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ABSTRACT

SALMONELLA ENTERICA SEROVAR TYPHIMURIUM PROMOTES 

APOPTOSIS IN ACTIVATED NEUTROPHILS.

by

Christopher C. Wrocklage 

University of New Hampshire, December 2006

Apoptosis is an extremely important and highly regulated function in 

neutrophils. As the most abundant, but shortest-lived white blood cells, they 

must initiate this process in the absence of pathogens and selectively release 

their potent cytotoxic components when pathogens are present. Many 

pathogens are able to modulate this process in neutrophils, either for the host’s 

benefit or for their own. Previous work has shown that transmigration across a 

T84 intestinal epithelial crypt cell monolayer increases the ability of neutrophils to 

bind and kill Salmonella enterica serovar Typhimurium (S. Typhimurium).

The goal of this work was to see how S. Typhimurium affects the cell 

death rate of human PMN. S. Typhimurium had little to no effect on inactivated 

neutrophils. When neutrophils were activated, either chemically through phorbol 

12-myristate 13-acetate (PMA) or physiologically through transmigration, 

however, their normal apoptosis rate was delayed (p<0.0001). When S. 

Typhimurium was present at a ratio of ten bacteria to one neutrophil, apoptosis
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was significantly increased in these activated neutrophils more prominently when 

anaerobically grown (p=0.0027) compared to aerobically grown (p=.012).

Caspase-3 (p=0 .0129), but not -8 or -9, was associated with bacterial 

induced apoptosis in these studies. We conclude that S. Typhimurium 

modulates the rate of apoptosis in neutrophils, but only once these host cells 

have become activated. Our results provide further insights into the early events 

involved in Salmonella infections.
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CHAPTER I

INTRODUCTION 

Salmonella-associated Diseases

Salmonella species are Gram-negative, facultative anaerobic bacteria 

transmitted through the fecal-oral route that invade the enteric tract in humans 

and cause a wide variety of diseases. The type of disease seen in humans 

depends upon the serotype with which the patient is infected. This can range 

from mild gastroenteritis and similar food-borne illnesses (salmonellosis), caused 

by Salmonella enterica serotype Typhimurium (S. Typhimurium) and others, to 

sometimes fatal systemic illnesses like typhoid fever caused by Salmonella 

enterica serotype Typhi (S. Typhi). There are approximately 2000 serotypes that 

cause human disease but the three main serotypes seen in the United States are 

S. Typhimurium, Salmonella enterica serotype Enteritidis (S. Enteritidis) and 

Salmonella enterica serotype Newport (S. Newport) (CDC, 2005). Almost every 

case of disease in humans and domesticated animals belong to one of the 

serotypes of enterica (Fierer, 2001).

It is estimated that there are approximately 1.4 million cases of 

salmonellosis in the U.S. per year, but not all cases are actually reported and/or 

confirmed by culture. The actual current number of co-culture confirmed cases 

of salmonellosis per year is approximately 30,000 with greater than 500 of these

1
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cases becoming fatal (CDC, 2005). This is estimated to cost approximately $3 

billion annually in the U.S. alone (USDA, 2003). Cases of salmonellosis caused 

by either S. Typhimurium and S. Enteritidis have decreased 24% and 22% 

respectively since 1996, but cultures collected recently have shown increasing 

resistances to many antibiotics (CDC, 2005). This resistance is especially seen 

in fluoroquinolones, which is thought to be due to their use in livestock, since the 

prevalence of fluoroquinolone-resistant Salmonella increased rapidly after its use 

was sanctioned in food animals (WHO, 2005) Such clinical challenges make it 

more important to understand all the mechanisms behind Salmonella infections.

Infection from Salmonella species in humans normally occurs from 

ingestion of contaminated water and of food of animal origin including, but is not 

limited to meat, poultry, eggs and milk. Cases have been reported from 

vegetables infected from manure used as fertilizer as well. Transmission can 

also occur via human-to-human and animal-to-human contact (WHO, 2005). 

