 mouse 

macrophages 0.8 or 3 μm LB 30/0, 30/15, 
30/30 min

EM, 2D gel
biochemical Gagnon 2002130

gradient
centrifugation

French 
press

human neu-
trophils 0.8 μm LB 60 min biochemical Jankowski 2002194

gradient
centrifugation ball Dictyostelium 

discoideum 0.8 μm LB 180 min 2D gel, EM
biochemical Gotthardt 2002141

gradient
centrifugation

25G 
needle

human epithe-
lial LoVo

InlA- and 
InlB- LBs 30 min 2D gel

biochemical
Pizarro-Cerda 
2002332

gradient
centrifugation Dounce

RAW 264.7 
mouse macro-
phages

1 or 3 μm LB 30/15 min FACS Touret 2005411

gradient
centrifugation Dounce Entamoeba 

histolytica
carboxylated 
LB N/A LC-MS/MS Okada 2005314

gradient
centrifugation

nitrogen 
cavitation

Human neu-
trophils

IgG- and 
C3bi-LBs
2.0 μm

30 min LC-MS/MS
2D gel Burlak 200652

gradient
centrifugation N/A Tetrahymena 

thermophila 2 μm LB 15, 30, 60 min LC-MS/MS
biochemical Jacobs 2006185

gradient
centrifugation ball Dictyostelium 

discoideum 0.8 μm LB
5/0, 15/0, 15/15, 
15/45, 15/105, 15/165 
min

2D gel
MS Gotthardt 2006140

gradient
centrifugation Dounce Entamoeba 

histolytica
carboxylated 
LB

0/0,5/30, 5/60, 5/120 
min LC-MS/MS Okada 2006315

gradient
centrifugation Dounce D. mela-

nogaster 0.8 μm LB 5/0, 15/0, 30/0, 30/60, 
30/240, 30/ON min LC-MS/MS Stuart 2007394

gradient
centrifugation Dounce mouse macro-

phages 0.8 μm LB
0/0, 10/0, 10/20, 
10/30, 10/45, 10/60, 
10/90, 10/120 min

LC-MS/MS
isotope Rogers 2007353
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Principle Disruption Cell type Prey Maturation Analysis Reference

gradient
centrifugation Dounce

RAW 264.7 
mouse macro-
phages

0.8 μm LB 60/60 min LC-MS/MS
2D gel Jutras 2008198

gradient
centrifugation Dounce

RAW 264.7 & 
J-774 mouse 
macrophages

0.8 μm LB 60/60 min LC-MS/MS Shui 2008379

gradient
centrifugation Dounce

RAW 264.7 
mouse macro-
phages

0.8 μm LB 30 min LC-MS/MS Trost 2009l412

multiple gradient 
centrifugation Dounce macrophages M. avium

Leishmania 60 min biochemical Sturgill-Koszicky 
1994395

multiple gradient 
centrifugation Dura grind J-774E

Listeria in-
nocua
Afipia felis

2 h biochemical Lührmann 2000247

multiple gradient 
centrifugation Dounce mouse macro-

phages F. tularensis 2h/48h 2D gel
MS Kovarova 2002219

multiple gradient 
centrifugation 23G needle human neu-

trophils
M. tuberculosis
S. aureus 5, 15, 30, 60 min EM, 2D gel

biochemical Perskvist 2002327

multiple gradient 
centrifugation Dounce

J-774 mouse 
macrophages, 
THP-1 human 
monocytes

M. bovis + LB 3 h + 1-5 days LC-MS/MS Lee 2009231

magnetic immu-
noseparation +
gradient cent.

ball Dictyostelium 
discoideum Legionella 15 min, 

1/2/6/14 h LC-MS/MS Urwyler 2009416

magnetic 25G needle mouse macro-
phages M. tuberculosis 2h/on EM

biochemical Pethe 2004328

magnetic Dounce Entamoeba 
histolytica magnetic LB 15 min LC-MS/MS Marion 2005257

magnetic N/A mouse den-
dritic cells magnetic LB 45, 90, 180 min biochemical Jancic 200889

magnetic nitrogen
cavitation ATRA HL-60 magnetic 

S. pyogenes 5/30 min biochemical 
IF Lönnbro 2008249

magnetic Dounce Entamoeba 
histolytica

2.7 μm mag-
netic LB 0/5-60 min LC-MS/MS Boettner 2008l40

magnetic nitrogen 
cavitation

ATRA-HL-60
and human 
neutrophils

magnetic
S. pyogenes 5/0, 5/30 min biochemical 

IF Nordenfelt 2009310

magnetic nitrogen 
cavitation ATRA HL-60 magnetic

S. pyogenes 5/30 min biochemical Nordenfelt 2009308

organelle 
electrophoresis N/A J-774 mouse 

macrophages M. bovis 1/2, 1/12 h 2D gel
MS Ferrari 1999118

The layout is partly based on a list of proteomic phagosome papers by Rogers and Foster354. . LB = latex bead.
The indicated maturation times is stated as presentation time/chase time or only maturation time. 
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a sucrose gradient. A similar setup, but instead with low density oil emulsion, was used by 
Stossel et al. to isolate phagosomes from guinea pig neutrophils392. The most well known paper 
regarding phagosome isolation probably is that by Desjardins et al. from 1994102. They made 
slight modifications to the discontinuous sucrose gradient technique, but introduced more 
powerful analysis methods to the field including 2D gel characterization. This made it possible 
to start evaluating phagosomal maturation in more detail. Following this are a large number 
of papers, with variations of both phagocytes and prey. See Table 3.1. Of special interest is the 
possibility to purify bacteria-containing phagosomes as described in detail by Luhrmann and 
Haas247. By combining multiple centrifugation steps, they could isolate bacteria-containing 
phagosomes. However, the conditions need to be adjusted for each bacterial species and suffers 
from contamination with mitochondria as these are essentially bacteria (even though evolved) 
and share centrifugational characteristics.    

The magnetic approach

Both due to the inadequacy of latex beads as a phagocytic target, at least when it comes to the 
study of pathogens, but also due to the drawbacks with gradient centrifugation, an alternative 
approach is welcome. The use of magnetism as a biological separation tool is wide-spread all the 
way from small molecules358 to intact cells359.  The strength lies in magnetism being very specific, 
but at the same time both gentle and powerful, as long as the labeling has been performed 
adequately.   

Paramagnets are materials that only exhibit magnetic properties when exposed to an external 
magnetic field. This effect is often only present at the atomic level and a natural occurring 
example is hemoglobin, which is present in high concentration in erythrocytes. The quantities 
are so high that it is possible to separate them from other cells with a very strong magnetic 
field318. Superparamagnets have a magnetic moment that are many times stronger than those 
of ordinary paramagnets31, making it possible to move them via much subtler magnetic means 
(for a review see Safarik and Safarikova359); this makes the latter extremely useful for biological 
separations. Also, the magnetic properties have no effect whatsoever on surrounding objects 
including other superparamagnetic particles (i.e., they will not attract or repel each other which 
ordinary magnets do). Common superparamagnetic materials used are iron oxides such as 
magnetite (Fe3O4) or maghemite (γ-Fe2O3)359. As an interesting side note, there exist bacteria 
that can form intracellular magnetic structures of magnetite or greigite – magnetosomes – 
which gives them the possibility to interact with magnetic fields368. If the genes responsible could 
be characterized and expressed in other bacteria, this could become a powerful tool to study 
bacterial pathogenesis.  

When it comes to the study of phagosomes, in 1994, Sturgill-Koszycki et al. were the first to 
employ magnetic latex beads395 (from here on, I will call all particles magnetic, even though they 
are superparamagnetic). This has also been used in later work, see Table 3.1. Still, even though 
magnetic beads might yield purer preparations than when using gradient centrifugation (or at 
least other types of contamination), it is not a physiological prey. One way to come closer was 
shown by feeding macrophages iron-dextran and allowing a chase period so that the dextran 
ended up in lysosomes; after infection with Mycobacterium tuberculosis and following cell lysis 
it was possible to purify bacteria-containing vacuoles through magnetic selection328. However, 
this approach would not work for kinetic studies or for cell types having an unclear lysosomal-
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phagosomal pathway, such as neutrophils. 

Instead of targeting or selecting for an expected 
end-of-maturation compartment, like the 
macrophage lysosome, we choose to target the 
bacteria. By making these magnetic it would 
be possible to selectively purify only bacteria-
containing phagosomes at any stage of maturation 
and within any type of phagocyte. This was 
achieved by covalently attaching nanometer-scale 
iron oxide particles to exposed -NH2 or -COOH 
groups of the bacterial surface249. See Paper 2 for 
a more detailed description.

Cell disruption

Once the particles of choice are present in phagosomes (for a description on how to get them 
there see Chapter 2), one needs to break open the cells in order to be able to isolate them. This is 
no easy task to achieve in a controlled and gentle manner. What will be discussed in this section 
is how to choose the right medium and the right method to disrupt the phagocytes without 
disturbing the phagosomes inside them.  

Homogenization medium

The first thing to consider is the surrounding medium which the cells will be immersed in during 
the disruption procedure. If the osmotic conditions are wrong the released organelles will likely 
burst open or implode, compromising the whole experiment. Likewise, the wrong composition 
might aggregate components or in other ways alter their structure. Traditionally, the most used 
medium is one containing 0.25M sucrose, 1 mM EDTA, 5-20 mM Tris or Hepes, pH 7.4. This 
seems to keep most subcellular structures intact even after plasma membrane disruption172. 
However, this is organelle-dependent and it was shown that hypotonic conditions (increased 
the sucrose molarity to 0.88M) were needed to maintain the elongated shape of mitochondria172. 
Often, changes to the standard medium are incurred from requirements of downstream processes 
of the isolation procedure. For instance, a normal side-effect of cell disruption is the release of 
genetic material, which clump  organelles and other cytosolic components together, which has 
a severe impact on the purity of phagosome preparations. To alleviate this, the addition of an 
endonuclease (Benzonase is recommended due to its broad activity also at low temperatures), 
will dissolve the nucleotides247. A problem is that Benzonase requires 1-2 mM of Mg2+ to function, 
which makes it necessary to replace EDTA (which chelates both Ca2+ and Mg2+) with EGTA 
(which is specific for Ca2+), and also add Mg2+. A negative effect of this is that Zn2+-dependent 
metalloproteases are no longer inhibited, although they are hopefully kept at bay by keeping the 
temperature low. Another proposed improvement to phagosome purification is the addition of 
Mg-ATP. This will lead to the degradation of actin around organelles and at least for phagosome 
preparations with the amoeba Dictyostelium discoideum gives a remarkable increase of yield and 
purity141. When it comes to neutrophils a special condition apply: due to the enormous amounts 

Table 3.2 - Homogenization medium
0.25 M sucrose

10 mM Hepes-NaOH

1 mM EGTA

2 mM MgCl2

Complete Mini EDTA-free
(serine and cysteine protease inhibitors)

250 U benzonase 
per 20 million cells

pH 7.3
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of lytic enzymes present in these cells, the addition of protease inhibitors are essential. This is 
nowadays easily accommodated through cocktails in tablet form; a commonly used product 
is Complete Mini (Roche). See Table 3.2 for our recommended medium composition when 
working with neutrophil phagosomes.  

Disruption techniques

Basically all of the described methods here use shear stress of some kind to rupture the plasma 
membrane of the phagocytes; this is in principle achieved by forcing the cells through a narrow 
space. As can be seen from Table 3.1, the most commonly used instrument for phagosome 
preparation is the Dounce homogenizer. It consists of a round glass pestle which is manually 
pushed down a glass tube with a very similar radius107 (see Fig. 3.2). This is repeated until enough 
cells have been broken apart. A closely related apparatus is the Potter-Elvehjem homogenizer 
which has a motor-driven pestle334. Empirically, these seem to work sufficiently well, although 
there are problems with reproducibility and the risk of breaking open phagosomes is large432. An 
instrument which tend to be more reproducible is the ball homogenizer22 (see Fig 3.2), which 
have been used with success for some phagosome isolation experiments. On studies on HL-60 
cells it does not seem to break azurophilic granules58, indicating that it is a gentle method. As 
with other mechanical techniques, the number of strokes or passages is critical for the achieved 
effect; when only using one stroke this only seems to permeabilize most cells and not lyse 
them258, making it a possible tool for macromolecule delivery. Other techniques based on shear 
stress include passing of samples repeatedly through a syringe or the high-powered French press. 
The latter works by using high pressure to drive a piston and forcing the cells through a small 
opening, and is suitable for large scale operation421. 

The technique which we have adapted is based on a different principle; cell disruption through 
the release of intracellular gas. The theory of nitrogen cavitation is founded upon that at gas 
equilibrium, the intracellular pressure is equal to that of the extracellular medium. By placing 
the phagocytes in a bomb cylinder (to withstand the pressure), it is possible to pump in nitrogen 
to reach a very high pressure. This will lead to the dissolution of gas into the cells, and then by 
opening a valve and releasing the cells out into atmospheric pressure the intracellular gas will 
instantly force itself out of the cells, breaking them in the process180 (see Fig 3.2). By adjusting 
time and pressure, it is possible to find conditions that will only disrupt the cells and not the 
subcellular organelles216. It has been argued that the force causing the membrane rupture is in 
fact shear stress as small bubbles of gas is formed at the plasma membrane432. Whichever is the 
exact mechanism, nitrogen cavitation gives highly reproducible results and appears to have a 
rather homogeneous effect on the cells, requiring only a single “cavitation”. See Figure 3.3 for 
an example of the outcome of cell lysis using nitrogen cavitation. A common problem for many 
of the above techniques is heating of the samples; this is completely abolished with nitrogen 
cavitation, ensuring that the phagosomes are kept as unchanged as possible. 

Phagosome analysis

There are many techniques available for phagosome analysis. Here I will discuss some aspects on 
how to ensure the quality of purified phagosomes as well as how to measure their composition. 
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Increase pressure  in 
bomb cylinder to

200-350 psi
(1400-2400 kPa) 

Keep on ice for 10 min.

Force up and down
repeatedly

N2

Open valve
to atmospheric pressure

(101 kPa)

Nitrogen cavitation

Dounce homogenizer

Ball homogenizer

Force cell suspension repeatedly back and forth
past the ball by alternating use of the syringes

Figure 3.2 - Cell disruption techniques
Three of the most common cell disruption techniques are shown. At the top left is the ball homogenizer 
which breaks open the cell membrane by shear force as the cells are forced through the small space between 
the steel ball and the container walls; several passages, back and forth, are needed for efficient cell lysis. At 
the right, the Dounce homogenizer is shown, which is the easiest and most common technique. The cells 
are disrupted by moving the pestle up and down repeatedly, shearing them in a similar fashion as with the 
ball homogenizer. At the bottom left a bomb cylinder is shown, which is used for nitrogen cavitation. The 
cells are disrupted by applying high pressure of nitrogen gas, and then open a valve to atmospheric pressure; 
the dissolved nitrogen gas will rapidly form bubbles which will break open the cell.
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Quality assessment

The most important step is to assess the yield 
and purity of a phagosome preparation. 
Undoubtably the most valuable tool for 
this is the microscope, at least during the 
initial setup of a protocol. Depending on 
the phagosome isolation method used 
there will be different aspects that will be 
important to assess when judging the quality 
of a preparation. For magnetic isolation the 
following parameters need to be checked: the 
presence of intact cells; the presence of free 
bacteria and semi-intact phagosomes; the 
presence of intact phagosomes. 

Intact cells pose a problem for quantitative 
analysis using other methods than microscopy 
and are remnants from insufficient cell 
disruption. They can be relatively easily 
removed by using low-speed centrifugation, 
but cannot be removed by magnetic selection 
if they contain magnetic bacteria. 

Free bacteria, i.e., those likely derived from adhered, but non-internalized bacteria are the 
biggest problem, and is present in all phagosome isolation procedures. Such bacteria, as well 
as those present in broken phagosomes are exposed to a cell lysate and will bind proteins from 
that. This greatly increases the background signal of any quantitative measurements that are 
to be made, and is a problem with any type of particle used. Using fluorescence microscopy 
it is easy to identify them using fluorescently labeled Fab fragments249. Likewise, it is also easy 
to identify phagosomal membrane by using fluorescent annexin V, which will bind to the 
phosphatidylserine on the other leaflet248 (see Fig. 3.4). This assumes that apoptotic cells do not 
phagocytose bacteria in which case such phagosomes would have reverse membrane topology 
and be classed as negative. When using the combination of detecting bacteria and phagosome 
membrane the analysis can be performed with flow cytometry and calibration beads to get a 
good estimate of the phagosome yield. 

Quantitative analysis

There are many potential ways to analyze phagosomes and the method of choice depends on the 
question asked. Direct quantitation using fluorescence microscopy eliminates many problems 
and requires very little material. The main drawback is that it takes long time and is labour-
intensive, besides being only semi-quantitative. Flow cytometry is a quantitative and powerful 
tool especially if used in combination with microscopy, but requires many background controls. 
Gel electrophoresis is commonly used for phagosome analysis. The comparison between 

Figure 3.3 - Nitrogen cavitation of HL-60 
cells
This illustrates the effectiveness of lysis by nitrogen 
cavitation. The top images show HL-60 cells before 
lysis, with the plasma membrane fluorescently 
stained with FM 1-43. The bottom images show the 
cells after a single nitrogen cavitation procedure. All 
images have the same scale. 
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conditions needs a good way to ensure the 
equal loading of samples; this can be done 
either by measuring total protein content or 
by counting phagosomes. If possible, internal 
loading controls, such as detecting bacterial 
protein can be used if intact phagosomes 
has been solubilized. Detection of individual 
proteins can then by achieved by Western 
blot or mass spectrometry analysis of cut 
out sections. None of these methods are 
fully quantitative and will be best used 
when comparing time points or between 
conditions. Recent progress in the proteomics 
field point to improved quantitation abilities 
using advanced mass spectrometry253.  

As long as one is aware of the potential 
purity problems, and choose the quantitation 
method with appropriate background 
controls, it should be possible to learn many 
things about phagosome biogenesis and 
maturation through phagosome isolation 
techniques.  

Automating retrieval of 
magnetic phagosomes

Magnetic purification is generally very simple and elegant. The ease is often due to the 
combination of a strong magnet and a large superparamagnetic particle, which will result in a 
large magnetic moment pulling the particle. When using bacteria with attached particles, the 
particles should be as small and cover as little of the bacterial surface as possible; otherwise 
any effects observed might just as likely be due to the magnetic particles. Unfortunately, this 
will lead to a weak magnetic moment with difficulties in purification as a consequence, at least 
with standard methods. A different approach to magnetic selection comes from the small 
finnish company BioNobile. They have designed a device for flexible small-scale usage where 
a retractable neodymium magnet (Nd2Fe14B, the strongest permanent magnet there is) is used 
with disposable silicon tips (see Fig 3.5). This works very well for our method249 (see Paper 2), 
but we have also seen the need for larger scale purification and reproducibility, which is always a 
problem with hand-operated devices. 

Robot design

We have worked together with BioNobile to design a robot that would allow us to perform 
automated, high-quality retrieval of magnetic phagosomes. It is based on the commercially 
available MagRo96, but with a number of modifications. The design still involves a few manual 

Figure 3.4 - Detection of phagosome 
membrane
The top images show the enrichment of magnetic 
bacteria and phagosomes from cell lysate using 
magnetic selection. The bottom images show the 
identification of phagosomal membrane using 
Alexa488-conjugated annexin-V. All images have 
the same scale. 
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steps, but most is automated. First of all 
it is necessary to be able to concentrate 
phagosome samples from larger samples. The 
solution was to reduce the 96 magnetic rods 
to 8 and that the plate could be turned to make 
operation along both x- and y-axis possible. 
Secondly, operation at 4°C in a normal lab 
would be ideal, and an aluminium cooling 
plate which is cut to fit microtiter plates 
in both vertical and horizontal positions 
(to accommodate the first requirement) 
was introduced. The aluminium plate have 
internal pathways for liquid, and an external 
cooler and water pump keep the temperature 
low. The robot has 11 working positions (8 
chilled), which make large-scale purification 
possible. In total five individually controlled 
motors drives the robot, giving full three-
dimensional operation, down to 1 mm fidelity 
along the x-, y- and z-axis (see Fig 3.6).       

Algorithms that simulate hand 
movement

The successful use of PickPen is in part due 
to the flexibility and response that manual 

control mediates. This was clearly seen when trying to use the robot using simple movement, 
i. e., moving down in the sample in a circular motion. By writing an algorithm that simulates a 
sweeping downward movement in increments, it was possible to achieve equally high yield as 
from hand-controlled retrieval. A more difficult problem to solve was the release of particles. 
Manually this is done by retracting the magnet and then gently shaking the tip in solution. This 
gentle shaking is incredibly hard to simulate without a shake function, and it turned out we 
instead had to grind the silicon tip against the bottom of the well repeatedly, interrupted by 
stirring in the solution. This works well but is not an ideal solution as it has the potential to 
damage phagosomal membranes. A different solution that is under consideration is to attach a 
cell phone vibrator to the magnetic rods and connect it for software operation.    

Dip-wash - minimizing transfer losses

As with any separation technique there is always losses when transferring an object from one 
place to another; this is also the case for our magnetic protocol. We borrowed a solution that 
BioNobile has used for DNA preparation, where they found that the particles does not necessarily 
need to be released from the tip for efficient washing. Instead, once the magnetic particles have 
been collected to the tip, the arm moves it to the wash buffers, moves it up and down repeatedly 
for 30 s in each well and finally release the particles in the concentration column. Microscopical 
analysis has shown this wash procedure (called dip-wash) to be effective and with minimal loss 
of magnetic material.