Symptoms of infection by Salmonella usually manifest within 5-7 days after the 

initial contact and include headaches, fever, abdominal cramps and diarrhea 

(CDC, 2005). Normally, approximately 105 to 1010 organisms are needed to 

overcome stomach pH and competition with normal microbiota to establish an 

infection (Darwin, 1999). Once colonization in the lower intestine has occurred, 

the bacterium begins to invade the mucosal layer, where it encounters host 

defenses. Diarrhea is one such defense against infection, as the production of 

fluid is a response generated in order to flush the intestines of the invading 

organisms. Healthy adults can usually resolve the infection without intervention,

2
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but salmonellosis can be a severe problem in immunocompromised patients, 

infants, and the elderly where it can spread from the intestinal mucosa to the 

bloodstream and cause a systemic infection (CDC, 2005).

Salmonella Interaction with the Intestinal Epithelium

Since it is an intracellular pathogen, Salmonella must first gain entry into 

host cells. The bacterium achieves this through specific virulence factors 

affecting both the surface of the host cell and its intracellular components. About 

4% of the S. Typhimurium genome encodes for virulence factors (Bowe et al., 

1998). Once the bacterium comes into close contact with the host cells, it 

initiates a novel program, which basically allows a normally non-phagocytic cell 

to phagocytose the bacterium, helping bypass host defenses. Depending on the 

host, Salmonella targets different cells in the epithelium for invasion. For 

instance in the case of the mouse Salmonella will target M cells (Jones, 1994), 

while in calves it will target both M cells and enterocytes, but prefers neither 

(Santos, 2002). Salmonella is able to do this through one of two type III 

secretion systems encoded in its genome, specifically at Salmonella 

pathogenicity island-1 (SPI-1), which contains genes involved in intracellular 

invasion (Galan, 1999). There are at least 19 proteins secreted by this system 

that act in conjunction to deliver the bacterial proteins into the host cell (Galan 

and Collmer, 1999). Four of these proteins (SpaO, InvJ, Prgl and PrgJ) are part 

of what is termed the “needle complex”, a rigid complex spanning both the inner 

and outer membranes of the bacterial membrane, which is structurally similar to

3
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flagellar complexes (Collazo et al., 1995). Three other proteins are needed for 

protein translocation across the host cell membrane, specifically SipB, SipC, and 

SipD (Collazo and Galan, 1997). All other proteins injected into the host are 

known as effector proteins and carry out various functions inside the host cell 

(Galan, 2001).

Salmonella uses these proteins to up- and down-regulate host cell signals 

to enter host epithelial cells in the intestines in a similar manner to that of 

phagocytosis. It is able to do this by rearranging the actin filaments in the 

cytoskeleton of the host cells, which creates what are termed “membrane ruffles” 

that engulf the bacterium. The first bacterial effector proteins involved are SopE1 

and SopE2, which act as guanine nucleotide exchange factors for Rho GTPases, 

specifically Cdc42 and Rac1, two proteins in the host cells that regulate the actin 

cytoskeleton (Hardt et al., 1998). A mutant strain of Salmonella lacking SopE1 

and SopE2 can still initiate cytoskeletal rearrangements. It achieves this through 

an alternative effector protein, SopB, which, unlike SopE and SopE2, does not 

act as an exchange factor for Rho GTPases (Galyov, 1997). Instead, the mode 

of action for SopB is through the manipulation of phosphoinositide metabolism, 

which indirectly stimulates Cdc42, but not Rac1 (Zhou et al., 2001).

Other important effector proteins involved in the initial cytoskeletal 

rearrangements are SipA and SipC, which bind actin and alter the dynamics of 

the actin in the host cell (Finlay, 2000). SipA is required for the bacterium to 

enter the host cell efficiently. It acts by inhibiting depolymerization of F-actin 

filaments causing them to undergo conformational changes, which triggers them

4
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to straighten and lose their natural shape (Zhou et al. 1999). The exact method 

by which the bacterium achieves this is unknown. SipC has two functions; the 

first is the translocation of the bacterial proteins across the host membrane.

SipC also works to modulate actin inside the host cell, but does so in a slightly 

different method than SipA. Specifically it has been shown that SipC is able to 

nucleate and bundle actin in vitro (Hayward, 1999), although a mutant lacking in 

all three activators of Rho GTPases (SopE, SopE2, SopB) cannot initiate 

cytoskeletal arrangement despite the fact SipC is fully able to translocate across 

the host membrane (Zhou et al., 2001). This indicates that SipC alone cannot 

mediate bacterial entrance into the host cell, despite its actin modulating 

properties.

The final step in Salmonella invasion is the reversal of all the previous 

steps to return the cell to its normal conformation. The effector protein 

responsible for this is SptP, and mutants lacking this protein are able to initiate 

the cytoskeletal rearrangements but unable to return the host cell back to its 

normal configuration (Fu, 1999). While SopE1 and SopE2 act as exchange 

factors for Rho GTPases, SptP has GTPase-activating protein activity for Rac1 

and Cdc42, but not for other related GTPases like Rho (Fu, 1999). In essence, 

when Salmonella releases SptP it is inactivating what SopE1 and SopE2 

originally activated and returning the host cell to its original state, except that the 

bacterium is now inside the cell and can more easily evade host immune 

responses. Once inside the host cell, Salmonella downregulates SPI-1, and 

upregulates SPI-2, which is responsible for intracellular survival.

5
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Innate Host Immune Response in the Intestinal Lumen

The innate immune system is extremely complex and this review will focus 

on only some of the major contributors involved in the initial association of 

Salmonella and the intestinal epithelium. The first line of defense against most 

pathogens is the epithelial gut lining, which acts as a barrier to small molecules 

and ions as well as invading pathogens (Kohler, 2002). Since Salmonella has 

developed strategies to bypass this barrier, as described above, other host 

defenses play a more significant role in providing protection against the invading 

bacteria. One of the first defense mechanisms comes from specialized 

enterocytes called goblet cells, which secrete large amounts of mucus. This 

mucus serves to aggregate adherent bacteria in the gut and reduce the force of 

the luminal stream (Neish, 2002). Another common host response involves 

flushing out the invading pathogens through fluid release. Typically, when 

epithelial cells receive certain signals, e.g., a spike in cAMP concentration, the 

enterocytes will release a chloride-rich fluid that causes the diarrhetic symptoms 

seen with Salmonella infection (Neish 2002). Another possible source of fluid 

release is the direct tissue damage caused by the influx of polymorphonuclear 

leukocytes (PMN or neutrophils) to the site of infection (Zhang, S., 2003). 

Epithelial cells also release various factors to communicate with and alter the 

hosts immune cells to better fight infection (Canny, 2006).

6
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Neutrophil Response

Neutrophils play an important role in the innate host immune response. 

They are short-lived, typically living about one to two days in vivo or about twelve 

hours in vitro, but are very potent killers during that time. They are also the most 

abundant leukocyte in the body, comprising up to 80% of the population of white 

blood cells. Typically, they are the first immune cells to arrive at the site of 

infection and attempt to kill as many pathogens as possible through phagocytosis 

and the release of reactive oxygen species (ROS) and cytotoxic granules. They 

also play a key role in inflammation and contribute widely to inflammatory 

diseases (Kobayashi, 2003). At the onset of infection, large numbers of PMN will 

migrate to the site of infection to destroy invading pathogens. A problem arises 

when the host cells themselves are also exposed to these cytotoxic components, 

and this may lead to the destruction of host tissue along with the pathogen, 

should the neutrophil undergo these defense processes (Weiss, 1989).

The first step in the neutrophil response is the migration of large quantities 

of neutrophils from circulation to the site of infection. To do this, the PMN must 

travel across the endothelium, through the lamina propria and across the 

epithelial layer to get into the intestinal lumen, and they do this in response to 

specific chemotactic signals released by epithelial cells, other phagocytes, and 

products of the pathogenic organisms themselves (McCormick, 1998). The most 

common and well-known chemoattractants are microbe-derived A/-formyl 

peptides (Omann, 1987), which cause neutrophils to polarize and orient their

7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



leading edge in the direction of the highest concentration of the chemoattractant 

and begin migrating towards it. Salmonella, however, does not use this method 

of migration (McCormick 1993). Instead, Salmonella induces the production of a 

substance called pathogen-elicited epithelial chemoattractant (PEEC) by 

epithelial cells, which serves to stimulate neutrophil transmigration in a manner 

independent of the N-formyl peptide receptor pathway (McCormick, 1998). The 

PEEC pathway is similar to other chemoattractants in most areas except that 

with PEEC there is no upregulation of superoxide production or degranulation of 

the PMN (McCormick, 1998). Transmigrated neutrophils also have altered 

surface properties after crossing the intestinal epithelial barrier. There is an 

upregulation of the CD47 receptor, but this has no effect on the number of 

bacteria internalized by the neutrophil, suggesting it plays a role in helping the 

PMN transmigrate, but does not effect phagocytosis (Hofman, 2000). 