Magnetic
rod

Figure 3.5 - PickPen
The PickPen from BioNobile is a very easy and 
efficient tool for magnetic purification. The powerful 
magnetic rod (neodymium magnet) is retractible 
by operating the indicated lever and is covered by a 
silicon tip. Once the magnetic material is collected 
at the tip, it is easy to withdraw the magnet and then 
release the material into a new vessel. 
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Figure 3.6 - Robot for magnetic isolation of phagosomes
The design is based on BioNobile’s MagRo96, with adjustments and additions to better suit the needs for 
phagosome isolation. Most important, a cooling block has been added, with a relief pattern to allow for both 
vertical and horizontal positioning of microtiter plates. The head can be moved along all three axes in 1 mm 
increments (very high precision) through the indicated motors, and also contain an internal motor for 
moving the magnetic rods along the z axis. Additonal equipment include a water cooling pump (connected 
with rubber hosing to the cooling block) and a Windows computer to run the controller software.  
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Creating magnetic bacteria to isolate phagosomes

We wanted to characterize on a molecular level what 
happens when bacteria survive being eaten by neutrophils 
(phagocytosis). After being eaten, the bacteria are found in 
phagosomes inside the cells and we wanted to purify these 
in order to study their contents. By attaching nanometer-
size magnetic particles to the surface of bacteria were we 
able to use magnetism as a way to isolate the bacteria-
containing phagosomes from neutrophils. Given its 
general applicability, this is potentially a very valuable 
research tool for the studyof phagocytosis. 

Layman’s summary
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Isolation of bacteria-containing phagosomes 

by magnetic selection

Per Lönnbro, Pontus Nordenfelt and Hans Tapper

Background

There is a growing awareness of the importance of intracellular events 
in determining the outcome of infectious disease. To improve the 
understanding of such events, like phagosome maturation, we set out to 
develop a versatile technique for phagosome isolation that is rapid and 
widely applicable to different pathogens.

Results

We developed two different protocols to isolate phagosomes containing dead 
or live bacteria modified with small magnetic particles, in conjunction with 
a synchronized phagocytosis protocol and nitrogen cavitation. For dead 
bacteria, we performed analysis of the phagosome samples by microscopy 
and immunoblot, and demonstrated the appearance of maturation markers 
on isolated phagosomes.

Conclusions

We have presented detailed protocols for phagosome isolation, which can 
be adapted for use with different cell types and prey. The versatility and 
simplicity of the approach allow better control of phagosome isolation, the 
parameters of which are critical in studies of host–bacteria interaction and 
phagosome maturation.

Abstract
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Background 

Phagocytosis and killing of microorganisms by phagocytes form an essential part of our innate 
immune system. The contact between the phagocyte and its prey triggers signaling to multiple 
intracellular events including cytoskeletal rearrangement, membrane traffic, and cytokine 
and chemokine responses (for review see1). Phagocytosis is important not only for killing of 
microorganisms, but also as a link between innate and acquired immunity by enhancing antigen 
presentation by dendritic cells2, 3.

Most knowledge regarding the maturation of a nascent phagosome into an antimicrobial 
phagosome comes from the study of macrophages. In neutrophils the process differs sufficiently 
as to still leave many questions unanswered4. In the neutrophil, granule–phagosome fusion is an 
integral part of phagosome maturation and a requirement for killing of ingested microorganisms. 
Accordingly, some intracellular pathogens have evolved means to disturb the normal maturation 
of the phagosome5. For instance, Streptococcus pyogenes bacteria of the M1 serotype can survive 
phagocytosis by neutrophils6, and have been shown to interfere with the fusion of azurophilic 
granules with the phagosome7. 

Techniques for the isolation and analysis of phagosomes are important experimental 
tools in phagocytosis research. Current methods are dependent mainly on density-based 
ultracentrifugation as introduced by Wetzel and Korn in 19698. Such separation principles have 
been applied to latex bead-containing phagosomes from macrophages9, and Dictyostelium10. 
Lührmann et al. used a similar technique to isolate bacteria-containing phagosomes11. However, 
using centrifugation, isolating phagosomes containing real bacteria is a lengthy and cumbersome 
process12. Introducing novel approaches, Russell et al. used iron-containing latex beads13, and 
also performed magnetic isolation of mycobacteria-containing phagosomes using pre-loaded 
iron-dextran14. 

In this paper we present a method where the attachment of magnetic particles to the prey allows 
rapid and gentle isolation of bacteria-containing phagosomes.

Results 

Overview of method

The methods presented in this paper introduce refinements and novel approaches to several 
existing and proven techniques. The goal was an easy, rapid, gentle and generally applicable 
method for studying phagosome maturation in neutrophils. Our approach is summarized in 
Figure 1. The first step was to covalently attach very small magnetite particles to the surface of 
the bacteria. For this, we developed two different protocols; one primarily used with live bacteria 
and the other with dead. Bacteria made magnetic can be opsonized and bacterial aggregates 
can be removed by gentle centrifugation. Once the bacteria are ready for use, the phagocytes, 
in this case differentiated HL-60 cells, are harvested, washed and resuspended in cell medium. 
To achieve synchronized phagocytosis, the bacteria are then presented to the cells by a short 
centrifugation, which may be repeated to increase interaction efficiency (slightly compromising 
synchronization). After the presentation step, non-internalized bacteria are removed and a chase 
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period at 37ºC follows before the suspension is put on ice. In the cold, the buffer is changed to an 
isotonic sucrose buffer containing protease inhibitors and DNAse. This solution is put inside a 
bomb cylinder and subjected to nitrogen cavitation in order to disrupt the cells. Phagosomes are 
then retrieved magnetically. Phagosome integrity is determined by staining with both fluorescent 
annexin V and an anti-prey antibody (e.g., Cy3-labeled anti-human Fab fragments that label 
opsonizing human IgG), as positive and negative phagosome markers, respectively. Finally, 
phagosomes are analyzed by standard methods such as immunofluorescence microscopy, flow 
cytometry, or immunoblot.

Preparing magnetic bacteria

Central to the method is the ability to make bacteria susceptible to a magnetic field. For studies 
of phagosomal maturation, it is essential that this process will not change the bacteria in a 
way that influences the host cell–bacteria interaction. Covalent linkage of nanometer-scale 
superparamagnetic particles at a proper ratio should satisfy these conditions. Figure 2B shows 
an electron micrograph of a magnetic bacterium. The magnetic particles form clusters at the 
bacterial surface. These are also visible using phase contrast and differential interference contrast 
light microscopy, see top in Figure 2B. To obtain particles of sufficiently small size we have 
taken advantage of the fact that commercial magnetite particle preparations may have a wide 
size distribution. By centrifugation it is possible to remove larger particles and aggregates. We 
developed two different approaches for the covalent attachment of magnetite particles to the 
surface of bacteria. Both are based on protocols from Bangs Laboratories and are appropriate for 
beads/particles that have either amino or carboxyl groups on their surface. It should be possible 
to adapt the method for use with other commercially available or custom-made particles. Initial 
development of the method was performed using the amino variant, where glutaraldehyde is 
used as a cross-linking agent to form pentyl bridges between the particles and the bacterial 
surface, see top in Figure 2A. We obtained indirect evidence that the coupling procedure does 
not obstruct protein interactions at the bacterial surface to any significant degree. Wild-type 
M1 streptococci have a tendency to form aggregates due to the presence of M and H surface 
proteins, and this characteristic was retained after the bacteria had been subjected to our particle 
attachment protocol. Likewise, the lesser aggregation ability of a mutant strain lacking these 
surface proteins remained unchanged after particle coupling. After coupling, most of the bound 
particles remained attached to the bacteria after vortexing, needle-assisted shearing, or water-
bath sonication.

Conjugation of magnetite particles to live bacteria was also performed, in this case using 
magnetite particles that exposed carboxyl groups. With carbodiimide as a carboxyl activating 
agent, carboxyl groups will react with primary amine groups to form peptide bonds, see 
bottom in Figure 2A. Using a water soluble form of carbodiimide, conjugation of the carboxyl 
magnetite particles to the primary amine groups of live S. pyogenes bacteria was achieved within 
one hour, in ordinary PBS buffer. In control experiments using carboxyl magnetite particles 
that had not been activated with the carbodiimide a much lower degree of particle binding to 
the bacteria was observed. As indicated by a fluorescent viability probe, bacterial membrane 
integrity was unaffected by the conjugation procedure, see Figure 2C. However, compared with 
the glutaraldehyde protocol, the particles appeared to be somewhat less resistant to dislodging 
from the bacteria by water-bath sonication or needle-assisted shearing.
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Figure 1 - Overview of method

1. “Magnetic bacteria” are prepared by covalently attaching very small magnetite particles to the surface 
of the bacteria. This can be done in large batches. If dead bacteria are used the finished product may be 
stored for several weeks at 4°C. 2. Synchronized phagocytosis of the magnetic bacteria is achieved through 
a 30-s centrifugation of a mixture of phagocytic cells and magnetic bacteria. This step may be repeated after 
resuspension to increase the interaction efficiency. Simultaneous phagocytosis of multiple samples can be 
performed using multi-channel pipettes in conjunction with either test tubes or microtiter plates. 3. After 
completed presentation, free bacteria are washed away. Following an optional chase period, the suspension 
is then put on ice and pooled, and the buffer changed to an isotonic sucrose solution containing protease 
inhibitors and DNAse. The resulting suspension is put in a bomb cylinder and subjected to nitrogen cavitation 
(300 psi, 10 min) to disrupt the phagocytic cells. 4. Aliquots of cell lysate are put into microtiter wells. 
Phagosomes are retrieved magnetically using a magnetic rod. Each well is probed several times to increase 
yield. 5. Phagosome integrity is determined using direct fluorescent staining of a phagosome membrane 
marker and antibodies recognizing free or partially free bacteria. 6. Isolated phagosomes are analyzed using 
immunofluorescence microscopy, flow cytometry, or immunoblot. Steps 2–5 can be achieved in less than 1 h.
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Figure 2 - Attachment of 
superparamagnetic particles to the surface 
of bacteria
Panel A shows the two principles for covalent 
linkage of magnetic particles to bacteria. Top: 
glutaraldehyde can be used to create a pentyl 
bridge between amino group-exposing particles 
and the bacteria. Bottom: carbodiimide activation 
of carboxy group-exposing particles can be used 
to create peptide bonds with the bacteria. Panel 
B demonstrates the visualization of magnetite 
particles (arrowheads). Upper images: phase 
contrast and differential interference contrast, 
respectively; scale bar 1 µm. Lower image: electron 
micrograph depicting a bacterium (S. pyogenes) 
with attached magnetite particles; scale bar 0.5 µm.  
Panel C illustrates that, using the carbodiimide 
protocol, the attachment of particles (arrowhead) 
does not compromise the viability of bacteria, as 
determined by a BacLight Live-Dead kit (green = 
live, red = dead); scale bar 1 µm.  

Magnetic purification

Having established efficient conjugation 
protocols, the magnetic bacteria were next 
used in a biological system. Neutrophils 
or differentiated HL-60 cells showed no 
difference in the interaction/uptake of 
modified bacteria in comparison with normal 
bacteria (data not shown). After phagocytosis, 
nitrogen cavitation was used to disrupt 
the cells.  Figure 3 illustrates this and the 
effectiveness of magnetic separation. Figure 
3A shows intact cells that have phagocytosed 
bacteria, and Figure 3B shows the sample 
appearance after nitrogen cavitation. Figure 
3C shows the retrieved material after a single 
magnetic purification.

Phagosome integrity

To show the isolation of intact phagosomes, 
fluorescence microscopy was used. Annexin 
V binds to phosphatidyl serine, a lipid 
normally present in the inner leaflet of the 
plasma membrane and in the outer leaflet 
of the phagosomal membrane. Therefore, 
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annexin V can be used as a marker for phagosomes. The impermeability of phospholipid 
membranes to most large molecules, such as antibodies, can also be utilized. To exemplify, an 
anti-human antibody can be used as a marker for non-sealed phagosomes and free bacteria 
when bacteria have been opsonized with human IgG. By taking a small sample of isolated 
phagosomes, adding calcium, Alexa 488-conjugated annexin V, and Cy3-labeled anti-human 
Fab fragments; the  of intact phagosomes was determined, see Figure 4A. Any labelled anti-
prey antibody can substitute for anti-human Fab fragments. This approach is quick and simple, 
and provides valuable information about the quality of the phagosome sample. The quantitation 
presented in Figure 4B shows that a substantial fraction of the isolated material consisted of 
intact or semi-intact phagosomes.

Phagosome analysis

Speed, ease of use, and the ability to use standard methods for analysis are the benefits of magnetic 
phagosome isolation. A particular advantage of the magnetic approach is that the isolated material 
can be concentrated in a gentle and rapid way. This is convenient for both immunofluorescence 
microscopy and Western blot. Figure 5A shows CD63 on isolated phagosomes. Free bacteria 
and semi-intact phagosomes can be identified by the use of an anti-prey antibody. Western 
blot analysis (Figure 5B) of phagosomes shows that only the active form of myeloperoxidase 
(MPOlarge and MPOsmall) is present in isolated phagosomes. Since this form of MPO is normally 
present in azurophilic granules, this shows that delivery of azurophilic granule content to the 
phagosomes has taken place. In contrast, one of the MPO proforms15, 16 is notably absent from 
the phagosomes. The fact that proMPO is normally present in the synthetic apparatus of the 
cells suggests that our isolated phagosomes are of high purity, in particular lacking ER/Golgi 
contamination.

Discussion 

Several important human pathogens can use various mechanisms to manipulate the maturation 
of phagosomes. Understanding the dynamic host–pathogen interactions occurring inside host 
cells is not a trivial challenge, and there is a need to develop novel technical solutions to be able 
to better study phagosome maturation. 

The most commonly used technique for phagosome maturation studies is whole-cell fluorescence 
microscopy, but its results can be difficult to analyze and quantitate17. This is especially true for 
smaller-sized cells, such as neutrophils. Transfection with fluorescent proteins in neutrophils is 
not an easy experimental approach either, since these cells are terminally differentiated and have 
a short life span. Our magnetic method was not developed to analyze intact cells, but rather for 
the study of isolated phagosomes by microscopy, flow cytometry, or biochemical assays. 

So far, the techniques most often used to purify phagosomes are based on differential ultra-
centrifugation of latex beads8. Using this inert ”model prey” allows investigation of model 
phagosome maturation, and many important findings have been made using this approach. 
However, the long centrifugation time is a problem when investigating dynamic processes such 
as phagosome maturation, even if performed at 4°C. Speed and ease of use are obvious benefits 
of using magnetism as a selection principle, since separation steps are performed in terms of 
minutes rather than hours.
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The use of magnetism as a tool in cell 
biology is not new, and has been successfully 
employed in cell separation18 as well as 
in protein chemistry19. Using a different 
approach, magnetic isolation of bacteria-
containing phagosomes has previously been 
performed by Pethe et al.14. Our approach 
differs in several aspects from their protocol. 
Most importantly, since our magnetic 
phagosome purification technique does not 
rely on sequential endocytosis, i.e. the iron 
preloading followed by phagocytosis of the 
actual prey, isolation of early or maturation-
halted phagosomes is possible and does 
not require fusion of other endocytic 
compartments with the forming phagosome 
Another benefit of the protocol is that, 
with the exception of the disruption step, 
it is readily adaptable for automation using 
commercially available robot systems. This 
is especially true for the magnetic separation 
steps where the standard microtiter format 
is already in use. The method, as described 
in the present publication, is a further 
development of a separation protocol that 
was published earlier as part of a book 
chapter20. Besides being optimized with 
respect to parameters such as cell disruption, 
phagocytosis, centrifugation speeds, several 
other major improvements have been added. 
These include an entirely new protocol for 
the attachment of magnetic particles to 
live bacteria and the introduction of steps 
to minimize the influence of bacterial 
aggregation. Also, a quick and easy assay 
to monitor the integrity of each phagosome 
preparation has been added to the protocol. 
Taken together, these refinements have 
greatly increased the reproducibility of the 
method, and also increased the obtainable 
phagosome yield and purity.

The efficient removal of contaminants is 
difficult to achieve in most methods of 
phagosome isolation21, and in this respect 
our method is probably no exception. 

B

C

A

Figure 3 - Magnetic purification

A shows intact HL-60 cells after phagocytosis of 
bacteria. B shows the same material after nitrogen 
cavitation, and C shows what can be retreived from 
such a sample by one magnetic purification step 
(mostly phagosomes and free bacteria); scale bar 10 
µm.
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Particularly for biochemical analysis, purity is critically important. In our experience, the most 
critical steps in magnetic phagosome isolation are efficient presentation and phagocytosis, 
removal of non-internalized bacteria, and efficient and controlled cell breakage. For magnetic 
separation, purity largely relies on the effectiveness of the cell disruption. Therefore, optimization 
of nitrogen cavitation parameters, such as pressure, equilibration time and cell density, is essential. 
Also, as pointed out by Lührmann et al., degradation of DNA by the addition of endonuclease 
improves the yield during purification of phagosomes11. How our protocol compares to other 
techniques in terms of purity remains to be demonstrated.

The data presented here is based on the use of streptococci as phagocytic prey, but it should 
be possible to apply the method to other types of prey as well, independently of size, shape 
or density. In our experiments, phagocytosis was performed by differentiated HL-60 cells, but 
human neutrophils or other phagocytic cells, purified according to standard methods22, may also 
be used, without modification of the magnetic isolation protocol.

Conclusions 

In this paper we present a method whereby the use of magnetic particles makes it possible to 
magnetically isolate phagosomes containing any type of prey. 

Methods

Bacteria

The Streptococcus pyogenes AP1 strain of the M1 serotype was obtained from the World Health 
Organization Streptococcal Reference Laboratory in Prague, Czech Republic. From this strain 
the mga regulon deficient mutant BMJ71 was generated by Kihlberg et al.23 using transposon 
mutagenesis. This mutant lacks expression of M protein, protein H, protein SIC and C5a 
peptidase. A few colonies were seeded in 10 ml of autoclaved, freshly prepared Todd Hewitt 
broth (with 5 µg/ml tetracyclin added) and incubated overnight at 37°C and 5% CO2. An aliquot 
of the bacteria was inoculated into 10 ml and grown to logarithmic phase (as estimated by OD 
measurements at 620 nm), then washed three times in autoclaved PBS.  For experiments using 
dead bacteria, these were heat-killed at 80°C for ten minutes in a heat block (agitation at 800 
rpm; Thermomixer Compact, Eppendorf), followed by a rapid cooling-down of the samples in 
ice water.

Magnetic bacteria

BioMag BM546 (Bangs Laboratories, Inc., Fishers, IN) is an aqueous suspension of irregularly 
shaped superparamagnetic particles, nominal mean diameter 1.5 µm, composed of >90% 
magnetite (Fe3O4) and an inert silane coating containing free amino groups. Microscopic 
inspection revealed a considerable variation in size. By centrifugation (1,000 g, 30 s, fixed 
angle) of 50 μl stock suspension diluted with water to 1,000 μl, we were able to collect 900 μl 
of supernatant containing a particle fraction with a maximal diameter of less than a fifth of the 
original mean value, i.e. <0.3 μm, as estimated by light microscopy. Using electron microscopy, 
we observed that the isolated particles are clusters of nanoscale magnets, found in aggregates of 



Phagocytosis by neutroPhils96

PaPer

2

B

A

0 %

5 %

10 %

15 %

20 %

25 %

30 %

35 %

40 %

45 %

complete partial

phagosomes

annexin V

Cy3

DIC

composite

Figure 4 – Phagosome integrity

In A, discrimination of free bacteria from intact and broken phagosomes is illustrated. Alexa 488-labeled 
annexin V (green) stains phagosomal membrane and Cy3-labeled anti-human Fab fragments (red) stains 
damaged phagosomes and free opsonised bacteria. Arrows indicate free bacteria, arrowheads intact 
phagosomes, and the double arrowhead shows a partial phagosome;scale bar 10 µm.  B shows quantification 
of phagosomes from three separate experiments ±SEM. 
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Figure 5 - Phagosome analysis 

In A, immunofluorescence analysis of purified phagosomes is exemplified. Arrows show free bacteria, 
arrowheads intact phagosomes, double arrowheads broken phagosomes, and the dotted circle represents 
an intact phagosome negative for CD63 staining; scale bar 10 µm. Panel B shows Western blot analysis. 
Phagosomes (5∙106) and varying amounts of whole-cell lysates (4∙104, 1∙105, 2∙105, and 4∙105) were probed 
with an antibody against myeloperoxidase (MPO). Two mature-form fragments (MPOlarge and MPOsmall) and 
a precursor form (proMPO) can be detected. 
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approximate size 50–100 nm.

Our coupling procedure is a modification of a commercial protocol for protein solutions (BioMag 
Data Sheet #546, Bangs Laboratories). The supernatant containing the isolated particles was put 
on a magnetic Eppendorf rack (Dynal MPC-M, Dynal A.S., Oslo, Norway), where the particles 
were allowed to migrate, perpendicular to gravity, to the magnetic wall for 10 minutes. The 
solution was then exchanged for 1 ml of coupling buffer (0.01 M pyridine, pH 6.0), by carefully 
aspirating from the bottom of the tube. This step was repeated three times, after which the 
particles were treated with a cross-linking agent in the form of 5% glutaraldehyde in coupling 
buffer, with an addition of 0.05% Tween-20. The mixture was put on a rotator (18 rpm) for a 
three-hour incubation at room temperature. This was followed by fourfold washing in coupling 
buffer.