Complement receptor 3 (CR3, CD11b/CD18) on the other hand, is also 

upregulated upon transmigration (Hofman, 2000) and has previously been 

described as playing an important role in phagocytosis of complement opsonized 

(Detmers, 1987) and unopsonized (Gresham, 1991) bacteria, and in the 

apoptosis rate of neutrophils (Walzog, 1997).

After neutrophils have reached the site of infection, they must recognize 

and destroy the pathogenic organism. Various molecules on the pathogen cell 

surface, such as peptidoglycan on Gram-positive bacteria and lipopolysaccharide 

(LPS) on Gram-negative bacteria are recognized by receptors on the neutrophil 

(Kobayashi, 2003). Many receptors on the neutrophil cell surface play a role in

8
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the recognition of foreign particles. As stated earlier, CD11b/CD18 plays a role 

in both complement-opsonized and unopsonized bacterial phagocytosis. Other 

important players are peptidoglycan recognition protein (Liu, 2000) and various 

Toll-like receptors (Armant, 2002). After recognition, the neutrophil will bind 

tightly with the pathogen and engulf it into a compact compartment called the 

phagosome. Granules inside the neutrophil will then bind to the phagosome and 

release their cytotoxic components into it within minutes of phagocytosis 

(Hampton, 1998).

Neutrophils have developed multiple mechanisms to kill invading 

pathogens. As stated above, some are detrimental not only to the invading 

pathogen, but also to the host itself. Probably the most effective killing 

mechanism by neutrophils is what is termed the oxidative burst, which is the 

production of reactive oxygen species (ROS) such as superoxide (02‘), hydrogen 

peroxide (H20 2), hydroxyl radicals, singlet oxygen, hypochlorous acid (HOCI), 

chloramines, nitric acid, and peroxynitrate (Hampton, 1998). These are 

produced through the nicotinamide adenine dinucleotide phosphate (NADPH) 

oxidase complex, which takes an electron from NADPH on the inside of the 

phagocyte and transfers it to an oxygen molecule on the outside of the cell to 

produce the aforementioned ROS (El-Benna, 2005). While superoxide is 

important in the neutrophil host response (Baboir, 1973) it is unclear whether it 

plays a direct role in pathogen destruction or is simply a precursor to hydrogen 

peroxide (Hampton, 1998). The same is true with hydrogen peroxide, which is 

only bactericidal at higher concentrations (Hampton, 1998) and is unlikely to play

9
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a direct role in microbial killing. These molecules work in conjunction with other 

bactericidal molecules, mainly myeloperoxidase (MPO), to achieve their killing 

ability.

Myeloperoxidase is a heme peroxidase that uses hydrogen peroxide to 

oxidize aromatic compounds to produce substrate radicals and is responsible for 

the majority of the oxygen consumption during the oxidative burst (Hampton, 

1998). MPO is found in more than one third of all granules in a neutrophil, which 

are termed primary granules because they are the first to appear during PMN 

maturation (Lehrer, 1990). MPO also oxidizes chloride ions and produces HOCI, 

which is the most potent oxidant in the neutrophil repertoire (Klebanoff, 1968). 

The myeloperoxidase/HOCI/H202 system is very important in the bactericidal 

effects of the neutrophil as seen with patients who suffer from chronic 

granulomatous disease (CGD). These patients have defects in the NADPH 

oxidase complex; their phagocytes cannot initiate an oxidative burst and are 

therefore much more susceptible to infections (Lekstrom-Heimes, 2000). The 

radicals produced can have varying targets on the bacterium including iron-sulfur 

proteins, membrane transport proteins, adenosine triphosphate (ATP)-generating 

systems, and the origin of replication site for DNA synthesis (Hampton 1998).

Along with the oxygen-dependent mechanisms discussed above, 

neutrophils also employ some oxygen-independent methods of microbial killing. 