The next step brought together the pretreated particles with an appropriate amount of heat-
killed streptococci. The glutaraldehyde, bound during the pretreatment to the amino groups 
of the BioMag particles, could then react with amino groups on the bacteria, forming pentyl 
bridges between the particles and the bacteria. To achieve a particle coverage of the bacterial 
surface sufficiently sparse as to leave much of the cell wall unobstructed, see Figure 2B, an 
empirically tested ratio of the number of particles and bacteria was used. The heat-killed bacteria 
were centrifuged (12,000 g, 6 min) and resuspended in coupling buffer. Thereafter, the bacterial 
suspension was mixed with the pretreated BioMag subfraction in a sterile Eppendorf tube, 
followed by a 30 s sonication. The reaction mixture was then transferred to a cold-storage room 
and put on a rotator (11 rpm) for overnight incubation.

Next day, the suspension was separated for 10 minutes on the magnetic rack, after which the 
superparamagnetic bacteria were resuspended in quenching solution (1 M glycine, 1% heat-
shock fractionated bovine serum albumin (BSA), pH 8.0), briefly sonicated, and then put on a 
rotator (18 rpm, room temperature) for 30 minutes. Finally, the superparamagnetic bacteria were 
briefly sonicated and then washed in 4x1 ml PBS (including 0.05% BSA). They were resuspended 
in 1 ml of buffer and stored at 4°C.

As an alternative, intended for conjugation to live bacteria, BioMag carboxyl magnetite particles 
(BM570, Bangs Laboratories) were used. The particles were prepared by centrifugation (1,000 
g, 30 s, fixed angle) of the stock suspension diluted in water to 1,000 μl, and then collecting 
900 μl of the supernatant. Using the magnetic rack, the magnetite particles were washed twice 
in 0.1 M MES buffer (2-(N-morpholino)ethanesulphonic acid), pH 5.2. Following addition of 
4 mg EDAC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide), the suspension was incubated 
on a rotator (12 rpm) for 15 minutes at RT. The chemically activated particles were washed 
twice in PBS, pH 7.4, using magnetic separation. Particles were then mixed, at an empirically 
selected ratio, with 0.5·109 live bacteria in an Eppendorf tube at a total volume of 1 ml PBS, and 
incubated at 37°C on a rotator (12 rpm) for 30 min. This was followed by blocking in 1% BSA 
in PBS at RT for 30 min on a rotator. Larger aggregates were then removed by centrifugation 
(200 g, 1 min, swing-out). Finally, the viability of the particle-conjugated bacteria was checked 
using LIVE/DEAD BacLight Bacterial Viability Kit (Invitrogen, Copenhagen, Denmark). This 
method exploits the different membrane permeabilities of two fluorescent dyes, SYTO 9 and 
propidium iodide. SYTO 9 labels all bacteria green, whereas propidium iodide labels bacteria 
with a compromised membrane red.
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Cell differentiation  

The human promyelocytic leukemia cell line HL-60 can be differentiated into a neutrophil-like 
phenotype by means of chemical agents24. The acquired characteristics include phagocytic and 
microbicidal ability, and the presence of Fc-receptors and azurophilic granules. In our model 
system we used all-trans retinoic acid (ATRA) as an inducer of neutrophil differentiation, in 
accordance with the protocol of Breitman et al.25. Briefly, HL-60 cells were seeded at 0.3·106/ml in 
L-glutamine-containing RPMI 1640 medium (PAA Labs, Pasching, Austria), supplemented with 
10% fetal bovine serum (Gibco) and 1 µM ATRA (Sigma), and incubated in 5% CO2 atmosphere 
at 37ºC, followed by harvesting after four or five days. No antibiotics were used. The viability 
of the differentiated cells was typically in the range of 75–80%, as determined by Trypan blue 
exclusion.

Phagocytosis

Prior to phagocytosis, neutrophil-differentiated HL-60 cells were gently centrifuged (145 g, 5 
min, swing-out) at room temperature in Falcon 50-ml tubes and resuspended in Na medium 
(containing 5.6 mM glucose, 127 mM NaCl, 10.8 mM KCl, 2.4 mM KH2PO4, 1.6 mM MgSO4, 
10 mM Hepes, and 1.8 mM CaCl2; pH adjusted to 7.3 with NaOH). The magnetic bacteria 
were opsonized with human IgG (Sigma, 1 mg/ml in Na medium) for 30 min at 37°C. Before 
presentation, the bacterial suspension was briefly sonicated and centrifuged (200 g, 2 min, 
swing-out) to remove aggregates. Cells and bacteria were mixed at a ratio of 1:5 by adding the 
cells to microtubes preloaded with opsonized bacteria, making up a final volume of about 250 μl 
per sample. The resulting suspensions were equilibrated at 37°C for 1 minute in a thermostatted 
water bath. For an efficient presentation, no more than 5∙106 cells were used per test tube. To 
synchronize phagocytosis, the thermally equilibrated bacteria and cells were actively brought 
into contact with each other by means of a short centrifugation (12,000 g, 30 s, fixed angle). 
Immediately after this, the pellets were resuspended and transferred back to the water bath for 30 
s after which the process was repeated to increase interaction. The presentation step was halted 
by placing the samples on ice. After presentation, the samples were pooled, washed  three times 
(200 g, 2 min, swing-out) to remove extracellular bacteria and finally resuspended in 1 ml Na 
medium for varying chase periods at 37°C.

Nitrogen cavitation 

The cells were centrifuged (200 g, 2 min, swing-out) and resuspended in 1 ml of cold isotonic 
protease-inhibitor buffer (0.25 M sucrose, 10 mM HEPES, 3 mM MgCl2·6H2O; Complete Mini 
EDTA-free, Roche Diagnostics GmbH, Mannheim, Germany; 1 tablet per 10 ml solution; 
Benzonase endonuclease, Merck KGaA, Darmstadt, Germany; 250 U per 20∙106 cells). The 
nitrogen cavitation was carried out in a pressurized cell disruption bomb (4639, Parr Instrument 
Company, Moline, IL), the physical parameters chosen by Borregaard et al.26 and Ballinger et al.27 
being used as guidelines. Following transfer of a 1-ml sample to the sample compartment of the 
bomb, the nitrogen partial pressure was increased to 300 psi, at which pressure the inert gas was 
allowed to dissolve in the cell suspension for ten minutes. A rapid release of the pressure then 
leads to the disruption of the cells. The eluate was led through a thin latex tube, attached to the 
elution valve, and was collected in a 50-ml Falcon tube equipped with a parafilm splash shield. In 
between samples, the bomb cavity and latex tube were thoroughly rinsed with deionized water.
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Magnetic purification of phagosomes

The cavitation samples were kept on ice for 5-15 min to allow the endonuclease to degrade any 
free DNA. The sample was then divided into 200-µl microtiter wells (Low-bind). To keep the 
temperature at 4°C, the plate was placed on an aluminum block in icewater. Magnetic separations 
of the samples were carried out using a PickPen magnetic rod and removable silicon tip covers 
(Bio-Nobile, Turku, Finland). To collect magnetic material, the tip is gently dipped into each 
well, kept submerged for 1–2 min, and then transferred to a new well containing wash solution. 
Keeping the silicon tip in solution, the magnetic rod is retracted, leading to the release of the 
material. The procedure is repeated 2–4 times.

Phagosome integrity

The isolated phagosomes were analyzed by taking a 10-μl sample and adding CaCl2 (3.2 mM), 
Alexa Fluor 488-conjugated Annexin V (1:1,000, Invitrogen), Cy3-conjugated anti-human Fab 
fragments (1:1,000, Jackson Immunoresearch Laboratories, Inc., Suffolk, UK) and incubating 
for 5 min. At least 100 phagosomes/bacteria were characterized as free bacteria (red ring only), 
broken phagosomes (green and red ring) or intact phagosomes (green ring only).

Immunofluorescence microscopy

Evaluation of the fusion of phagosomes with azurophilic granules was carried out by fluorescence 
microscopy using an antibody against CD63 and an antibody against streptococci. After 
allowing phagocytosis for 15 min, the phagosomes were isolated and incubated with blocking 
medium (Na medium with 1% BSA and 5% goat serum) for 15 min. The phagosomes were 
moved to a well containing anti-streptococcal antibody (1:1,000, goat) in blocking medium and 
incubated for 30 min on ice. This was followed by fixation with 1% PFA in Na medium for 
15 min at 4°C, followed by 45 min incubation at room temperature. Next, phagosomes were 
washed twice in blocking buffer, and then permeabilized during a 30-min incubation at room 
temperature in permeabilization medium (blocking medium supplemented with 0.02% Triton 
X-100, 0.2% Tween-20, and 1 mg/ml human IgG). The primary mAb against CD63 (Santa 
Cruz BioTechnology, Santa Cruz, CA) was diluted in permeabilization medium at a ratio of 
1:600 and 1:800, respectively. After an overnight incubation at 4°C, cells were washed twice in 
permeabilization medium before incubation (60 min at room temperature) with the Alexa Fluor 
488 anti-mouse secondary antibody and the Alexa Fluor 594 anti-rabbit secondary antibody, 
both used at a final dilution of 1:1,200. Following two washes in Na medium, the samples were 
resuspended in 150 μl Na medium, adhered to poly l-lysine (MW 150,000, Sigma) coated glass 
cover slips for 30 min (assisted by magnets), and then mounted using ProLong Gold antifade 
reagent (Invitrogen). Visual inspection and recording of images were performed using a Nikon 
Eclipse TE300 inverted fluorescence microscope equipped with a Hamamatsu C4742-95 cooled 
CCD camera, using a Plan Apochromat 100X objective with numerical aperture of 1.4. 

Western blot

SDS-PAGE was a modification of the protocol of Laemmli28 made according to instructions for 
NuPAGE gels (4-12% Bis-Tris, Invitrogen) and PVDF membranes (Millipore). The membranes 
were probed using antibodies against myeloperoxidase (1:5,00029). Western blots were developed 
with Super Signal West Dura Extended (Pierce). 
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Electron microscopy

Samples for electron microscopy were prepared by pelleting approximately 4∙108 bacteria at 4°C 
immediately after addition of fixative (1.5% PFA and 1.5% glutaraldehyde in 0.15 M sodium 
cacodylate buffer, pH 7.4). After incubation at room temperature for 1 hour, the fixed pellets 
were postfixed for 2 h at 4°C in 1% osmium tetroxide in sodium cacodylate buffer, subsequently 
dehydrated in a series of ethanol steps, and then further processed with acetone for Epon 
embedding. Sections were cut with a microtome and mounted on Formvar coated copper grids. 
The sections were postfixed with uranyl acetate and lead citrate and examined under the electron 
microscope.
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Chapter
The neutrophil phagosome

4 focus

“I’ve spent more time than many will believe [making microscopic observations],  
but I’ve done them with joy, and I’ve taken no notice those who have said  

why take so much trouble and what good is it?”

Antonie van Leeuwenhoek (1632-1723)
the discoverer of single-cell organisms and (likely) bacteria

The neutrophil is perhaps our foremost killer. Phagocytosis, or the engulfment of a prey 
in order to kill it, is the process that is most associated with this. During phagocytosis, 
the target is placed inside a compartment that is separated from the other parts of the 

cell. This ensuing organelle is called a phagosome, and is a way for the cell to keep the toxic anti-
microbial substances sealed off to protect itself and its surroundings. To understand how this 
elegant, yet incredibly complex, killing machinery functions is fundamental to understanding 
how we can withstand infection. 
    
This chapter is an attempt to summarize the most important aspects of the neutrophil phagosome. 
It will be divided in four parts, with the first covering the signaling involved during the biogenesis 
of the phagosome. Already during its formation, and continuing all through its existence, an 
immense trafficking of granules, vesicles and other membrane-enclosed structures occurs to 
and from the phagosome. This will be the second part of the chapter. Thirdly, I will focus on the 
constitution of the phagosome and how this changes from its inception to the end. Finally, the 
last part will be about some of the pathogens that has been associated with modulation of the 
neutrophil phagosome and what is known about these mechanisms. Comparisons with other 
phagocytes, especially the macrophage, will be common and as will be revealed many things are 
different in these cells.

Signaling during phagosome biogenesis

For the neutrophil to be able to generate a phagosome it needs to coordinate a complex signaling 
network culminating in the polymerization of actin and remodeling of the plasma membrane to 
enclose the targeted prey. This can be achieved in several ways, depending on the type of prey; 
whether it is opsonized or not; the size; the shape; and also what receptors are present on the 
phagocyte surface. If we take the last part first; the neutrophil is endowed with several receptor 
families which can mediate the uptake of different prey (see Table 4.1). They can be divided 
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into two main groups, with one that recognize molecules that are inherent to the different types 
of prey, such as bacterial components (often referred to as pattern-recognition receptors). The 
other group consist of various opsonic receptors, recognizing host molecules that label particles 
suitable for ingestion; these are the complement and Fc-receptors. In this thesis I am primarily 
focusing on the IgG-activated Fcγ receptors (FcγRs), but others will also be discussed from time 
to time. 

Clustering of Fc receptors

In the neutrophil, the FcγRIIA (CD32), FcγRIIIB (CD16) and FcγRIV are constitutively 
expressed305, 446 and the FcγRI (CD64) is inducible346 after certain stimuli. Of these, the most 
important for phagocytosis is the FcγRIIA which have cytoplasmic tails (the γ-chain) containing 
immunoreceptor tyrosine-based activation motifs (ITAMs). These motifs consists of two closely 
positioned YxxL patterns (where x is any amino acid)347. Their importance for FcR-mediated 
phagocytosis was demonstrated by transfecting COS cells with FcγRIIAs; replacing the tyrosine 
residues resulted in a step-wise (50% reduction by substituting one) abrogation of phagocytic 
ability when challenged with IgG-opsonized prey276. The glycophosphoinositol (GPI)-anchored 
FcγRIIIB lacks the cytoplasmic activation tail and its function is not fully understood. Activation 
of these receptors have been shown to lead to calcium transients and actin polymerisation360. 
However, the relative abundance of these (about 10 times more than FcγRIIA124) and the 
synergistic effects when both receptors are activated431 have lead to the proposition that they 
probably function more as a co-receptor to the FcγRIIA69. In this scenario, the numerous, high-
affinity FcγRIIIB would cluster together and bind the target. At these sites the FcγRIIAs would be 
recruited according to the membrane raft theory381, in which domains enriched in certain lipids 
could facilitate signal transduction. These structures were first described as lipid rafts but has 
since been renamed and defined as follows330:         

Table 4.1 - Phagocytic receptors in neutrophils

Receptor Main ligands Comment

FcγRI (CD64) IgG1, IgG3

FcγRIIA (CD32) IgG1, IgG3 Low affinity

FcγRIIB IgG1, IgG3 ITIM

FcγRIIIB (CD16) IgG1, IgG3 Neutrophil-specific

FcγRIV IgG2304

FcαRI IgA1, IgA2

CR1 C3b, C3bi, C4b, C4bi

CR3 C3bi

CR4 C3bi

CR5 C5a

Dectin-1 β-glycan133

Toll-like receptors Variety of PAMPs191

f-Met-Leu-Phe Bacterial peptides450

For an overview of Fc-receptors see Nimmerjahn306 and for complement receptors see Janeway321. 
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“Membrane rafts are small (10–200 
nm), heterogeneous, highly dynamic, 
sterol- and sphingolipid-enriched 
domains that compartmentalize 
cellular processes. Small rafts can 
sometimes be stabilized to form 
larger platforms through protein-
protein and protein-lipid interactions.”

The presence of Src family kinases in rafts has 
been shown223 and that they co-localize with 
Fcγ-receptors in these regions after cross-
linking of the receptors393. Also, flotillin-1, 
a raft-associated protein has been shown to 
accumulate in phagosomal membrane during 
maturation98. Regarding neutrophil-specific 
findings, analysis of DMSO-differentiated 
HL-60 cells found an upregulation of 
several proteins in membrane rafts from the 
plasma membrane. These included gp91phox, 
complement receptors, V-ATPases and 
flotillins449. A study on azurophilic granules 
purified from neutrophils found many raft-
associated proteins from detergent-resistant 
membrane fractions119. In Paper III, when 
studying membrane rafts during FcR-
mediated phagocytosis we found that delivery 
of azurophilic granules to early phagosomes 
was dependent on rafts whereas at a later 
stage this fusion was rafts-independent; this 
indicates that two different mechanisms are 
involved in regulating early and late fusion 
with the phagosome. 

Zipper theory

Before going into the events that follow 
activation of the FcγRs I will briefly discuss 
a model involving these and the mechanism 
for internalization of a prey. In 1974 to 1976, 
Griffin and Silverstein published a series 
of seminal papers resulting in the proposal 
of a mechanism for opsonin-mediated 
phagocytosis. First, by attaching erythrocytes 
(RBCs) via cross linking Fab fragments 
(and thus lacking the Fc portion of the 
antibody) they could observe that these were 

Semi- and 
fully opsonized 

particles

Adherece to 
cell surface

Trigger Zipper

Trigger Zipper

Initial binding is su�cient
for complete internalization

of particles

Semi-opsonized particles
will only be partly internalized

as more receptor-opsonin
interaction is required

Figure 4.1 - Trigger and zipper theory
According to the trigger alternative it would be 
enough if phagocytic receptors were activated for 
all attached particles to be internalize. In contrast, 
the zipper theory propose that engulfment require 
continuous interaction between opsonins and 
receptors, driving the membrane around the particle. 
In the case of a particle only opsonized on one half 
(blow-ups in the figure), this would not be taken up 
according to zipper theory, but remain half-eaten.  



Phagocytosis by neuroPhils108

not internalized even after the same cells were exposed to IgG-RBCs; the latter were however 
internalized147 (see Figure 4.1). This demonstrated that FcR-mediated phagocytosis is a localized 
event and does not mediate promiscuous uptake of other particles that happens to be attached  to 
or nearby the plasma membrane. In the follow-up paper, they conducted elegant experiments to 
investigate what would happen to a particle that is only partly covered with opsonizing antibodies 
or complement. It turned out that the particles would only be attached to the surface and would 
not be internalized, leading the authors to propose the following model145:         

“…attachment of a particle to specific receptors on the macrophage plasma membrane 
is not sufficient to trigger ingestion of that particle. Rather, ingestion requires the 
sequential, circumferential interaction of particle-bound ligands with specific plasma 
membrane receptors not involved in the initial attachment process.”

In other words, a particle that is halfway covered with antibodies will only be half-eaten (this 
was explicitly shown in the last paper146. As the alternative, they proposed and rejected a trigger-
mechanism where it would be enough for a particle to adhere to the surface of a phagocyte to 
activate internalization (see Figure 4.1). As it turns out, in some cases there seem to be a trigger-
like mechanism for particle uptake, especially during bacterial invasion and macropinocytosis 
(for reviews see Swanson402,401).  

A ripple of events

Once the FcγRs are engaged a signaling cascade follows that is complex and fascinating. The first 
step is the phosphorylation of the ITAMs142, which is performed by the Src family kinases (for a 
review see Cooper and Howell79). They consist of several parts, with two Src homology domains 
(SH2 and SH3), an N-terminal (often membrane bound) and a C terminal, besides the kinase 
domain. Dephosphorylation of the C terminal activates the kinase function by uncovering the 
SH2 domain, which in turn gets phosphorylated (see Figure 4.2). For signal transduction during 
phagocytosis the Src kinases Lyn and Hck has been shown to be important121, 398. In murine 
macrophages, negative regulation of phagocytosis has also been shown to be executed by another 
Src kinase, Fgr. This is achieved by associating with immunoreceptor tyrosine-based inhibition 
motifs (ITIMs) and subsequent activation of the phosphatase SHP-1144.  In  human neutrophils, 
these kinases have been localized to different parts of the cell. Hck is mainly found in the 
azurophilic granules, but is also present to some extent in the cytosol and plasma membrane287. 
Lyn and Fgr are however mainly found at the plasma membrane and other membrane structures 
separate from the azurophilic granules436. These kinases has been shown to be involved in 
neutrophil phagocytosis and degranulation during uptake of opsonized zymosan, but not when 
the stimulus is phorbol esters437.

After ITAM phosphorylation by the Src kinases, another kinase comes into play. The Syk 
kinase docks onto the ITAM and in turn gets phosphorylated and active93, 143. This is essential 
for completion of FcR-mediated phagocytosis in both neutrophils and macrophages but not 
for complement-mediated phagocytosis78, 207, 341. In line with this, Syk-deficient mice exhibited 
a lower bacterial clearance, and the neutrophils had impaired function of many FcR-related 
mechanisms420. The function of Syk is related to the lipid metabolism as it phosphorylates the 
p85 subunit of phosphatidylinositol 3-kinase (PI3K), which activates the p110 catalytic core87, 238. 
PI3K is responsible for the conversion of phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2) into 
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Figure 4.2 - Signaling pathways during Fc receptor activation
The illustration shows some of the known pathways that are activated during Fc receptor-mediated 
phagocytosis in neutrophils. Src kinases interact with ITAMs (positive regulation) or ITIMS (negative 
regulation) on the cytoplasmic portion of Fc receptors and phosphorylation leads to activation of Syk 
kinase, which in turn activates PI3K and PLCγ. The generation of various lipid species controls multiple 
pathways including NADPH oxidase assembly, increase of cytosolic calcium and polymerization of actin. 
The Arp2/3-mediated actin assembly and cofilin-dependent disassembly are interlinked at multiple places, 
and the depolymerization is also coupled to complement receptor pathways through the GTPase RhoA. 
For details see text. 
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phosphatidylinositol-3,4,5-trisphosphate (PI(3,4,5)P3) and are part of the phosphoinositides, 
which play a central role for signal transduction during phagocytosis12.  

Phosphoinositide signaling

The phosphoinositides are a family of lipid molecules with phosphatidylinositol as uniting 
factor, and being phosphorylated at different positions of the inositol ring (the 3, 4 or 5 position). 
Besides the above mentioned PI(4,5)P2 and PI(3,4,5)P3, there are PI(3)P, PI(4)P, PI(5)P, PI(3,4)
P2 and PI(3,5)P2. All seem to be localized to the cytosolic leaflet of both plasma membrane and 
the membrane of organelles (for a review see Yeung and Grinstein451). Due to experimental 
difficulties when using primary cells, most studies on phosphoinositides have been performed 
using macrophage cell lines, but some results have been repeated with neutrophils as indicated 
in the text. Using chimeric fluorescent protein constructs it has been possible to closely monitor 
the timing and localization of the phosphoinositides during phagocytosis (for a review see 
Yeung et al452). During phagocytosis, PI(4,5)P2 is present at the phagocytic cup and is enriched 
during phagosome formation and disappears during sealing46. This is probably due to several 
factors, PI3K-conversion of PI(4,5)P2 into PI(3,4,5)P3 being one and phospholipase Cγ (PLCγ) 
conversion into diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (IP3) being another. DAG 
appears as PI(4,5)P2 disappears and PI(3,4,5)P3 is strongly enriched during cup formation as well 
as sealing, but it is still only transient424. Once the phagosome is formed and during early stages 
of maturation (2-10 min in macrophages), the major phosphoinositide present seems to be PI(3)
P112. By inhibiting the production of these on early macrophage phagosomes, the maturation is 
also halted128. 

With differentiated HL-60 cells, some direct findings related to neutrophils and phosphoinositides 
exist. Dewitt et al. studied PI(4,5)P2 and PI(3,4,5)P3 and these displayed similar dynamics as with 
macrophages, with these being enriched at the phagocytic cup103. At least for serum-opsonized 
prey, this was essential for phagosome closure and Ca2+ elevation. An interesting finding 
showing the importance of which prey is used for the outcome of phagocytosis was done by Cox 
et al. As had been shown by others, wortmannin, a PI3K-inhibitor which in many cases blocks 
internalization, was ineffective when using small particles (1 μm)84. This is especially interesting 
as it is a similar size as many bacteria, including streptococci. The authors speculated whether 
this could be related to the need for actin during pseudopod extension, as this would be greater 
with larger particles. Some evidence for this can be found in a later study, where PI(4,5)P2 was 
demonstrated to be important for actin remodeling369. By inhibiting or increasing the generation 
of PI(4,5)P2 they could tightly link the disappearance of the phosphoinositide to actin removal 
from the phagosome membrane. Most of what has been described here comes from studies 
on macrophage cell lines. As the life span of primary neutrophils is too short to employ the 
molecular biology techniques necessary, hopefully the use of neutrophil-like cell lines can verify 
(or refute) more of these findings in neutrophil systems.

The small helpers during intracellular signaling

As I have started to explain, the formation of a phagosome is an extraordinary complex event 
and some of the early signaling events has been discussed so far. However, it is not as simple as 
to draw a linear scheme and state that first there is…, and then there is… and finally we have a 
phagosome. Instead, there are multiple, parallel pathways that operate at the same time. Before 
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going into the exact timing and localization of these events I need to establish a few fundamental 
concepts and effectors.   

In eukaryotic cells there exist two major intracellular signaling mechanisms. As already 
mentionend, phosphorylation, where a protein enters an active state by the addition of a 
phosphate group, is accomplished by kinases with de-activation governed by phosphatases.  
The other major signaling mechanism is that of the small GTP-binding proteins, also called the 
GTPases, due to their ability to hydrolyze GTP. This hydrolysis is induced by GTPase-activating 
proteins (GAPs), and leaves a tightly bound GDP molecule on the, then inactive, GTPase as 
well as releasing inorganic phosphate, Pi. To become active again, another group of regulatory 
proteins, the guanine nucleotide exchange factors (GEFs), bind to the GTPase and forces the 
release of GDP. Since the equilibrium in the cytosol heavily favors GTP, the nucleotide binding 
site of the GTPase will likely bind a GTP molecule and become active again. There also exist a 
third regulatory protein group for the GTPases, the guanine nucleotide dissociation inhibitors 
(GDIs), which prevent the release of GDP (and thereby subsequent activation) and also prevent 
membrane binding of the GTPases348. 

A number of small GTPases are involved in phagocytosis (see Figure 4.2). They activate 
enzymes that participate in actin dynamics64, membrane fusion, oxidative burst, contractile 
activity to name some of their functions. Especially the control of actin dynamics is well-studied, 
with the Rho (Ras-homologous) GTPases Cdc42, Rac1 and Rac2 as well as the ARF6 GTPase 
as mediators. These are required for FcR-mediated phagocytosis and are not involved during 
complement receptor signaling61, 83, 455. The GEF Vav is responsible for Rac1 activation after 
being phosphorylated by Syk324, whereas the GEF for Cdc42 could be the zizimin1273. In the 
following section actin dynamics will be discussed, but these small GTPases are also involved 
in the activation of the oxidative burst, which will be discussed in the section on phagosome 
maturation. 

Actin dynamics and closing the gap

The ability to polymerize actin has long been known to be fundamental for phagocytosis. In 1972, 
Zigmond and Hirsch, when using the mold metabolite cytochalasin B from Helminthosporium 
dematiodeum on neutrophils, could observe a profound effect on membrane ruffling, chemotaxis 
and phagocytosis456. About the same time, cytochalasin B was proposed to interact with actin385 
and later its effect was shown to be inhibition of actin polymerization251. That there is a greater 
need for actin with phagocytosis mediated by Fc receptors (with pseudopod extension) than 
with complement (with “sinking”) was demonstrated by Kaplan in 1977201. To be able to locally 
reorganize filamentous actin (F-actin), activation of actin-nucleating (adding new filaments) 
molecules is likely required. This is in part achieved by the proteins Arp 2, Arp3 and five other 
subunits constituting the Arp2/3 complex438, which has been found to be regulated by Scar1 and 
the Wiskott-Aldrich syndrome protein (WASP)39, 250. Accordingly, WASP has also been found to 
be necessary for FcR-mediated phagocytosis244. This is all downstream from Cdc42, with Cdc42 
being reported to activate WASP together with PI(4,5)P2 and Toca1170, 355. As mentioned earlier, 
PI(4,5)P2 is transiently enriched during cup formation46, and might be part of the localization of 
actin activation. 

When F-actin polymerize there is always an “open” end where the last filament has been attached. 
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The association with actin of a protein that 
can cap such ends, gelsolin, is negatively 
regulated by active Rac14. One effect of having 
an impaired capping ability, as demonstrated 
with knockout fibroblast, is reduced cell 
motility and speed264. This would arguably be 
an important factor in a fast-moving, and fast-
eating cell such as the neutrophil. However, it 
seems that at least lack of gelsolin by it-self 
is not enough to disrupt actin dynamics, as 
seen with knockout neutrophils378. It could 
also be that due to the incredibly speed that 
neutrophils exhibit, they have additional 
mechanisms for handling actin remodeling.    

Not only the ability to stop actin 
polymerization but also the ability to sever 
and disassemble existing polymers is vital for 
successful phagocytosis. Actin severing and 
disassembly in neutrophils and HL-60 cells is 
in part mediated by cofilin, which associate 
with actin when being dephosphorylated167,  289. 
Also, by microinjecting antibodies against 
cofilin it is possible to prevent completion 
of phagocytosis290. The activation of cofilin is 
governed by LIM-kinase 1 (LIMK-1) which 
phosphorylates cofilin, and in the process 
inactivates it, leading to accumulation of actin 
filaments13. Cofilin regulation, and thus actin 
disassembly, is downstream of Cdc42, Rac1 
and RhoA. p21-activated kinase 1 (PAK1) is 
targeted by Cdc42 and Rac1104 which in turn 
activates LIMK-1111. An interesting example 
of the diversity of actin signaling controls is 
the finding that there exist a LIMK-2 (with 
similar characteristics as LIMK-1), which is 
regulated independently by Cdc42 and RhoA, 
but is not affected by Rac1396. Thus, both FcR 
pathways (through Cdc42 and Rac1) and CR 

Figure 4.3 - Localization of effectors during phagosome formation
When a phagosome is starting to form there is actin formation driven by the GTPases Cdc42, ARF6 and 
Rac1. Active PI3K is also upregulated to the interaction site, resulting in increased PI(4,5)P2 levels. Once 
the cup has been formed PI(3,4)P2, PI(3,4,5)P3, Rac2 and DAG are also present; some are found all along 
the cup while others are only found closest to the edge or more located to the cytosolic portion. When the 
phagosome is sealing many of the effectors are starting to disappear and once the phagosome is formed 
most that were active in the formation are no longer present.
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pathways (through RhoA) have the ability to control actin dynamics thanks to the Rho family of 
small GTPases. In neutrophils, calcium has been proposed to play a part in depolymerization of 
actin, but since this might have implications for membrane fusion with the phagosome, this will 
be discussed in that section.

The last step before we have a complete, fully formed phagosome, is the pinching off step, where 
the phagosome is separated from the plasma membrane. This is still not completely understood, 
but at least it seems that different myosin isoforms are involved in creating the contractile forces 
required165. On macrophages, Swanson et al. could show that myosin IC is likely involved; it was 
the only myosin enriched at the contraction site when two macrophages tried to eat the same 
RBC. Also, through the use of inhibitors of PI3K it could be demonstrated that phosphoinositides 
is important for contractile activity but not for the initial pseudopod extension404.

Localization of effectors during phagosome formation

Over the years, more and more information regarding the timing and localization of events 
during phagosome formation have become unraveled. By heavily borrowing from two excellent 
reviews by Swanson and Hoppe403 and by Yeung and Grinstein451, I want to briefly summarize 
the current state of these dynamics (see Figure 4.3). The first molecules that localize to a 
forming phagosome is actin, Cdc42, GTP-bound Rac1, PI3K and PI(4,5)P2. Next, GTP-bound 
Rac2, PI(3,4,5)P3, PI(3,4)P2 and DAG appears during more pronounced cup formation. When 
the phagosome is sealing, overall PI(4,5)P2 levels go down as well as a redistribution of actin 
and Cdc42 mainly to the edges of the closing cup. Finally, once the phagosome is sealed, only 
DAG and inactive PI3K remains of the mentioned signaling species. The events described are 
derived from studies in macrophages as they are mostly impossible to perform in neutrophils, 
but seems to correlate rather well with has been observed in differentiated HL-60 cells103. Also, 
the localization of NADPH oxidase might be affected by the presence of phosphoinositides as 
the subunits p47phox and p40phox have PX domains that have affinity for PI(3,4)P2 and PI(3)P, 
respectively113, 199.

The endocytic pathway as a model for phagosome maturation

After completion of internalization and the formation of a sealed phagosome a series of events 
take place that gradually transforms, or matures with a different word, the phagosome into a 
lysosomal-like organelle. This is normally described as a pathway which resemble that of the 
endocytic organelles that exist in most eukaryotic cells. As, will be discussed in this and coming 
sections, this might not be a good analogy when describing the maturation of neutrophil 
phagosomes. However, it is good starting point and make it possible to compare and differentiate 
the phagocytic process of the professional phagocytes. The following brief description of the 
endocytic pathway applies to phagosome maturation in macrophages (for a review see Vieira 
and Grinstein423, also see Figure 4.4). 

Upon ingestion, the macrophage phagosome can be described as an organelle lacking 
microbicidal potential, having a modestly acidic pH (6.0-6.5) and otherwise resembling sorting/
early endosomes. Through fusion and fission events, vesicles are continually delivered to the 
phagosome and after about 10-15 min, the phagosome are described as being a late phagosome: 
these exhibit the hallmarks of late endosomes, with more acidic pH (5.5-6.0) and starting to have 
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some microbicidal activity. Finally, the end point for the endocytic pathway in phagocytosis is 
the appearance of the phagolysosome, which is basically a lysosome containing a phagocytic 
prey. In macrophages, these have a very acidic pH (4.5-5.5) and contain many lytic enzymes for 
digestion of internalized prey.

Membrane traffic in neutrophils — speed is of the essence

The neutrophil seems to be a special case in many ways and that is certainly the case when it comes 
to the membrane traffic events that occur during the ingestion of a prey. The model of sequential 
remodeling along the endocytic pathway as described above does not apply to neutrophils. 
This is due to several factors. First of all, the neutrophil do not undertake active endocytosis, 
at least not in the classical sense of epithelial cells and macrophages233. Instead, it seems that 
the overwhelming presence of readily mobilizable granules is used to transform the nascent 
phagosome into a mature phagosome. This is an incredibly rapid and dynamic process starting 
already before the phagosome is closed335, which in itself can be achieved within seconds371. For 
FcR-mediated phagocytosis a link to endocytic processes has been described during the early 
phase; a formation of pinosomes at or close to the phagocytic cup can be observed concomitant 
with secretion of azurophilic granules45. From data acquired from cytoplast experiments, the 
authors also suggest that granule secretion is required for pinosomal uptake, coupling these 
events45. This could be the neutrophils equivalent to early endosome signaling, and form a 
starting point for phagosome maturation. Likewise, something resembling late phagosomes or 
lysosomes might be found in the multivesicular bodies (MVB) and multilaminar compartments 
(MLC) that are found in neutrophils. These contain classical markers for lysosomal compartments 
(LAMP-1 and LAMP-2, lysosomal-associated membrane protein 1 and 2, also reported in HL-
60 cells254) as well as mannose 6-phosphate-containing glycoproteins (Man 6-P GP)70. Mannose 
6-phosphate is normally important in targeting hydrolases to lysosomal compartments from the 
Golgi complex148. Traditonally, the azurophilic granules were considered to be the lysosomes of 
neutrophils, with hydrolytic enzymes and such, but have been shown to lack LAMP-1 and LAMP-
291, although still contain high levels of Man 6-P GP70. Phagosomal maturation in neutrophils 
is not well characterized but the role of azurophilic and other granules are probably not part 
of a gradually changing endosomal system; instead their content is static and they await the 
right signal to rapidly deploy. The signum for neutrophil phagocytosis is speed. The coordinated 
secretion of preformed granules is probably one of the main reasons for this, ensuring that the 
right combination of molecules arrive at the right time.

The microtubule cytoskeleton and membrane traffic — on rails

An essential factor to phagosome formation and maturation is the microtubule cytoskeleton (for 
a review see Harrison and Grinstein157). The microtubules are composed of tubulin subunits, 
which are polymerized into microtubule filaments. There exist two populations of these, static 
(stable for hours) and dynamic (stable for minutes or less)367. They also have a fast- (plus) and 
slow- (minus) growing end, the latter which originates from the microtubule organizing center 
(MTOC)162. Motor proteins like dynein and kinesin can “drag” cargo along the filaments, using 
ATP hydrolysis as energy source10. In neutrophils, it appears that granules is associated with the 
dynamic microubule framework rather than with actin, as disruption of actin polymerization 
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Figure 4.4 - The endocytic pathway for 
phagosome maturation
According to this model, the nascent 
phagosome is a non-bactericidal entity, which 
gradually acquires characteristics through 
exchange with vesicles from endocytic 
organelles. The early phagosome resemble 
early or sorting endosomes and also have 
a link with recycling endosomes. Late 
phagosomes and phagolysosomes share more 
of their properties with late phagosomes and 
lysosomes, respectively, and it is also at this 
stage where most antimicrobial characteristics 
can be found. The typical pH and markers are 
also indicated in the figure.  

had no effect, whereas colchicine (an inhibitor 
of dynamic microtubule polymerization138) 
disrupted the normal trafficking of granules. Also, 
the MTOC was observed to re-localize towards 
the site of phagocytosis, presumably to facilitate 
granule delivery to phagosomes406.   

Targeting of granules and membrane 
fusion

The Rab proteins, part of the small GTPase 
superfamily are reliably markers for the 
endocytic pathway, and conversely functions as 
progression markers for phagosome maturation 
in macrophages. The family consists of more than 
60 members and they switch between active and 
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inactive state just as described above for Rho GTPases, using GEFs and GAPs325. They have been 
shown to be involved in most aspects of membrane traffic, including the formation of vesicles, 
movement along the cytoskeletal network as well as tethering and fusion events; as such they 
have been suggested to be central coordinators of membrane traffic152. Rab GTPases are found in 
all eukaryotic cells, and the more complex an organism is, the more of them can be found326. In 
macrophages, the link of the endocytic pathway to phagocytosis  was described through careful 
EM analysis340 and then by Desjardins and colleagues through the first proteomic analysis of 
phagosomes. They could demonstrate that Rab 5 and 7 (markers for early and late endosomes) 
first were present and then disappeared as the phagosomes progressed towards phagolysosome102. 
For the typical distribution of Rabs see Zerial and McBride454. The targeting of the small GTPases 
are dependent of the phosphoinositides PI(3,4,5)P3 and PI(4,5)P2

164 as well as the membrane 
surface charge453. How one Rab-positive compartment is transformed into another has been 
debated, but one model that has stood out is the one suggested by Rink et al. They propose that 
the Rabs are able to dissassemble from the membrane and be replaced by others, effectively 
converting the compartment into a different type349. This was demonstrated with live fluorescent 
imaging and earlier data, where the timing and localization of Rab 5 and Rab 7 were carefully 
analyzed, support this. In that work, presence of Rab 5 was found to be crucial for the further 
maturation of a phagosome, including recruitment of Rab 7425. The complexity of the Rab 
network was highlighted by Smith et al., as they mapped out the localization of 48 different 
Rabs, during invasion of HeLa cells with Salmonella bacteria. Many of these Rabs (at least 12), 
were associated with bacteria-containing vacuoles  at all times383; the integrated signal of these is 
likely controlling the nature of the compartment.   

In neutrophils, the picture is not as clear, and there is a lack of information on the role of 
trafficking and small GTPases in these cells. Early studies suggested that the small GTPases were 
not present on azurophilic granules but instead on other granules and the plasma membrane329. 
Differentiation of HL-60 cells lead to an increase of GTPase expression, pointing to their role 
in mature neutrophils256. Later, Rab5 was found to be mainly located to the cytosol but also to 
azurophilic granules427. Interestingly, experiments on isolated neutrophil phagosomes indicated 
a similar pattern for Rab5 as during macrophage phagocytosis, with early appearance (within 
5 minutes) and then disappearing at a later stage (30 min)327. Despite not having an endocytic 
pathway in the same way as macrophages and many other cell types, there appears to be some 
similarities in the signals of targeting. 

The targeting is only the first step, where presumably the Rab proteins play a large part; the 
next step is the fusion of two membranes. This is largely mediated by another large family of 
proteins, the SNAREs (soluble N-ethylmaleimide-sensitive factor attachment protein receptor). 
There are 36 variants classified in humans, and even more in plants; for a review see Jahn and 
Scheller188. Often they are grouped in v-SNAREs (vesicle-membrane) or t-SNAREs (target-
membrane) to separate between a “donor”- and an “acceptor”-variant. It is believed that fusion 
occurs once these two types find their partner, but it not always applicable. Certain SNAREs lack 
certain domains that are traditionally found, and are called SNAPs. One example is SNAP-25 
which lacks a transmembrane domain187. SNAP-25, was earlier believed to only be involved in 
neuronal fusion, but has been located also to tertiary granules of neutrophils288. In general, most 
of the studies on SNAREs in neutrophils has been focused on the exocytosis of granules (i.e., 
fusion with the plasma membrane) and in that roles for SNAPs, syntaxins, and VAMPs (vesicle-
associated membrane protein) has been shown259, 280, 281. 
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Figure 4.5 - Membrane traffic during neutrophil phagocytosis
When a neutrophil internalize a prey an immense and rapid membrane traffic takes place. 
Azurophilic granules are targeted and fuse with both fully formed phagosomes (in the middle) 
and forming phagosomes. Pinocytic uptake is also taking place at the interaction site, whereas 
specific granules are more diffusely localized and secreted. Gelatinase granules and secretory 
vesicles have mostly been exocytosed already during the extravasation process, when the 
neutrophil is crawling to the site of infection. The microtubule-organizing center is relocated 
towards the internalization site and the microtubules emanating from it are likely responsible for 
guiding much of the granule traffic.     
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Free calcium has long been assumed to be an essential co-factor for all types of membrane 
fusion, although a more nuanced picture has started to emerge158. Calcium definitely has an 
important role in neutrophils, with discrete dependences for fusion of granules with the plasma 
membrane239, and is also important for the activation of the NADPH oxidase47. However, when 
it comes to the fusion of granules with the phagosome, there are different observations, making 
it difficult to decide what is happening309. The first detailed study showed that calcium was 
strictly necessary for fusion of specific granules with phagosomes186 and this was expected to 
be the case for all granule types. A follow-up study on macrophages pointed to the opposite 
situation with no calcium-dependence for lysosome-granule fusion457. The mechanism which 
calcium has been proposed to affect is the remodeling of actin, specifically the disassembly. 
It has been reported that actin depolymerization is not functioning well without calcium32, 
and could thus be surrounding the phagosome with a cage-like structure. This has also been 
reported when using constitutively active Cdc42 in HL-60 cells237. It is interesting to note that 
there are studies demonstrating de novo synthesis of actin on phagosomes97, 343. It has even been 
suggested to be essential for membrane fusion at later stages of phagosomal maturation212. In a 
recent study, we investigated the fusion between azurophilic granules and zymosan- or bacteria-
containing phagosomes during FcR-mediated phagocytosis. We found evidence for two co-
existing mechanisms: one early which was calcium-dependent and one late which was calcium-
independent310. In our view, it would be tempting to propose that this was partly due to the 
physical difference of achieving fusion with a very large surface (the plasma membrane, early 
phase) and a considerably smaller surface of opposite curvature (the formed phagosome, late 
phase); curvature is an important factor in membrane fusion114. We not only observed effects 
on fusion per se but also on localization; this might be the most important factor in our studies 
and suggest that calcium might have a role also in the targeting of different granules during the 
early phase of phagocytosis. It should be pointed out that the first report was done with C3bi-
opsonized yeast particles186, making it possible that calcium-dependence might be restricted to 
specific granule-phagosome fusion during complement-mediated phagocytosis. But at the same 
time, it makes the explanation of actin depolymerization less likely, due to the probable lesser 
involvement of actin in that situation.  

On one last note on membrane fusion, in 1995 Michel Desjardins put forth his kiss-and-
hypothesis for phagosome maturation, which proposes multiple transient fusion and fission 
events with exchange of intravesicular medium99. This is in contrast to the full fusion of two 
compartments, and would be especially suitably for fast and specific re-use of certain types of 
vesicles, but this has recently been argued that this could work just as well with full fusion350. 
Which type of fusion that exist, or perhaps both, is not sure. Our data imply that at least to 
some extent membrane do exchange, with for example the azurophilic granule marker CD63 
appearing on phagosomal membranes. In any way, delivery of granule content to the phagosome 
radically changes it composition.

Source of membrane and crosspresentation

The fantastic ability of professional phagocytes to eat so much has been difficult to explain. 
The amount of membrane required is enormous and one explanation suggested the use of ER 
membrane for this, in that case likely through a connection of the ER with the phagocytic cup. 
The first to report the involvement of ER proteins during phagocytosis was with Dictyostelium 
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amoebas286. Later confirmed to be present on such isolated phagosomes140 the ER hypothesis 
really took off with a number of publications where the use of ER was also linked with antigen 
crosspresentation130, 151, 178. How pathogen antigens were processed and then presented on the 
surface as complexes with MHC class I had long been a conundrum to the phagocytosis field. 
With this hypothesis, two big problems were solved at the same time, with both the extra 
membrane source as well as all the machinery for crosspresentation that would be present in an 
ER-phagosome organelle. Countering this view, Touret et al. tried to repeat the experiments, but 
found no support for the findings, also when trying other experimental approaches411.

Regarding ER and neutrophils, most of the above results has come from studies on macrophages 
and in one way would not be as relevant for neutrophils as they do not have as much ER and is 
not as obvious to take part in antigen crosspresentation. Still, it has been reported in proteomic 
analysis of isolated phagosomes, but this was not a quantitative analysis52. However, the problem 
of membrane source is even more important for neutrophils, as they have such a large capacity 
for phagocytosis, relative to their size (up to 9 zymosan particles of 2-3 μm each in a neutrophil 
with around 10 μm diameter156). Other explanations for the source of membrane are likely 
focal exocytosis of vesicles21 and granules406, 407. Theoretical calculations as well as experimental 
measurements yield support for that the large number of granules might contribute with enough 
membrane380. Another rather interesting hypothesis has been put forth as well; the idea is that 
neutrophil plasma membrane have a large amount of wrinkles and folds that can be stretched 
out and in that way contribute with extra membrane for phagocytosis156. There is also some 
experimental support for this model, but it is too early to tell whether it seem to be true, or might 
be a combination of the proposed hypotheses. 

The dynamic and lethal phagosome

Oxidative burst

The oxidative burst (or respiratory burst) is one of the most central aspects of neutrophil biology 
in general and neutrophil phagosomes in particular. Its discovery and function, comes in several 
parts. First, in 1933, Baldridge and Gerard demonstrated that there was an increase in oxygen 
consumption during phagocytosis by neutrophils23. This was originally thought to be increased 
mitochondrial activity, due to high energy demands of engulfment, but this was disproved in 
1959 when Sbarra and Karnasky saw a similar increase in oxygen consumption when inhibiting 
the activity of mitochondria366. The first clue to the function of this came in 1966, when Holmes 
et al. described a new fatal disorder, entitled chronic granulomatous disease (CGD)175. At first, 
they could not find anything wrong with the neutrophils, but then a diminished capacity for 
microbial killing was found337. Still, no link was found until in 1978, when Anthony Segal 
showed that neutrophils from patients with the most common form of CGD did not have a 
b-type cytochrome373, 374, which is the membrane-bound part of NADPH oxidase in neutrophils. 
The neutrophil NADPH oxidase is responsible for generating reactive oxygen species which are 
important for microbial killing (for a review see Nauseef296).

The NADPH oxidase is part of the family of NOX enzymes which are found throughout the 
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human body. Of these is the oxidase found in neutrophils (NOX2) the most potent in generating 
oxygen species, and the others have only recently been characterized (for an overview see 
Lambeth224). The catalytic core of the NADPH oxidase is a membrane-bound flavocytochrome, 
with two haem molecules and one FAD (flavin adenine dinucleotide). The absorbance maximum 
is close to 558 nm, why it is also called b558

426. The active enzyme transfers electrons over the 
membrane and reduces molecular oxygen to superoxide and oxidizes NADPH according to the 
following reaction: 

(4.1)

The full complex consists of the membrane components gp91phox (or NOX2) and p22phox, and the 
cytosolic components p67phox, p47phox, p40phox and the small G proteins Rac1 or 215. 

There has been some discussion to where the flavocytochrome is located in neutrophils, and 
where it can be activated. Through subcellular fractioning is has been shown to be present to 
a large extent in specific granules (85%)44, but also a significant fraction has been placed with 
the secretory vesicles (10%)377, with the remainder being in the plasma membrane (5%). This 
has been disputed due the unclear nature of secretory vesicles as an organelle separate from the 
plasma membrane (high in serum protein content) and the fact that other cells lacking specific 
granules (macrophages, eosinophils, differentiated HL-60 cells308, 352 are capable of an oxidative 
burst86. Still, there is no question that fully mature neutrophils have a much higher capability. 

Oxidative burst can be induced in several ways, where soluble agonists trigger activation at 
the plasma membrane, and phagocytosis induce NADPH oxidase assembly at the phagosomal 
membrane92. Upon stimulation, the cytosolic components, p67phox, p47phox and p22phox associate 
with the membrane-bound gp91phox and p22phox. Also required is the presence of GTP-bound 
Rac1 or 2 (for a detailed review on the activation process see Vignais426). For FcR-mediated 
phagocytosis in neutrophils, Rac2 is essential210. PI3K and phosphoinositides are involved and 
phox homology domains (PX) are found on p47phox and p40phox, with specificity towards PI(3,4)
P2 and PI(3)P, respectively199; the phosphorylation of primarily p47phox is also important168. 
Generation of oxidative burst has traditionally been ascribed to occur only in phagosomes 
our at the phagocytic cup, but in vitro measurements have shown that it likely occurs also 
intracellularly202. This has recently been strengthened with the discovery of a new CGD-type: 
one lacking the p40phox subunit260. Using PLB-985, they could also show the gain of this function 
when expressing p40phox in these cells. Besides phagocytosis, inflammatory mediators such as 
PMA and f-Met-Leu-Phe activates the oxidase, also involving PKC activation299. 

The role of calcium is not entirely clear, with no direct activation upon increasing cytosol levels 
of calcium, but it has been shown that this primes neutrophils, which will give a stronger burst 
when triggered90. This might be explained by the fact that p47phox and p67phox is not translocated 
upon calcium stimulation285. However, regarding intracellular activated burst it seems that this 
might require a rise in free calcium127. Reactive oxygen species has been observed to function as 
signaling molecules, both intracellularly399, including molecular-switch like activity232 and also 
intercellular signaling274. 

+ +
2 2NADPH + 2O   NADP  + H  + 2O −→
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Figure 4.6 - The neutrophil phagosome
Many factors contribute to the steady-state of a neutrophil phagosome. In the cytosol there is a constant 
regeneration of NADPH through the pentose phosphate pathway, which is used both for plasma membrane 
and phagosome oxidative burst. This has a large effect on pH, which is also affected by bicarbonate buffering, 
passive leakage of protons, active pumps (V-ATPases) and exchange systems (Na+-H+-exchanger). Charge 
compensation can be achieved through many of these systems including chloride transport. The activation 
of the NADPH oxidase results in a large number of antimicrobial molecules, including hydroxyl radicals, 
hypochlorous acid, singlet oxygen and ozone. Besides the oxidase-related effects there are many proteases, 
defensins and antimicrobial peptides. See text for details. 
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Oxidase-related killing

The activation of the NADPH oxidase results in the generation of large amounts of superoxide16, 
in itself a  reactive molecule, but it is a precursor to more potent reactants which makes it 
important in killing. Either through the action of superoxide dismutase263 or spontaneously, 
hydrogen peroxide is generated inside phagosomes through the reaction:

(4.2)

Hydrogen peroxide can be microbicidal but extremely reactive hydroxyl radicals can also be 
produced if iron is present9, through the Haber-Weiss reaction153:

(4.3)

(4.4) 

In neutrophils, the most important source for reactive molecules is the enzyme myeloperoxidase215 
(MPO) and as recently shown, antibodies439. MPO catalyzes the generation of hypochlorous acid 
(HOCl) from chloride and hydrogen peroxide445. MPO can also react with molecular oxygen to 
form singlet oxygen205, a highly reactive molecule. A recent addition to the potential antimicrobial 
molecules generated by the NADPH oxidase is ozone. To form ozone, this requires both the 
presence of singlet oxygen as well as antibodies17. The increased reactivity of the molecules is 
linked with increased compartmentalization (i.e., mostly in the phagosome), showing the 
relative control of such dangerous molecules. See also Figure 4.6. 

An alternate hypothesis regarding the antimicrobial function of the oxidase system has recently 
been put forth, which involves the activity of phagosomal proteases344. During the activation 
of NADPH oxidase, and the subsequent transfer of electrons, the phagosomal membrane will 
be depolarized due the imbalance in charge192, effectively stopping further oxidase function96. 
This could be compensated by a large influx of K+ through calcium-activated channels, and 
the resulting high concentration of potassium will release proteases that are complexed in 
the phagosomal matrix of proteoglycans370. Other groups believe that the charge is partly 
compensated by the influx of protons, from voltage-gated channels and proton pumps193. 

Phagosomal pH

It is not only NADPH oxidases that are delivered to the phagosomal membrane, but also 
V-ATPase proton pumps245. In macrophages, which does not have as much oxidase activity 
this leads to a profound acidification of phagosomes154, and is believed to be important for the 
degradative milieu of phagolysosomes395 and also for mediating lysosome-phagosome fusion139. 
In neutrophils, the situation is much more complex. First, what drives phagosomal acidification 
is the proton-motive force (pmf or ΨH+ ), a thermodynamic term representing the combination 
of transmembrane potential (Δψ) and the proton concentration gradient (ΔpH).

(4.5)

+
2 2 2 22O  + 2H   H O  + O− →

3 2
2 2O  Fe  O  Fe+ − ++ → +

2 3
2 2Fe  H O  Fe  HO  HO+ + −+ → + + 

+ 2.303H  =  pHRT
zF

Ψ ∆Ψ − ∆
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where R=gas constant, T=temperature, F=Faradays constant, z=1 (proton valency), 
and Δψ=membrane potential

So, increasing pH will lead to a lower pmf, and subsequently make it more difficult for further 
protons to be delivered. There are many contributing sources in the neutrophil and not all are 
known or will be mentioned here (see Fig 4.6). Contributing on the luminal side, the hydrolysis 
of ATP generates energy for the transfer of protons across the phagosomal membrane by 
V-ATPases. Also, the transfer of anions (like Cl–) into or cations (like K+) out of the phagosomal 
lumen reduces the membrane potential and thus decreases the pmf. However, the consumption 
of protons by the NADPH oxidase through the reaction 4.1 (see above), increases the pmf. 
There is likely a passive conductance of protons out into the cytosol which seems to be related to 
the expression of gp91phox 163. Overall, the cytosolic pH greatly influences the deltapsi and some 
important mechanisms include the Na+-H+ exchangers149, and Na+-HCO3

– co-transporters82 
involved in the carbonate buffer system (for a review on cytosolic pH mechanism see Casey et 
al.62). Since CO2 can traverse through most biological membranes275 the equilibriums constituting 
the carbonate buffer system are very important for cytosolic pH:  

(4.6)

This is also intimately linked with the generation of NADPH through the pentose phosphate 
pathway:

(4.7)

As can be seen, this will increase the cytosolic pH both directly and indirectly as the CO2 reacts 
with water and the resulting H2CO3 can dissociate and liberate protons (see reaction 4.6). 

In neutrophils the V-ATPases are delivered through fusion of granules with the phagosomes293, 
but the actual pH reached has been intensely debated over the years. Early reports stated 
extremely acidic values195, before some technological improvements changed the picture. 
Using fluorescence-based methods to measure phagosomal pH, based on the pH-dependent 
fluorescence of FITC137, 313, the acidification was described as being similar to that of macrophage 
phagosomes65, except that there was a biphasic change of the phagosomal pH in neutrophils. 
According to this hypothesis, there is first an alkalinization, due to the consumption of protons 
by the NADPH oxidase, then an acidification due to V-ATPases after the burst has receded372. 
Lately, further progress has been made, yet again due to the methods introduced. There are many 
methodological difficulties in measuring phagosomal pH in neutrophils (see Chapter 2), but the 
main issue is the enzyme myeloperoxidase as demonstrated by Hurst et al.181. MPO catalyzes the 
formation of hypochlorous acid which likely chlorinate the aromatic rings of fluorescent probes, 
altering their spectral properties, and will no longer respond to changes in pH194. This problem 
can be removed either indirectly by inhibiting oxidase activity altogether (MPO chlorination 
requires H2O2) or directly by inhibiting MPO with sodium azide. Using these chemicals coupled 
with ratiometric imaging to eliminate many other potential errors, Jankowski et al. could 
demonstrate no initial alkalinization and only very slight acidification (close to neutral) of 
neutrophil zymosan-containing phagosomes194. In Paper 4, using similar techniques to study 
bacteria-containing phagosomes, we saw a slightly larger V-ATPase-dependent acidification of 
phagosomes containing avirulent bacteria. The difference might be due to the smaller size of the 

+
2 2 2 3 3CO  + H O  H CO   HCO  + H−

 

+ +
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bacterial phagosomes or that other signaling is induced due to inherent differences in bacterial 
and zymosan properties. 

Pathogen modulation of neutrophil phagocytosis

Despite the effectiveness of neutrophil phagocytosis – or perhaps because of – it is not uncommon 
that pathogens can survive being eaten by neutrophils. Being among the first immune cells they 
encounter, the microbes need to have strategies for surviving the onslaught of neutrophils. 
As described above, the neutrophil possess two main ways to kill pathogens: the activation of 
oxidative burst and activation of lytic enzymes or peptides. I will discuss different mechanisms 
for intracellular survival in neutrophils and name a few examples in each category (See Figure 
4.7). There are too many to name all, for reviews see Urban415, Allen6 or Laskay228. As will be 
shown there are many means to an end.

ROS modulation

Anaplasma phagocytophilum specifically target and infect neutrophils (for review see Carlyon 
and Fikrig60), and has been shown to inhibit or reduce oxidative burst activation through several, 
parallel mechanisms59. It not only blocks fusion of specific granules with the phagosome but also 
interfere with the CYBB promotor (reducing gp91phox expression) and also scavenges oxygen184. 
Helicobacter pylori disturbs the targeting of NADPH oxidase away from the phagosome, and to 
the plasma membrane, likely by diverting the specific granules7. This produces large amounts 
of extracellular ROS which damages the local host tissue; this latter function is essential for its 
survival. Fransicella tularensis does not trigger respiratory burst361, but is not only directed to the 
phagosome. Instead, it also prevent activation also by other stimuli261, likely by disrupting the 
intracellular signaling. Similarly, Chlamydia pneumoniae inhibit PMA and fMLF-induced burst 
by disrupting calcium transients409. On the other hand, S. pyogenes does not seem to affect the 
production of ROS386 (see also Paper 4).

Fusion inhibition

Since the phagosome’s bactericidal properties are acquired through the fusion of the cytoplasmic 
granules it is only natural that some bacteria target this mechanism to be able to survive. The first 
evidence for this was from a report that indicated that Salmonella are able to stop fusion with 
azurophilic granules197. Other reports include mycobacteria that were shown to retain Rab5a 
and Syntaxin-4 on the phagosome, and through this blocked fusion of granules327. From our 
group comes studies that show the inhibition of both pinosome formation27 as well as delivery of 
azuropihlic granules386 during phagocytsosis of S. pyogenes. 

pH modulation

The modulation of phagosomal pH in macrophages has been shown for several bacterial species 
(for a review see Huynh182), most notably mycobacteria395. With neutrophils, much less is known, 
likely due to the experimental difficulties in investigating phagosomal pH in these cells. In Paper 
4, we present evidence for disruption of phagosomal acidification by S. pyogenes expressing M1 
proteins. This might not be specific targeting of the luminal pH, and may instead reflect the 
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Figure 4.7 - Modulation of neutrophil phagosome by pathogens
Pathogens have evolved a number of countermeasures to be able to survive phagocytosis by neutrophils. 
Examples of mechanisms include inhibition of oxidative burst, V-ATPase activity, or fusion of neutrophil 
granules with the phagosome. Some pathogens have catalase to disrupt the generation of oxidative metabolites, 
and some have pore-forming enzymes to escape into the cytosol. 
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impaired fusion of azurophilic granules, which in itself lead to lower density of V-ATPases, and 
thus higher pH.   

Phagosome escape

Another way to avoid killing, is to simply escape from the phagosome. F. tularensis can disrupt 
the phagosome membrane by acid phosphatases278, but apparently first require an acidification of 
the phagosome to escape362. S. pyogenes has also been shown to escape neutrophil phagosomes268. 
Some pathogens are able to multiple inside neutrophils and these include A. phagocytophilium60, 
Chlamydia trachomatis345 and Legionella pneumophila277.

Apoptosis regulation

An interesting aspect of intracellular survival in neutrophils is the fact that many pathogens 
seem to affect the life-span of their host cells. A. phagocytophilium67, Leishmania major3 as well 
as C. pneumoniae419 inhibit apoptosis in neutrophils upon infection. In the latter example, some 
neutrophils were still viable after 90 days. F. tularensis261 and H. pylori211 is also suggested to delay 
apoptosis. The mechanisms are still unclear but might involve induction of IL-8 production as 
this was observed to increase upon infection in most cases, but also with direct findings that IL-8 
can delay apoptosis206. 
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New mechanisms for delivery of  
anti-bacterial substances to phagosomes

When a neutrophil eats a bacterium and starts forming 
a phagosome to put it in, a very immense movement of 
membrane bubbles (called granules) commense; these 
granules contain anti-bacterial substances. It is the fusion 
of granules with phagosomes that make it possible for 
neutrophils to kill and digest bacteria. The mechanisms 
that control fusion with the cell surface (early phase) 
have in many cases been thought to be the same as with 
phagosomes (late phase). In this work, by among other 
things, studying isolated phagosomes, we have found 
differences in the delivery of granule content for early and 
late phases of neutrophil phagocytosis. We have shown 
that they are governed by different mechanisism, where the 
early phase is dependent on calcium and certain membrane 
structures, whereas the late phase is independent of these.

Nordenfelt et al. 2009 Dec; 10(12):1881-93

Layman’s summary



Phagocytosis by neutroPhils130

PaPer

3

Different requirements for early and late phases 
 of azurophilic granule–phagosome fusion

Pontus Nordenfelt, Martin E. Winberg, Per Lönnbro, 
 Birgitta Rasumssun  and Hans Tapper

Abstract

Phagocytosis and killing of microorganisms are complex processes that 
involve tightly regulated membrane traffic events. Since many signaling 
molecules associate with membrane rafts and since these structures can be 
found on azurophilic granules, we decided to investigate raft recruitment 
and the signaling requirements for azurophilic granule secretion during 
phagosome maturation. At the site of phagocytosis of IgG-opsonized prey 
in human neutrophils, we found that early secretion of azurophilic granules 
was both raft- and calcium-dependent. Subsequently, rafts at the phagocytic 
site were internalized with the prey. At the fully formed phagosome, the 
fusion of azurophilic granules was no longer dependent on rafts or calcium. 
These findings were found to be true also when using S. pyogenes bacteria as 
prey, and depletion of calcium affected the kinetics of bacterial intracellular 
survival. These findings suggest that the mechanisms for delivery of 
azurophilic content to nascent and sealed phagosomes, respectively, differ in 
their dependence on calcium and membrane rafts. 
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Introduction

Phagocytosis is a complex sequence of events which involves binding of microorganisms to specific 
receptors on the phagocytic cell, reorganization of the actin cytoskeleton, and internalization of 
the prey. During this process and as part of the ensuing phagosome maturation, regulated fusion 
of granules with the plasma membrane and phagosomal membrane occurs, normally leading to 
the eventual killing of the microorganisms (for a review, see Greenberg and Grinstein1).

The neutrophil is the first cell type to be recruited to an inflammatory site, its ability to ingest and 
kill microorganisms by phagocytosis being crucial for host defense. Neutrophils are equipped 
with several types of granules, usually referred to as azurophilic granules, specific granules, 
gelatinase granules, and secretory vesicles, respectively, here mentioned in the order they are 
formed during cell differentiation. These granules contain both membrane-bound and soluble 
components for delivery to the plasma membrane and/or to phagosomes2. Regulated secretion 
of these granules and vesicles allows the neutrophils to locate and destroy invading pathogens 
in a controlled manner3. The current work investigates the involvement of membrane rafts and 
calcium signaling in neutrophil membrane traffic during phagocytosis. 

The current model for Fcγ-receptor mediated phagocytosis describes activation of the small 
G proteins Rac1/2 and cell division control protein 42 (Cdc42). This activation leads to 
polymerisation of filamentous actin and consequent engulfment of the prey in an ordered 
manner4. A downstream mitogen-activated protein kinase (MAPK)-dependent pathway is 
responsible for directing granules to the forming phagosome5. Granule components are delivered 
to the phagosome by fusion events in which molecules such as Rab5a6 and SNARE proteins with 
their ligands seem to play an important role (for a review, see Jahn and Scheller7). Both SNAREs 
and other proteins involved in granule fusion and phagosome formation have been located 
in membrane rafts8, 9. As recently defined10, membrane rafts are small (10–200 nm), dynamic, 
cholesterol- and sphingolipid-enriched microdomains in cell membranes. Such structures 
can facilitate cell signaling and therefore potentially regulate fusion processes. Upon binding 
of an IgG-opsonized particle to a neutrophil, Fcγ receptors cluster at the site of contact. This 
triggers ingestion, localized membrane traffic events, and superoxide generation11, 12. Mansfield 
et al. have shown that many signal molecules involved in phagocytosis are either translocated 
to or constitutively present in membrane rafts13. It has also been suggested that degradation of 
activated Fcγ receptors is dependent on membrane rafts14.

A link between calcium levels and regulated secretory fusion events has been demonstrated in 
several cell types, including neutrophils. Distinct calcium thresholds regulate the fusion of the 
various neutrophil granule types with the plasma membrane, secretory vesicles requiring the 
lowest amount of free calcium and azurophilic granules the highest15, 16. Accordingly, a strict Ca2+ 
dependence characterizes the azurophilic granule secretion to the plasma membrane triggered 
by phagocytic prey17. The deposition of specific granule content in fully formed phagosomes has 
been shown to be calcium-dependent18, but the calcium dependence of azurophilic granule–
phagosome fusion has, as far as we know, not been previously investigated.

Efficient killing of ingested microorganisms requires phagosome maturation caused by fusion 
with granules. Of note, many intracellular pathogens have, perhaps not surprisingly, evolved 
means to modulate the interaction of various organelles with the phagosome19. One example 



Phagocytosis by neutroPhils132

PaPer

3

DIC actin CD63

+ Ca2+

- Ca2+

A

B

+ Ca2+

- Ca2+

*

* *

*

*

* *

* * * *

* *

* *

DIC actin GM1

Figure 1. Localized and Ca2+-dependent recruitment of CD63 and GM1 to the plasma 
membrane at sites of phagocytosis
Neutrophils interacting with IgG-opsonized zymosan particles (MOI 2; arrowheads) after 1 min of 
phagocytosis under normal or calcium-depleted conditions (using 10 µM BAPTA-AM and 1 mM EGTA). 
Cells that have no internalized particles are marked (*). Cells were stained on ice using either anti-CD63 and 
Alexa 594-conjugated F(ab’)2 fragments (A) or Alexa 594-conjugated CtxB (B) before fixation with 2% PFA. 
In both cases, after permeabilization with 0.1% Triton X-100, actin was stained using Alexa 488-conjugated 
phalloidin. Images are single deconvolved focal planes from z-series stacks and show the mid section of the 
neutrophils. Similar exposure times and image processing was applied for control versus calcium-depleted 
cells. Scale bar 10 µm. Representative of five separate experiments. 



aPPendix iii – Phagosome formation and maturation 133

PaPer

3

is Streptococcus pyogenes bacteria that are able to survive inside neutrophils20 because they 
specifically block fusion of azurophilic granules with the phagosome21. Such a fusion block is 
not observed if the streptococci lack M proteins, and therefore an M protein-deficient strain was 
used in the present study.

The present study investigates signaling related to azurophilic granule secretion during 
phagosome formation and maturation in neutrophils. We describe a localized recruitment of 
membrane rafts to sites of ingestion of IgG-opsonized prey, and show that most of these rafts 
originate from azurophilic granules. We further demonstrate a delivery of rafts to the phagosomal 
membrane. Finally, we demonstrate a critical role for calcium during early phagosome maturation 
in neutrophils, and also report the novel finding that late phagosomal killing and azurophilic 
granule–phagosome fusion is calcium-independent.

Results

IgG-opsonized prey triggers rapid, localized, and calcium-dependent recruitment of intracellular 
CD63 and GM1

To study membrane raft localization during phagocytosis, neutrophils were allowed to 
phagocytose IgG-opsonized zymosan particles. Already at early time points (i.e. before 
formation of sealed phagosomes) an accumulation of the azurophilic granule marker CD63 and 
the raft marker GM1 was observed at sites of phagocytosis (Figure 1A and 1B). To investigate 
the calcium dependence of raft recruitment, cells were treated with the calcium chelators 
BAPTA-AM (1,2-bis-(o-aminophenoxy)-ethane-N,N,N’,N’-tetraacetic acid, tetraacetoxymethyl 
ester) and EGTA (ethylene glycol-bis(2-aminoethylether)-N,N,N,N-tetra acetic acid) prior to 
phagocytosis. After such treatment, phagocytosing cells displayed a lower recruitment of both 
CD63 and GM1 to sites of phagocytosis (Figure 1A and 1B). Intracellular calcium has been shown 
not to be required for actin polymerization in human neutrophils22, 23. In figure 1, polymerized 
actin was enriched at sites of phagocytosis also in the absence of intracellular calcium. 

Flow cytometry was used to quantitate the upregulation of CD63 and GM1 to the plasma 
membrane. This revealed elevated levels of both CD63 and GM1 in the plasma membrane 
of neutrophils phagocytosing zymosan particles, as compared to unstimulated cells and to 
calcium-depleted cells (Figure 2A and 2B). Cells not exposed to phagocytic prey but treated with 
cytochalasin B and f-Met-Leu-Phe, a stimulus combination known to trigger granule secretion 
in neutrophils, also exhibited an increase in the amounts of CD63 and GM1 present at the cell 
surface (Figure 2A and 2B). A larger relative upregulation is observed for CD63, but this is 
expected since the plasma membrane content of GM1 is higher in resting cells. A similar surface 
upregulation as for GM1 was observed also for another raft-associated protein, flotillin-1 (data 
not shown). 

The neutrophils studied in figure 1 and 2A-B were non-permeabilized. This implicates 
intracellular sources for the upregulation of GM1 and CD63 to the plasma membrane. When 
studying permeabilized neutrophils in figure 2C, we observed a high degree of colocalization of 
GM1 and CD63. This is in agreement with a recent report that membrane rafts are present on 
azurophilic granules24. Since the secretion pattern of GM1 mimicked that of azurophilic granules, 
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Figure 2. Upregulation of intracellular CD63 and GM1 to the plasma membrane during 
phagocytosis
 A. The histograms show CD63 on neutrophils interacting with zymosan particles (MOI 5; 1 min phagocytosis), 
on unstimulated neutrophils, and on neutrophils treated with 10 µM cytochalasin B and 1 µM f-Met-Leu-Phe. 
Calcium-depleted cells (using 10 µM BAPTA-AM and 1 mM EGTA) are presented as transparent histograms. 
Cells were stained on ice using anti-CD63 and Alexa 594-conjugated F(ab’)2 fragments before fixation with 
2% PFA. Results shown in this figure are representative of three experiments.

B. The histograms show neutrophils interacting with zymosan particles as described in A except with GM1 
instead. Cells were stained on ice with Alexa 594-conjugated CtxB before fixation with 2% PFA. Results 
shown in this figure are representative of three experiments.

C. Unstimulated neutrophils were fixed with 2% PFA. Following permeabilization with 0.1% Triton X-100 the 
samples were stained with CD63 (Alexa 488-conjugated F(ab’)2 fragments) and Alexa 594-CtxB. Analysis of 
images using ImageJ show a high degree of co-localization of CD63 and GM1, as illustrated by a correlation 
plot (Pearson coefficient: 0.838). Scale bar 10 µm.
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we suggest that azurophilic granules can serve 
as a recruitable source of membrane rafts. 

These results demonstrate an early secretion 
of azurophilic granules upon binding of IgG-
opsonized prey to neutrophils and a parallel 
recruitment of rafts at sites of phagocytosis. 
Taken together, our data are consistent with 
the notion that phagocytosis-induced focal 
upregulation of GM1 occurs by azurophilic 
granule secretion.

Cholesterol is recruited to phagosomes

To verify the observed raft recruitment in living cells, we exploited the fact that membrane rafts are 
rich in cholesterol. Filipin, a fluorescent molecule with high affinity for cholesterol, was shown to 
be distinctly located at interaction sites during phagocytosis of IgG-opsonized zymosan particles 
by neutrophils (Figure 3). Extracellular labeling of the opsonizing IgG revealed that most of the 
nascent phagosomes were fully formed phagosomes. It is possible to deplete the plasma membrane 
of cholesterol without disrupting the ability of the cells to phagocytose particles25. Partial extraction 
of cell surface cholesterol by methyl-β-cyclodextrin (Met-β-CD) prior to phagocytosis yielded 
lower levels of filipin fluorescence at sites of phagocytosis. This indicates that pre-existing plasma 
membrane rafts could be involved in FcR-triggered recruitment of intracellular membrane rafts.
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Figure 3. Cholesterol is recruited to 
phagosomes
Neutrophils were allowed to interact with IgG-
opsonized  Oregeon Green-labeled zymosan 
particles (MOI 2; arrowheads; 1 min phagocytosis), 
and were then placed on ice. Filipin was added 
for 5 min before the samples were put on chilled 
microscope slides and analyzed. Extracellular 
zymosan particles were identified using anti-human 
Cy3-labeled  F(ab’)2 fragments (in blue) to detect 
opsonizing IgG. Recruitment of cholesterol was 
analyzed by measuring the ratio between the staining 
intensity of the phagosome membrane relative to 
plasma membrane (n = 120). Similar exposure 
times and image processing was applied for control 
versus Met-β-CD-treated cells. After a 30-min pre-
treatment with 5 mM Met-β-CD at 37°C, the relative 
upregulation was significantly reduced (control: 
2.14±0.08; Met-β-CD: 1.47±0.06; *** = p<0.0001). 
Scale bar 10 µm. 6 separate experiments.
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Depletion of Ca2+ or cholesterol affects subcellular localization of CD63 during early phagocytosis

Having established the involvement of Ca2+ and cholesterol in the recruitment of membrane rafts 
from intracellular sources, we proceeded to investigate if azurophilic granule localization was 
dependent on these factors. After phagocytosis, the localization of CD63 was studied in control 
neutrophils and in neutrophils pre-treated with BAPTA-AM/EGTA or Met-β-CD (Figure 4A-
C). Analysis was performed by quantification of the proportion of interacting zymosan particles 
(interaction identified by differential interference contrast) that had triggered a distinct CD63 
recruitment at the site of contact. A significant reduction of focal CD63 staining was observed 
both for Ca2+- and cholesterol-depleted cells at the early time point. This was not the case at 
a later time point, where the staining instead resembled that of the control cells. These data 
indicate a difference between early and late phagosomes with regard to how azurophilic granule 
trafficking is regulated. Similar results were obtained using differentiated HL-60 cells (Figure 
4D-F), strengthening the implication that azurophilic granules are involved.

Intracellular Ca2+ and kinetics of CD63 recruitment

To verify that the intracellular Ca2+-levels were low under calcium chelating conditions, the 
intracellular calcium was measured in neutrophils. Following phagocytosis, a Ca2+ transient 
was observed in control cells but not in calcium depleted cells. Addition of a calcium 
ionophore together with excess calcium induced a calcium response also in the depleted samples 
(Figure 5A). This shows that the observed effects are calcium-specific.
 
Having observed the differential recruitment of CD63 to sites of phagocytosis at early and late 
time points (Figure 4), the time dependence of phagosomal CD63 redistribution was investigated 
using Ca2+-depleted neutrophils.  Early inhibition was due to the lack of intracellular calcium since 
addition of an ionophore together with excess calcium ions rapidly allowed secretion (middle 
line, Figure 5B).  This shows that calcium is involved in early phagosomal localization of 
azurophilic granule secretion, and that a calcium independent mechanism regulates the fusion 
of granules with the phagosome after internalization of the prey. After 30 min, a similar amount 
of phagosomal CD63 as in control cell phagosomes was observed (Figure 5B).

Bacteria trigger focal recruitment of GM1 to early and late phagosomes

We used an attenuated Streptococcus pyogenes strain (BMJ71) to investigate whether also IgG-
opsonized bacteria could induce recruitment of GM1 and CD63 to the neutrophil plasma 
membrane. At sites of phagocytosis, both GM1 (Figure 6A) and CD63 (see26) rapidly appeared. 
Next, we asked whether the trafficking of GM1 to bacteria-containing late phagosomes was 
similar to that observed using zymosan. Since, when using small prey, it can be difficult to 
accurately assess staining of a phagosome inside an intact cell we employed a recently developed 
method for magnetic purification of bacteria-containing phagosomes27). After phagocytosis, 
S. pyogenes-containing phagosomes were isolated from neutrophils. Fluorescence microscopy 
showed GM1 in the phagosomal membrane (Figure 6B). This indicates that the observations 
made using zymosan as prey seem to hold true also for bacteria. 
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Figure 4. Depletion of Ca2+ or cholesterol affects subcellular localization of CD63 during 
early phagocytosis
A-C. Neutrophils were analyzed at two different time points after phagocytosis of IgG-opzonized zymosan 
particles (MOI 2; arrowheads). Control cells were compared with cells that had been pre-treated for 30 min 
with 10 µM BAPTA-AM  /  1mM EGTA or with 5 mM Met-β-CD. Analysis was performed by finding cell–
zymosan interaction sites using DIC microscopy and analyzing the CD63 accumulation at the sites of contact. 
The CD63 staining was scored as described in the methods section and normalized to allow comparison. 
There was no significant difference in internalization as checked with AMCA-conjugated F(ab)2 fragments 
against human IgG. Most of the particles were internalized. Scale bar 10 µm. At the early time point, depletion 

continued overleaf 
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Calcium is neither required for the fusion of azurophilic granules with phagosomes nor for the 
killing of ingested bacteria

To investigate the effect of calcium depletion on the delivery of azurophilic granules to bacteria-
containing phagosomes, the latter were isolated and analyzed using fluorescence microscopy. As 
for zymosan particle phagocytosis (Figure 5), the delivery of azurophilic granules to bacteria-
containing late phagosomes was independent of calcium (Figure 7). 

To investigate the killing capacity of calcium depleted phagocytes, neutrophils were treated with 
BAPTA-AM and EGTA prior to exposure to IgG-opsonized BMJ71 bacteria. The killing of the 
ingested bacteria was delayed in the absence of calcium. However, after a lag period efficient 
bacterial killing was observed (Figure 8A). This was also true when using differentiated HL-60 
cells, albeit with slightly different kinetics (Figure 8B). The absence of early killing in the latter 
cells is possibly due to their lack of other efficient killing mechanisms apart from the delivery of 
azurophilic granules. However, these cells are still capable of killing internalized bacteria in the 
absence of calcium. 

We conclude that the killing of bacteria is not prevented under calcium-depleted conditions. 
Rather, we propose that azurophilic granule–phagosome fusion and killing proceeds normally 
after a transient early phase that is calcium-dependent.

Discussion

Phagosomal maturation is not as well characterized in neutrophils as in macrophages. The reasons 
for this may be that there are few tools available for genetic modification of neutrophils, and very 
few relevant cell lines exist. In this work we exploited the fact that  neutrophil-differentiated 
HL-60 cells only contain the azurophilic granule type28. This gave us access to a system where 
any process involving azurophilic granules would be expected to be simpler to study than in 
a “real” neutrophil. This seemed indeed to be the case in experiments comparing the two cell 
types. Although depletion of calcium and cholesterol produced equally significant results in both 
cell types, they were more apparent in the HL-60 derived data. This was especially clear when 
looking at the role of calcium in killing; the ability of HL-60 cells to kill bacteria was inhibited 
at early time points. However, in both cell types, killing is calcium-independent at later time 
points. We speculate that this involves calcium-independent fusion of azurophilic granules to 
late phagosomes.   

The role of calcium in intracellular membrane fusion has been extensively investigated (for a 
review, see ref.29). Early reports identified calcium as essential for the trafficking between ER 
and Golgi30, but also for the fusion of endosomal vesicles31. In some studies, calmodulin was 
described as a calcium sensor that can mediate bilayer mixing32-34. The presence of calcium 

of Ca2+ or cholesterol significantly inhibited the delivery of azurophilic granules (control: 63.27±1.71; no 
Ca2+: 19.80±1.19; Met-β-CD: 47.75±0.97). ** = p<0.01, *** = p<0.001. Three separate experiments. 

D-F. Differentiated HL-60 cells were analyzed in the same way as neutrophils were in A.  At the early time 
point, depletion of Ca2+ or cholesterol significantly inhibited the delivery of azurophilic granules (control: 
59.44±5.11; no Ca2+: 10.01±1.84; Met-β-CD: 34.83±4.84). ** = p<0.01, *** = p<0.001. Three separate 
experiments. 
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Figure 5. Cytosol calcium is not necessary for phagosomal CD63 accumulation
A. Intracellular calcium levels were measured in neutrophil populations during synchronized phagocytosis. 
The cells had been pre-loaded with Indo-1/AM (2.5 µM) and fluorescence emission was recorded at 405 
nm and 486 nm. These neutrophils were compared with calcium-depleted cells (10 µM BAPTA-AM and 1 
mM EGTA). Calcium was re-introduced by the addition of the ionophore ionomycin (0.5 µM) and excess 
calcium. Depletion of calcium abrogated the rise of cytosol calcium following phagocytosis, but was restored 
after re-introduction of calcium. The graphs shown are representative of three separate experiments.

B. Kinetics of CD63 delivery to the vicinity of internalized zymosan particles was quantified by fluorescence 
microscopy. The particles were scored depending on the strength of surrounding ring-like CD63 staining 
as described in the methods section. There was no significant difference in internalization as checked with 
Cy3-conjugated F(ab)2 fragments against human IgG. Most of the particles  were internalized. Neutrophils 
were suspended in either Na medium or calcium-free Na medium containing 10 μM BAPTA-AM and 1 mM 
EGTA. Following a 30 min incubation at 37°C, the cells were presented to IgG-opsonized zymosan particles 
and phagocytosis was halted after 1 min. After removal of non-internalized particles, the cells were incubated 
at 37°C and aliquotes were withdrawn at indicated time points. Error bars represent SEM of three separate 
experiments. To reintroduce calcium, ionomycin (0.5 μM) and calcium (3 mM) was added after 1 min of 
phagocytosis (three separate experiments, middle graph shows a representative experiment).  
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was considered an absolute requirement 
for most types of membrane fusion. Lately, 
however, many findings regarding calcium-
dependent trafficking and fusion have been 
challenged35-37. In the neutrophil, during the 
early phase of phagocytosis, i. e. when the 
neutrophil is adhering to and internalizing its 
prey, the fusion of azurophilic granules with 
the plasma membrane is calcium-dependent. 
After this phase, maturation progresses with a 
continued fusion between the phagosome and 
granules38. An early report claimed that the 
fusion of specific granules with phagosomes 
is calcium-dependent18, and strict calcium 
dependence has since been assumed for 
the fusion of all neutrophil granule types 
with phagosomes. Most data concerning 
the calcium dependence of intracellular 
phagosome–organelle fusion have been 
obtained using mouse macrophages or cell 
lines, and indicate an ability of both serum- 
and IgG-opsonized prey to trigger calcium-
independent membrane traffic and killing39, 40.  

Since our findings challenge a current dogma 
regarding neutrophil granule-phagosome 
fusion we set out to more carefully 
characterize the role of calcium. First, we 
verified that control cells responded with a 
calcium increase upon stimulation, whereas 
Ca2+-depleted cells did not. We also made 
sure that it was possible to elevate cytosol 
calcium and trigger a secretory response in 
the depleted cells after a re-introduction of 
calcium. It should be noted that the calcium 
rise following phagocytosis rapidly returns to 
base level. This is not consistent with a notion 
of constantly elevated cytosol calcium being 
required to facilitate a continued delivery 
of granule content during phagosome 
maturation. Earlier work on single cells, 
showing transient calcium peaks in a 
neutrophil ingesting successive particles18 is 
also in agreement with our hypothesis that 
the late fusion does not require a prolonged 
elevation of cytosol calcium.

S. pyogenes

GM1

A

B

GM1

Annexin V

merge + DAPI

Figure 6. Bacteria trigger focal recruitment 
of GM1 to early and late phagosomes
A. Neutrophils after 1 min of phagocytosis of IgG-
opsonized and Oregon Green-labeled Streptococcus 
pyogenes bacteria (MOI 2; arrowheads). To 
label GM1, cells were stained on ice with Alexa 
594-conjugated CtxB before fixation with 2% PFA. 
This shows that IgG-opsonized bacteria can trigger 
early recruitment of GM1 to sites of phagocytosis. 
Images are representative of three experiments. Scale 
bar 10 µm.  

B. Bacteria-containing phagosomes (arrowheads) 
were purified by magnetic selection using neutrophils 
(MOI 5; 20 min phagocytosis). Phosphatidyl serine 
was labeled by Alexa 488-conjugated annexin V and 
used as a membrane marker. Alexa 594-conjugated 
CtxB was used to label GM1. In the merged image, 
blue color represents DAPI-stained bacterial DNA. 
This shows that GM1 is present on phagosomal 
membrane on late phagosomes. Images are 
representative of three experiments. Scale bar 10 µm. 
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We next proceeded to investigate the kinetics 
of the interaction of azurophilic granules with 
phagosomes and its calcium dependence. The 
rapid, early delivery of granules was strongly 
reduced under calcium-depleted conditions. 
However, a progressive increase in interaction 
over time was observed, at later time points 
approaching the levels of control cells. 
Despite a reduced initial response, the slower 
calcium-independent mechanism manages 
quite an efficient delivery of azurophilic 
granules to the phagosome. 

When using calcium chelators, there is a 
need for good controls for both cell viability 
and ionophore specificity. It should be noted 
that we therefore analyzed only cells that 
either were clearly about to or already had 
internalized prey. Even more importantly, 
and also addressing the ionophore specificity, 
a calcium re-introduction efficiently restored 
a normal phenotype to the depleted cells. A 
similar need for good controls of cell viability 
is needed when depleting cells of cholesterol. 
A complete depletion would probably kill 
the cells or severely affect their behavior. 
Additionally, since we were primarily 
interested in depleting only plasma membrane cholesterol we used as gentle conditions as 
possible. Under such circumstances, we expect to have some remaining cholesterol but our 
results were strongly significant without markedly affecting the cells’ ability to phagocytose.  

So far we have mainly discussed results achieved using zymosan particles as prey. We also 
used the gram-positve bacterium Streptococcus pyogenes, considered to be one of the most 
important human pathogens in terms of both prevalence and severity41. Recent studies show 
that a virulent strain, AP1, can survive phagocytosis by neutrophils20. Its intracellular survival 
has been attributed to the presence of M and M-like proteins on the surface of the bacteria, 
and a block of azurophilic granule fusion with the phagosome21. In the present work, we used a 
strain (BMJ71) that lacks the ability to survive intracellularly in neutrophils. As with zymosan, 
a localized recruitment of CD63 (in concordance with21) and GM1 was observed with bacteria. 
By analyzing isolated bacteria-containing phagosomes we could confirm that fusion of granules 
with phagosomes had taken place. Further studies on bacteria-containing phagosomes could 
add insight into the mechanisms regulating fusion. A time course where early phagosomes are 
compared to late ones would be of particular interest given the results of the present work. 

The difference in calcium dependence between early azurophilic granule secretion and late 
azurophilic granule–phagosome fusion prompted the following hypothesis: if early secretion of 
azurophilic granules is involved in killing, a microorganism will survive longer in cells where 
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Figure 7. Late azurophilic granule-
phagosome fusion is independent of calcium
Late phagosomes were isolated from differentiated 
HL-60 cells that had phagocytosed S. pyogenes 
(BMJ71; MOI 2; 20 min phagocytosis) either in 
the presence of calcium or under calcium-depleted 
conditions (10 μM BAPTA-AM and 1 mM EGTA). 
Similar numbers of sealed phagosomes were isolated 
with or without calcium, and no significant difference 
was found in the delivery of CD63 and GM1 to the 
phagosomes (total n = 240). Error bars represent 
SEM of two independent experiments. Inset shows 
phagosomes positive for markers of azurophilic 
granules (CD63) and membrane rafts (GM1).
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Figure 8. Azurophilic granule secretion during the early phase of neutrophil phagocytosis 
affects survival of bacteria
A. Survival of S. pyogenes BMJ71 bacteria (MOI 10) in neutrophils was investigated in the presence of calcium 
and under calcium-depleted conditions. Samples were collected at different times and the number of colony-
forming units (CFU) was determined. Significant differences in survival were found at 5, 15 and 30 min but 
not after 60 min. Error bars represent SEM of three independent experiments. * = p<0.05, ** = p<0.01.  

B. Survival of S. pyogenes BMJ71 bacteria (MOI 10) by differentiated HL-60 cells was investigated as presented 
in A. Significant differences in survival were found at 10 and 15 min but not after 60 min. Error bars represent 
SEM of three independent experiments. * = p<0.05, ** = p<0.01.  

C. We propose the existence of two distinct mechanisms for azurophilic granule secretion to the phagosome. 
Engagement of Fc receptors by opsonized prey triggers an early secretion of azurophilic granules. FcR-
mediated signaling continues during the engulfment phase, perhaps enhanced by accumulation of membrane 
rafts through secretion. This early delivery of azurophilic granule components to the forming phagosome is 
Ca2+- and membrane raft-dependent (left). After the phagosome has been fully formed, a different mechanism 
that is independent of these factors comes into play and is important for the continued maturation of the 
phagosome and late killing of the prey (right). 
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early granule secretion has been inhibited. Streptococcus pyogenes bacteria did indeed survive 
better under calcium-depleted conditons, but only initially. After longer chase periods, there 
was no significant difference in killing. This could reflect the difference in calcium dependence 
between early and late azurophilic granule secretion, pointing to an important role for this 
process in killing. It is tempting to speculate that wild type S. pyogenes strains such as AP1, 
which can survive intracellularly, could perhaps interfere with the early mechanism, giving the 
bacteria sufficient foothold in the phagosome to survive. Related findings have been reported. 
In contrast to what we observe, serum-opsonized Staphylococcus aureus bacteria survive better 
when incubated with calcium-depleted neutrophils42. A similar observation was made for 
Mycobacterium tuberculosis43. The experimental setup is different from ours; the cited papers 
report results from total bacteria and not only internalized bacteria as we do, which makes it 
difficult to draw conclusions regarding the fate of intracellular bacteria. 

We propose the existence of two distinct mechanisms for azurophilic granule secretion to 
the phagosome (Figure 8C). Early delivery of azurophilic granule components to forming 
phagosomes is dependent on Ca2+ and membrane rafts. Later, when a phagosome has detached 
from the plasma membrane and become fully internalized, maturation occurs by mechanisms 
that are independent of these factors. In our model, the engagement of, e.g., Fc receptors by 
opsonized prey trigger early secretion of azurophilic granules. The signaling continues during the 
engulfment phase, probably amplified by recruitment of new receptors and membrane rafts from 
granules. The involvement of membrane rafts during early phagocytosis is likely to affect signal 
transduction, since Fcγ receptor signaling proteins have been shown to be raft-associated13,14. 
After the phagosome has been fully formed, a different mechanism (Ca2+- and membrane raft-
independent) takes over for continued maturation of phagosomes and definitive killing of the 
prey. In cells depleted of either calcium or plasma membrane cholesterol, engagement of Fc 
receptors still triggers actin polymerization and engulfment, but the early phase of azurophilic 
granule secretion does not occur. Importantly, late, Ca2+- and raft-independent secretion of 
azurophilic granules is still able to promote phagosome maturation and killing of prey, albeit 
without the advantage of a rapid early secretion system.

In conclusion, this study presents novel evidence that the secretion of azurophilic granules to 
different target membranes is differentially regulated by calcium and cholesterol. Moreover, 
we suggest that membrane rafts from azurophilic granules could be involved in phagosomal 
maturation in neutrophils. The exact roles of membrane rafts and calcium during phagocytosis 
in neutrophils, and the implications for infectious disease, require further investigation. 

Materials and methods 

All chemicals were from Sigma-Aldrich (Stockholm, Sweden) unless specified otherwise.

Antibodies and fluorescent markers

Mouse monoclonal anti-CD63 and goat anti-flotillin 1 were from Santa Cruz Biotech (Heidelberg, 
Germany).  Filipin III was from Sigma-Aldrich (Stockholm, Sweden). Goat anti-mouse F(ab’)2 
fragments conjugated to Alexa 488, 594 or 647; cholera toxin subunit B conjugated to Alexa 
488, 594 or 647; annexin V conjugated to Alexa 488; and Oregon Green were from Invitrogen 
(Copenhagen, Denmark). Donkey anti-human F(ab’)2 fragments conjugated to Cy3 or AMCA 
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were from Jackson Immunoresearch (Baltimore, PA).  

Bacteria 

The wild-type S. pyogenes AP1 (40/58) strain of the M1 serotype was provided by the World 
Health Organization Streptococcal Reference Laboratory in Prague, Czech Republic. The 
mga-regulon deficient S. pyogenes strain BMJ71, was generated from the wild-type serotype as 
previously described44. From a culture of S. pyogenes growing on Todd-Hewitt agar, a few colonies 
were transferred to Todd-Hewitt broth at 37°C in 5% CO2. Five µg ml-1 tetracycline was added 
as selection pressure. Following overnight growth at 37°C with no agitation, an inoculum of 200 
µl was added to 10 ml Todd-Hewitt broth and incubated further at 37°C until early exponential 
growth phase. The bacteria were harvested and washed three times in PBS. The concentration 
of the bacteria was determined spectrophotometrically at 620 nm. The bacteria were then either 
used immediately or heat-killed at 80°C for ten min in a heat block, followed by a rapid cooling-
down of the samples in ice water. Heat-killed bacteria used for phagosome isolation were further 
processed as described below, in order to become susceptible to magnetic selection.

HL-60 cells

In accordance with the differentiation protocol of Breitman et al.45, seeding of HL-60 cells was 
performed in L-glutamine-containing RPMI 1640 medium, supplemented with 10% fetal bovine 
serum and 1 µM all-trans retinoic acid. The cell concentration at the start of differentiation was 
0.3–0.4×106 ml-1 and the viability ~95%. The cells were kept in 5% CO2 atmosphere at 37°C 
for three to five days and were then harvested. No antibiotics were used. The viability of the 
differentiated cells was 75–85%, as determined by trypan blue exclusion.

Neutrophil isolation 

Whole human blood from healthy donors was layered on Polymorphprep (Axis-Shield, Lidingö, 
Sweden) and centrifuged at 400 g for 35 min at 18°C. The neutrophil layer was recovered and 
suspended in 50 ml calcium- and magnesium-containing PBS. After centrifugation at 350 g for 
10 min, erythrocytes were removed by hypotonic lysis for 20 s. The cells were then pelleted at 250 
g (5 min), counted using a hemocytometer, and resuspended in Na medium (containing 5.6 mM 
glucose, 127 mM NaCl, 10.8 mM KCl, 2.4 mM KH2PO4, 1.6 mM MgSO4, 10 mM Hepes, and 1.8 
mM CaCl2; pH adjusted to 7.3 with NaOH) at a concentration of 107 cells ml–1. After purification, 
the neutrophils were gently rotated end-over-end at RT.

Stimulation/modulation of cell responses  

To induce exocytosis, stimulation of cells (5 min, 37°C) using 10 µM cytochalasin B and 1 µM 
f-Met-Leu-Phe was performed after a 5-min preincubation with cytochalasin B. To deplete 
calcium, cells were suspended in calcium-free Na medium and treated for 30 min at 37°C with 
10 µM BAPTA-AM and 1 mM EGTA. To reduce plasma membrane cholesterol content, cells 
were incubated in 5 mM Met-β-CD for 30 min at 37°C.       
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Phagocytosis

Neutrophils and HL-60 cells were incubated for 30 min at 37°C before experiments. Zymosan and 
bacteria were opsonized with 1 mg ml-1 human IgG for 30 min at 37°C. The prey was presented 
to the cells by a fixed-angle centrifugation (30 s, 12,000 g) and the samples were put in a 37°C 
water bath for a total duration of 1 min. The cells were then resuspended and phagocytosis halted 
by putting the samples on ice. For chase periods, the cells were resuspended in 37°C medium.

Flow cytometry

After phagocytosis of Oregon Green-labeled IgG-opsonized zymosan, neutrophils were stained 
for 30 min at 4°C with CtxB conjugated to Alexa 647 or with a mouse monoclonal antibody 
against CD63 followed by goat anti-mouse Alexa 647 F(ab’)2 fragments for 15 min at 4°C. 
Non-specific binding was determined using controls with only primary or secondary labels. 
The cells were washed and then fixed in 2% PFA for 30 min. Cells were kept in Na medium 
until analysis. Fluorescence was determined using a Becton Dickinson FACSCalibur flow 
cytometer. Gating was performed using forward scatter versus side scatter, and gating for cells 
positive for phagocytosis was performed by selecting for Oregon Green fluorescence in the gate 
corresponding to neutrophils. For each sample 50,000 events were analyzed using FlowJo (Tree 
Star Inc.).

Cholesterol labeling 

After 1 min phagocytosis of IgG-opsonized zymosan particles by neutrophils, samples were 
put on ice. Filipin (50 µg ml-1) was added for 5 min at 4°C before the staining was analyzed. 
Chilled microscope slides were used. Interaction sites were located using DIC and images 
were recorded within a few minutes of placing the slide on the microscope. Quantitation was 
performed by measuring the fluorescence of the phagosome membrane relative to that of the 
plasma membrane, using ImageJ (NIH).
 
Calcium measurements
 
The cells were divided and resuspended in either Na medium or calcium-depleting medium 
(calcium-free Na medium containing 10 μM BAPTA-AM and 1 mM EGTA). After a 30 min 
incubation at 37°C, Indo-1/AM was added (2.5 μM) followed by an additional 30 min incubation. 
The samples were washed twice. Control cells and cells subjected to synchronized presentation 
of IgG-opsonized zymosan particles  were measured simultaneously in a Victor3 plate reader 
(PerkinElmer); excitation 355 nm and emission 405  / 486 nm. At indicated time points, 
ionomycin (0.5 μM) and excess calcium was added. For calibration, cells were permeabilized 
with Triton X-100 (1%) after which excess EGTA was added.

Phagosome isolation

Phagosomes were prepared using a method of magnetic selection adapted from Lönnbro et al.27, 
here only briefly described. BioMag BM546 superparamagnetic particles (Bangs Laboratories, 
Fishers, IN) were centrifuged (fixed-angle, 1,000 g, 30 s) in order to collect the lighter particle 
fraction of the supernatant. These particles, much smaller than an individual bacterium, were 
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covalently attached to heat-killed bacteria by cross-linking with 5% glutaraldehyde to amino 
groups on the bacterial cell walls. This was done overnight at 4°C, followed by quenching with 
1 M glycine. Phagocytic cells (neutrophils or HL-60 cells) were allowed to phagocytose the 
magnetic bacteria, as described under the heading Phagocytosis. The cells were then washed 
(swing-out, 200 g, 2 min) and resuspended in 1 ml of cold isotonic protease-inhibitor buffer. 
Nitrogen cavitation (200 psi, 5 min) was carried out in a pressurized cell disruption bomb 
(4639, Parr Instrument Company, Moline, IL). The cavitation samples were then enriched for 
phagosomes using a PickPen magnetic probe (Bio-Nobile, Finland).

Fluorescence microscopy

For surface staining (Figure 1) the protocol was similar to that used for flow cytometry samples, 
see that section. Ctxb and secondary F(ab’)2 fragments used were conjugated to Alexa 594. After 
fixation the samples were permabilized with 0.1% Triton, allowing visualization of actin with 
Alexa 488-conjugated phalloidin. Staining was performed in Na medium with 5% goat serum. 
After staining, cells were washed and resuspended in PBS and allowed to sediment on to poly-
lysine coated cover slips for 30 min at RT. The cover slips were washed and mounted in ProLong 
Antifade Gold (Invitrogen).

For subcellular localization of granules (Figure 4 and 5) samples were labeled with anti-human 
Cy3 antibodies (to identify non-internalized prey) before fixation and permeabilization (2% PFA 
and 0.1% Triton X-100). They were thereafter labeled with a mouse monoclonal antibody against 
CD63 followed by goat anti-mouse F(ab’)2 fragments (conjugated with Alexa 488). Mounting 
was done as described above. The particles were scored as 0, 1, 2 or 3 (no, weak, medium or 
strong surrounding CD63 ring) and these numbers were normalized for comparison (a value of 
100% would require all internalized prey to be scored as 3).

Acquisition of images was performed using a fluorescence microscope (Nikon Eclipse TE300 
inverted fluorescence microscope equipped with a Hamamatsu C4742-95 cooled CCD camera, 
using a Plan Apochromat 100X objective with NA 1.4 (Nikon, Tokyo, Japan). The acquisition 
software used was Image Pro Plus 4 and NIS Elements 3. Images were processed using Adobe 
Photoshop CS4 and ImageJ. In all figures acquisition of images was made using the same 
exposure time for each fluorophore. During post-processing the images were treated identically 
to maintain the relative intensity. In figure 1, z-series were captured and out of focus light was 
removed by deconvolution (NIS-Elements 3, Nikon). This was performed with a calibrated point 
spread function to limit errors introduced by the microscope setup.    

Bacterial survival assay

Neutrophils or differentiated HL-60 cells were used to investigate the calcium dependence of 
phagocytic killing of bacteria. Mga-regulon deficient S. pyogenes bacteria were presented to the 
cells, as described under the heading Phagocytosis. Non-internalized bacteria were killed with a 
30-min penicillin G (10 mg ml-1) treatment at 4°C. After three washes with Na medium (200 g, 
2 min), the temperature was raised to 37°C to allow continued phagosomal maturation. Samples 
were taken at various time points and resuspended in distilled water with 2% saponin. After 
vortexing, samples were left on ice for 20 min and thereafter plated on Todd-Hewitt agar as 
dilution series in triplicate.  
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Statistics  

For Figure 2C, Pearson correlation analysis was performed using ImageJ and the plugin intensity 
correlation analysis46�. GraphPad Prism 5 was used for a Mann-Whitney test in Figure 3. 
In Figure 4 Prism was employed for a repeated measure ANOVA with Bonferroni multiple 
comparison correction.  
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Phagosomal acidification is impaired in  
neutrophil phagosomes containing  

Streptococcus pyogenes bacteria of M1 serotype

Pontus Nordenfelt*, Sergio Grinstein**,  
Lars Björck* and Hans Tapper*

Streptococci interfer with pH mechanisms  
after being eaten by human neutrophils.  

When being eaten by neutrophils, streptococci are placed in 
phagosomes, and are targeted for destruction. The concentration 
of protons, or pH, is critical for this process. However, it is very 
difficult to study phagosomal pH in neutrophils, as protons 
cannot be fixed and diffuse easily in solutions. 

To investigate the pH of such bacteria-containing phagosomes 
I have employed advanced digital microscopy. Fluorescent 
molecules that vary their emission intensity with pH are 
bound to the bacterial surface and light are sent in at different 
wavelengths. While neutrophils are eating bacteria, the emitting 
light is recorded with a digital camera and the images are 
analyzed. The results from this show that S. pyogenes impair the 
influx of protons (which keeps the pH high), by blocking the 
delivery of proton pumps to the phagosomal membrane.

*Division of Infection Medicine, Department of Clinical Sciences, BMC, B14, Lund University, SE-221 84 Lund, Sweden 
**Division of Cell Biology, The Hospital for Sick Children, University of Toronto, Toronto M5G 1X8, Canada

Layman’s summary
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Chapter
what to make of it?

5 synthesis

“Nothing in biology makes sense except in the light of evolution”103

Theodosius Dobzhansky (1900-1975)
combined genetics with evolutionary theory

In this chapter, the aim is to summarize central themes and lines of argument that has arisen 
during my doctorate studies. This will lead to a discussion on future directions of where it 
might be possible to take this research. Before going into that, the original papers that this 

thesis was based on will first be discussed. 

Discussion of papers 

Summary of results

In Paper 1, we essentially described the use of ATRA-differentiated HL-60 cells as a model system 
for human neutrophil phagocytosis. This was shown through the use of pathogenic S. pyogenes 
bacteria as prey and demonstrated a very similar phenotype to what had earlier been shown 
with human neutrophils386, 387. We carefully characterize the gain of phagocytic ability during 
differentiation of the HL-60 cells and also show that they are able to efficiently kill avirulent 
mga- bacteria, but not a wild-type M1-expressing strain. As with neutrophils, the survival of 
these bacteria is coupled with an inhibition of fusion between azurophilic granules and bacteria-
containing phagosomes. HL-60 cells have a limited ability for generating reactive oxygen species, 
and in this context the activation of NADPH oxidase seemed not to be important for the killing 
of S. pyogenes. The results verify the use of ATRA-differentiated HL-60 cells as a valid model for 
studying the function of azurophilic granules during neutrophil phagocytosis. 

In Paper 2, we described a general method for isolation of bacteria-containing phagosomes. The 
separation principle was magnetic selection and the real novelty of the paper lies in the creation 
of magnetic bacteria. This was made possible by covalently attaching superparamagnetic 
particles to amino- or carboxy-terminals of the bacterial surface; the two alternatives are for 
killed or live bacteria, respectively. We also propose the use of nitrogen cavitation as a means 
for cell disruption for phagosome preparations; in our experience it is a more predictable and 
gentle method than most alternatives. Besides being generally applicable, our method is also 
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comparably fast, minimizing the time from formation of a phagosome to analysis of the same. 
With the combination of a synchronized phagocytosis, the isolation procedure should allow for 
a detailed kinetic analysis of phagosomes. 
 
In Paper 3, the major finding was the discovery of calcium-independent fusion between 
phagosomes and azurophilic granules. We also suggested a link between localization and timing 
of azurophilic granules and membrane rafts during neutrophil phagocytosis. This was shown 
using both zymosan and avirulent S. pyogenes bacteria as targets for human neutrophils or 
ATRA-differentiated HL-60 cells. Membrane rafts were shown to be focally delivered to forming 
phagosomes from intracellular sources, with a combination of flow cytometry and fluorescence 
microscopy. The calcium-dependency was shown with various fluorescent techniques including 
analysis of isolated bacteria-containing phagosomes. To strengthen the calcium results, detailed 
kinetic studies was performed, under both normal and calcium-depleted conditions. To ensure 
that calcium was de facto involved we measured calcium levels during phagocytosis and also 
showed that re-introducing calcium would immediately restore the original phenotype in 
depleted cells. Calcium was shown to affect the kinetics in killing of bacteria, with reduced early 
killing; however, at later time points the calcium had no effect on bacterial killing, in agreement 
with the timing of azurophilic granule delivery. Strengthening the hypothesis, all observed effects 
on both killing and localization of azurophilic granules were even more pronounced when using 
HL-60 cells, which only possess this granule type. These findings led us to the proposal that there 
exist at least two different signaling pathways: one calcium-dependent that is active during the 
early phase of phagocytosis and one calcium-independent that is active at a later stage once the 
phagosome is fully formed.   

In Paper 4, we investigated the pH of S. pyogenes-containing phagosomes. This was done by 
using fluorescence ratio imaging and predominantly ATRA-differentiated HL-60 cells, but also 
experiments with human neutrophils. There is only a small acidification of these phagosomes; 
there is still a clear difference between wildtype M1 S. pyogenes and an avirulent mga-mutant, with 
the latter reaching lower pH levels. Diphenylene iodonium was used to inhibit the respiratory 
burst, unmasking proton delivery to the phagosomes and this was in turn investigated by adding 
folimycin, a V-ATPase inhibitor. This showed a strong difference in proton delivery between 
the wildtype and mutant strain, which was shown to be due to a lower presence of V-ATPases 
on wild-type containing phagosomes. This study further demonstrates the value of HL-60 cells 
as a model system for neutrophil phagocytosis and continues our work in characterizing the S. 
pyogenes phagosome. It is likely that the lack of acidification is an effect of impaired fusion and 
not vice versa.

Potential errors in the present investigation 

As I see it, there are two main potential errors that can skew the results in scientific research: 
flaws in the experimental design and inherent flaws of the methods used. Lets start with the 
experimental design. The main objective of my doctoral studies was to try and explain the 
mechanisms behind the survival of S. pyogenes after them being eaten by neutrophils. From that 
starting point there were many decisions on the best way to pursue this, and I will start with a 
discussion on the experimental design, addressing separate areas.
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The choice of bacteria

The AP1 strain was chosen due to effects shown in earlier papers and it being a clinical isolate. 
This was the reference to which everything else was to be compared. This still seems to be a good 
choice due to it being so well characterized and belonging to one of the most clinically relevant 
M serotypes196. We could easily have obtained a new isolate, but then careful characterization of 
that would be necessary, before using it.

The other strain used in the present investigation is perhaps not as a clearcut choice. The BMJ71 
strain, being an isogenic mutant of AP1209 is ideal, but the fact that is a transposon mutant of a 
gene cluster (mga regulon) might not be as good. This introduces uncertainty, both in terms of 
pointing to a specific reason for any observed effects (since it could be any of the proteins in the 
cluster causing it), but also due to it not being completely devoid of the proteins, even though 
they are markedly reduced. It would perhaps be better to have used a specific mutant that was 
only deficient in M protein-expression (like the MC25 strain74). Then again, if we expect a more 
complex situation where multiple virulence factors work together, it would be a better starting 
point to have a more defect bacteria. This is especially the case when we are not seeing binary 
results, as in our data, which makes the choice of BMJ71 acceptable, at least for initial studies 
and method development.

The use of heat-killed bacteria is more of a practical decision, reducing the risks when working 
with pathogenic bacteria. There are other upsides though: if differences are shown with dead 
bacteria, it indicates that these effects are due to passive, structural properties of the particle, 
likely surface proteins. For the phagocyte field, it stresses the importance of conclusions drawn 
from non-physiological prey; they might not always be relevant from a clinical viewpoint. Still,  
scientifically, it would of course be better to use live bacteria in most cases. It could however 
introduce some problems. What about the reported phagosomal escape using streptolysin O183, 
and involvement of autophagy291? When it comes to our survival studies, these parameters should 
be considered as well, and not only a halt of phagosomal maturation. Still, the conclusions that 
can be drawn from our experiments using fluorescence microscopy points to the latter being a 
more prominent phenotype. Then again, we have not specifically addressed the other questions, 
and for phagosome isolation of heat-killed bacteria we probably do not need to worry about it 
for now.

I would argue that our decision to use sonication is a non-brainer as without it would be 
impossible to achieve enough experimental control to be certain of our findings.

The choice of opsonization

From a physiological standpoint our choice to use opsonization is correct. The question is 
whether only using pooled human IgG is wise and we have not checked whether there are high 
titers of specific antibodies against M protein in our samples. In hindsight, this can be a potential 
large error. It would be good with experiments detailing the orientation of the bound IgG, as 
this could be attached with Fabs directed outward, and also the relative quantity of bound IgG. 
We have some indication on the latter: there is no obvious difference when observing with 
fluorescence microscope (very strong signal with both types of bacteria). We could have used 
more complex opsonins, but earlier studies point to no big difference between serum, heat-
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inactivated serum and pure IgG opsonization387, and we would also have lost control of which 
mechanisms that are likely involved. With this setup, we can see a difference in survival, but it 
might be that this effect is diminished when using specific antibodies430, and then our studies are 
relevant for the situation when a patient first encounter an M1-positive strain. 

The choice of phagocyte

Our choice of HL-60 cells as a model system was first practical since we knew that we would use 
large quantities of cells for method development. Due to them only having azurophilic granules, 
this also gave us an ideal system for addressing the function of these. The results from Paper 1 
were vital for us, but it is very easy to use neutrophils instead and we have used the two cell 
types interchangeably through-out my doctoral studies, often starting out with HL-60s and then 
confirming with real neutrophils. A natural phagocyte to look into would be macrophages and 
results from other groups show intracellular survival of S. pyogenes in these as well410. 

Methodological considerations

There is a lack of robustness in certain methods used in this work. As has been highlighted in 
Chapter 2, phagocytic killing assays are very difficult to perform in a reproducible manner. The 
experience from literally, hundreds of these types of assays is that they are more reliable when 
comparing within a strain, rather than between strains. 

The use of inhibitors and chelators

Removal of cholesterol can deplete intracellular calcium stores203, 333. This is a potentially serious 
flaw, and we tried to limit the depletion time, more aiming to reduce and not completely abolish 
the plasma membrane cholesterol. If we are unlucky, the similarities of cholesterol- and calcium-
depletion, might be that both are effects of impaired calcium-signaling. Still, the upregulation 
of membrane rafts would still be relevant, as would the link between azurophilic granules 
and rafts. Despite its problems Met-β-CD is the best available drug for disrupting membrane 
rafts25. Chelation of calcium is not without its concerns, but the combination of the chelators 
BAPTA-AM and EGTA makes likely that most free calcium is bound, both intracellular and 
extracellular158. The fact that we measured the calcium levels and could restore the phenotype 
when re-introducing calcium, make it likely that under those conditions our findings were 
calcium-specific. 

On the stability (or non-stability) of filipin

We have had large difficulties in visualizing cholesterol, specifically using the antibiotic filipin III 
which bind (and can disrupt biological membranes) to cholesterol and start to fluoresce38. This 
was until discovering the problem, the incredibly low stability of solubilized filipin at -20 (about 
24h [sic]). We reviewed the literature and found relatively few mentions of this. Unfortunately, 
it seems that many researchers are analyzing weak auto-fluorescence (hence often described as 
difficult to observe), when in fact the fluorescence is very strong and clear108. We used live staining 
and under those conditions the fluorescence do bleach quick, which makes quantitative studies 
difficult, even when keeping the same exposure times. The solution is to use internal controls, 
in our case we normalized the phagosomal fluorescence to that of the plasma membrane of the 
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same cell. If anything, this will likely lead to an underestimation of any effects of cholesterol 
depletion, as it is mainly the plasma membrane that loses cholesterol, increasing the relative 
signal on those phagosomes (we observed the opposite).

The use of microscopy 

The fluorescence microscope is a very powerful technique. However, its main strength lies in 
making qualitative assessments and it can be subject to unintentional bias from the microscopist. 
If possible the blinding of slides is recommended. This was clearly evident when I wanted to 
investigate the importance of growth phase for granule membrane traffic during phagocytosis 
of the AP1 and BMJ71 strains. To save time, for certain experiments stationary phase bacteria 
were used instead of waiting for the bacteria to reach the exponential growth phase. Although 
very difficult to quantitate, with experience it is possible to qualitatively assess localization of 
granules to bacteria-containing phagosomes. When using non-blinded samples, we thought 
that we could see a difference between the two strains at all conditions, even though to our 
credit we said it was very difficult. However, when blinding the samples, we were only certain 
about a selection of slides. After revealing the identity, it was evident that growth phase was 
very important for the reported azurophilic granule-phagosome fusion inhibition phenotype 
(Nordenfelt and Tapper, unpublished observations). This is not strange at all since M protein is 
expressed during exponential growth265, and SpeB (a broad specificity protease that releases M 
protein from the surface of AP1) is expressed during stationary phase74.

It is also possible to use microscopy for quantitation, but this usually requires very well prepared 
slides (with low background staining) or larger prey like zymosan particles. Kinetic analysis with 
multiple time points make any findings stronger as any potential errors would be much more 
evident when analyzing a trend (see Fig. 5, Appendix III). If possible, automated image analysis 
is preferable, but is only possible with very strong and clear signals389. 

Our contributions to the field

All of my projects have revolved around the neutrophil, phagocytosis and S. pyogenes. The 
findings regarding the S. pyogenes phagosome is summarized in Figure 5.1. Otherwise, our 
main contributions would be first and foremost the introduction of a new phagosome isolation 
technique. This will hopefully develop the field further and increase the understanding regarding 
phagocytosis in general, and neutrophil phagosomes in particular. The findings regarding the 
possibility of different mechanisms for early and late phases of neutrophil phagocytosis might 
lead to new discoveries regarding how granule delivery is regulated. The simple fact that calcium 
is not necessary for granule targeting and fusion opens up new avenues of research. Our successful 
use of differentiated HL-60 cells as a model for neutrophils is more or less common knowledge, 
but we have shown their usefulness even for very specific aspects of neutrophil biology. Finally, 
the creation of magnetic bacteria might also be useful within many other fields.
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Central themes

On the maturation of neutrophil phagosomes

When encountering descriptions of the phagocytic process in the scientific literature, these are 
nearly always the same, or at least very similar; this is regardless of phagocyte or prey. Typically, 
there is the description of a nascent phagosome, completely devoid of any antimicrobial capacity, 
resembling an early endosome. Gradually, through interactions with the endocytic pathway it 
will mature and eventually become a lysosome-like organelle. This is essentially a description 
of the most studied phagosome, the macrophage phagosome, and likely after eating a latex bead 
or red blood cell. As I hope to have conveyed in this thesis, the formation and maturation of 
a neutrophil phagosome is vastly different from the macrophage counterpart. That includes 
the content, membrane composition, pH and likely signaling as well. A striking feature is the 
speed at which the neutrophil is able to engage, engulf, and kill a pathogen.  In macrophages the 
process is in comparison rather slow, going through what sometime seems to be discrete stages, 
from a non-antimicrobial to the harsh milieu of the phagolysosome. So can we talk about the 
maturation of a neutrophil phagosome? If one defines or equates phagosome maturation with 
the capacity to kill microbes, there might be basically no maturation of neutrophil phagosomes; 
the time it takes for them to kill microbes seem phenomenal, which is definitely within minutes 
or perhaps even seconds. However, it might perhaps be more logical to look at it from a content 
perspective rather than a functional one, and in this context the maturation is not finished until, 
and if, a steady-state is reached. Then one might ask: is it important to talk about phagosome 
maturation in neutrophils? It is, at least when we are discussing host defense against pathogens. 
How much maturation, or to put in another way, how much “mature” phagosome content is 
needed to be delivered to kill a pathogen? For this to be answered, detailed kinetic studies of 
neutrophil phagosomes are needed, both with model particles and those containing pathogens. 
The order, if there is any difference in time, of the fusion of the various granule types has to 
be determined. Also, the relative amount of granule or vesicular content in phagosomes are 
other interesting avenues. Then, we will likely find typical patterns of phagosome content and 
can describe the maturation progress over time, even though the timescale will be completely 
different from that of macrophages.   

The dynamic phagosome

Another recurring theme of this thesis would be the dynamic nature of the neutrophil 
phagosome. This can be separated from maturation in the sense that disregarding the occurrence 
of maturation as described above, there is definitely a constant change of the composition of the 
phagosome, be it proteins, carbohydrates, lipids, or free ions. This makes it an ungrateful task to 
try and sort of what is happening. Is granule fusion the most important parameter for deciding 
the state of a neutrophil phagosome? Is it a question of full fusion or is it merely “kiss and run”? 
Some information has come from electron microscope studies, but since this technique cannot 
capture more than a frozen snap-shot, how to discriminate between fusion and fission? It would 
likely be impossible to deduce the dynamic state of phagosomes from such studies. The question 
of maturation can probably be solved using kinetic studies of isolated phagosomes, even though 
results in macrophages seem to indicate a much more complex picture than a simple progression 
from early to late stages of maturation353. Instead, to capture dynamics would require direct 
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Figure 5.1 - The S. pyogenes-containing phagosome
Presented here is the limited knowledge of the mechanisms that are active (or inactive) in S. pyogenes-
containing phagosomes in neutrophils. Once inside the phagosome, the bacterium disturbs the delivery of 
azurophilic granules (shown in Paper 1); it does not interfere with NADPH oxidase activity (Paper 1); it 
inhibits phagosomal proton delivery (Paper 4). From other studies it is also known that it does not have 
catalase; it has a number of proteases and endonucleases; it has a pore-forming enzyme, streptolysin O and 
can escape from the phagosome; it does not interfere with the delivery of specific granules. 
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observation of individual phagosomes over time. One such technique is the measurement of 
phagosomal pH as used in Paper 4 and it is interesting to observe how different phagosomes 
can be, even in the same cell; there can be several pH units (up to 100 times difference in proton 
concentration) between internalized bacteria. How many bacteria-containing phagosomes is a 
neutrophil capable of keeping at bay at the same time? Is this important for the outcome of an 
infection? And everything is made much more difficult in neutrophils due to the large NADPH 
oxidase activity present, as well as the problems with using molecular biology tools such as GFP-
tagging endogenous proteins. For now, we do not have the preparative or analytical abilities to 
start answering these questions, but it will be very interesting to see what the future will hold.   

Intracellular survival of pathogens

The intracellular survival of pathogens strikes a chord with most of us; it is something truly 
nasty knowing that we might have bugs hiding in our cells, out of reach from our immune 
defense. It is also what made me truly excited about my doctoral project. What if we could 
explain how this works, and then perhaps find new ways to fight it? It would be exciting enough 
just to unravel the specific mechanisms involved. There are plenty of reports of intracellular 
pathogens, but very few details is known about how they do it; more is known about the effects 
of their actions, such as higher pH or inhibition of fusion with the phagosome or changes to 
NADPH oxidase activity (see Chapter 4). What would be the clinical relevance of the survival 
of S. pyogenes following phagocytosis by neutrophils? One natural aspect to look into would be 
apoptosis as this could point to two pathways, either induction of apoptosis to promote spread to 
macrophages or inhibition to pro-long the lifespan of neutrophils for a continued safe haven (see 
Chapter 4). Examples from other pathogens show that both options are viable but so far our own 
studies have been inconclusive. Another possibility is the use of neutrophils as a way to spread 
out into the body (at least away from the site of infection) and is a concept recently shown228. Or, 
it could just be as simple as being able to withstand the first large counterattack from the human 
host (discussed more in next section). We are still a long way from explaining the molecular 
mechanism that the presence of M protein triggers, but we are starting to gain access to the tools 
needed for dissecting the problem. 

Evolutionary aspects – witnessing a partly one-sided arms race

S. pyogenes is more or less a strictly human pathogen; this implicates that it has evolved together 
with us for a long time. It also means that we can expect it to have multiple strategies for survival. 
If one looks as the vast number of articles published on S. pyogenes, as with most other subjects 
concerning biology, it is easy to be bewildered by the apparent disparate findings on many of the 
virulence factors. For instance, is M protein an anti-phagocytic molecule125 which bind fibrongen 
to hide from detection200, IgG220 or is it a secreted protein to induce vascular leakage166, or is it 
a molecule that acts upon intra-phagosomal signaling and mediates intracellular survival? To 
some extent, all of the above is probably true. From an evolutional viewpoint this is not strange. 
The ideal molecule is one that has multiple uses, each of which increases the chance of the species 
(or gene94) to procreate. The question is, under which condition do which function predominate? 

Lets go back to the definition of a pathogen – a microbe that cause disease – in humans this means 
it must be able to deal with innate immunity in some way, and hence neutrophils. And in this 
respect pathogens will have an evolutionary edge over the neutrophil. As evolutionary adaption 
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is based on the survival of an organism, the selection pressure is only active when something 
causes the death of an organism before it has been able to procreate. So neutrophils have most 
likely not evolved many specific measures against group A streptococci, unless we have had large 
epidemics affecting the survival of a large portion of the human species, forcing us to adapt. The 
streptococci on the other hand, together with other pathogens, must constantly evolve, as they 
are killed all the time when in contact with humans. The few that survive will have many genes 
helping them in overcoming our immune system, and due to it being the first obstacle, innate 
immunity in particular. Neutrophils would be a natural priority for pathogens, given the timing, 
large numbers and efficiency in the microbicidal ability of these immune cells. I would even 
go as far to state that I expect most pathogens to have found ways to survive intracellularly, at 
least during some phase of their life cycle. It would also be non-beneficial for the bacterium if it 
caused frequent human deaths; not only would it kill its own host, but far more serious for the 
whole bacterial species as such, it might also trigger an evolutionary human response. 

In evolution theory the Red Queen hypothesis is often brought forward as an example. It is 
originally from Lewis Carroll’s “Through the Looking-Glass”, where the Red Queen stated that it 
does not matter how fast you run, you will still be in the same place. In evolution it means that 
when species are co-evolving, any new innovation would be countered by something else, always 
keeping the balance. Despite our co-evolution with S. pyogenes, due to the reasons discussed 
above, it would seem unlikely that we have continued to evolve measures against this or most 
other pathogens, with some exceptions. In my view it is a rather one sided arms race. 

Evolving methodology        

For many PhD students, this is a common theme: the constant refinement of the experimental 
methods or models used. This is a necessity in science as in most cases answering one question 
opens up for further questions, and as the fidelity rises so does the technical requirements. This 
was also the case for me and the methodological advances that we have worked on within my 
doctoral project include the following: creating superparamagnetic bacteria; isolation of magnetic 
phagosomes; automation of magnetic separation; visualization and analysis of phagosomes; 
multiple assays for assessing intracellular survival; assessing gain of phagocytic ability; relative 
large-scale analysis of phagosomal pH kinetics; automated high-throughput image analysis. All 
of these examples are not published or successful enough to be worthy of that, but it highlights 
the nature of the research done. Unfortunately, there is a risk that the findings presented here 
might sometime in the future be overturned through advances in methodology. One can only 
hope to have contributed in some way.

Future directions

This is the concluding part of my thesis. There are so many unfinished projects and ideas to 
pursue that I could fill many pages, but I will limit myself to the few presented here. 

The obvious candidate project is the full characterization of the neutrophil phagosome. Using 
our magnetic technique it should be possible to compare many conditions, including kinetics 
and other particles or pathogens. What is needed is high-throughput quantitation, otherwise it 
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is easy to fall into the same descriptive type of analysis that most phagosome papers present. That 
approach is not good enough if one wants to be certain of what is happening. The quantitative 
analysis of multiple replicates from multiple time points should help in reducing background 
signals and point to the most important protein changes during neutrophil phagocytosis. Recent 
advances in quantitative proteomics might be the answer to this253. As I have discussed in this 
thesis, to reach full understanding of the dynamic phagosome, it is not enough to look at large 
samples and mean values: changes in individual phagosomes need to captured and taken into 
consideration. This can be achieved by live imaging of phagocytosis, likely with the molecular 
biology tools that have been used with so much success in macrophages. Thus, the combination 
of large-scale proteome studies need to be linked with individual kinetic measurements of 
phagosomes. 

A natural progression from this could be to analyze the genetic changes induced during 
phagocytosis. In neutrophils, the time-scale might be too short to make it really worthwhile but 
looking on the pathogen side of it would be highly interesting. This requires the purification of 
live bacteria at different time points after phagocytosis, but this should pose no problem if we 
have magnetic bacteria. 

Over the years neutrophils has mainly been regarded as killers and nothing else. They have also 
been thought of as something that is strictly part of innate immunity and the only link with 
the adaptive branch would be the use of Fc-receptors to recognize antibodies. The more we 
learn about neutrophils, the more is this view being challenged294. It would be very interesting 
to see what links can be found to adaptive immunity, such as antigen presentation in lymph 
nodes as recently suggested11. The high pH of dendritic phagosomes has been explained by their 
important role as antigen-presenting cells365, but could there perhaps be a similar function for 
neutrophil phagosomes? Exploring the synthesis of inflammatory mediators by neutrophils is 
another rapidly growing field that suggests cooperation within the whole immune system. 

A completely different direction would be to focus on improving the technology for making 
magnetic bacteria. At present, the method is based on magnetic dust that is present in commercial 
bead preparations. By developing a magnetic material that is more defined and designed for the 
purpose this might improve preparation times and find the optimal size for efficient magnetic 
retrieval. This will likely involve a magnetic colloid of some sort and could make large-scale 
production of magnetic bacteria of any kind possible. Such bacteria would be suitable for 
screening purposes in almost any field that involves bacteria. 
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