These include antimicrobial polypeptides that reside in both the primary and 

secondary granules of the neutrophil (Lehrer, 1990). Primary granules contain 

polypeptides such as defensin, cathepsin G, azurocidin, bactericidal/permeability

10
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increasing factor (BPI), elastase, collagenase and [beta]-glucuronidase and 

constitute the majority of the antimicrobial polypeptides in the neutrophil (Lehrer, 

1990). Secondary granules contain lysozyme, lactoferrin, vitamin B-12 binding 

protein, adhesion receptors, chemoattractant receptors, gelatinase, and 

cytochrome b (Lehrer, 1990). These proteins act in various ways to help the 

neutrophil fight invading pathogens in an oxygen-independent manner. Both 

oxygen-dependent and -independent mechanisms result in the neutrophil 

undergoing necrosis and being phagocytosed by macrophages (Haslett, 1999). 

Another more recent theory for oxygen-independent microbial killing is through 

the use of what has been termed neutrophil extracellular traps (NETs) 

(Brinkmann, 2004). NETs are made up of granule proteins and chromatin, are 

used by the neutrophils to bind both Gram-positive and -negative bacteria, and 

degrade virulence factors produced by these bacteria. Bacteria trapped by these 

NETs are prevented from spreading and are closer to the antimicrobial response 

generated by the neutrophil.

Macrophage Response

In contrast to neutrophils, macrophage are much longer-lived cells and are 

the mediators of the immune response through the release of various cytokines, 

chemokines and other inflammatory mediators. They mature from monocytes 

and enter many different tissues throughout the body. Typically, they are the first 

cells to encounter pathogens, and begin signaling for neutrophils and eventually 

other macrophage to migrate to the site of infection (Janeway, 2005). Also unlike

11
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neutrophils, macrophages have a decreased ability to produce ROS and are not 

as potent killers as neutrophils in this regard (DeLeo, 2004), although the ROS 

produced are the same as neutrophils (Janeway, 2005). Although they differ 

from neutrophils in these specific instances, their general method of action is still 

similar. While neutrophils generally phagocytose only pathogens, macrophages 

indiscriminately phagocytose almost any foreign particle to break it down and the 

process of recognition and phagocytosis is nearly identical to that of neutrophils.

One of the main functional differences between neutrophils and 

macrophages is that macrophages can act as antigen-presenting cells. Though 

less potent than dendritic cells, macrophages can be stimulated to produce co

stimulatory and MHC class II molecules to activate naive T-cells (Janeway, 

2005).

Neutrophil Cell Death

As neutrophils are naturally short-lived they must have a method of death 

that does not release their cytotoxic components and damage host cells. This 

method is through programmed cell death or spontaneous apoptosis and occurs 

without the release of the cytotoxic components. When neutrophils undergo 

apoptosis they lose their ability to release their cytotoxic granules and are 

cleared by macrophages without inducing the macrophage to undergo an 

inflammatory response (Haslett, 1999). Normally, when a neutrophil 

phagocytoses a pathogen, it releases its granule contents to destroy the stimulus 

that originally activated it. The neutrophil undergoes spontaneous apoptosis to

12
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halt further granule release, which will lead to cell disintegration (necrosis); the 

cellular debris will eventually be cleaned up by macrophage (Haslett, 1999). If 

apoptotic neutrophils are not cleared by macrophages and allowed to undergo 

necrosis, they will release their cytotoxic components and cause more damage to 

the host, so regulation of neutrophil cell death is very important (Maianski, 2004). 

Cell death can be upregulated or downregulated by different stimuli and while 

apoptotic and necrotic cells share some characteristics, they also have unique 

characteristics, which allow them to be distinguished from one another.

Apoptosis is a natural form of cell suicide. Typical characteristics of 

apoptosis are membrane blebbing, nuclear condensation, DNA fragmentation, 

and cysteinyl-aspartate specific protease (caspase) production. In the case of 

the neutrophil it allows the cell to kill itself without harming other host cells around 

it. Neutrophils can undergo two routes of apoptosis, one of which is stimulated 

by outside factors that stimulate death receptors such as tumor necrosis factor-a 

(TNF-a) and Fas-ligands, which has been termed the extrinsic pathway. This 

pathway operates by activating caspase-8, which in turn activates caspase-3, the 

protease that triggers the cascade leading to cell death (Maianski, 2004). 

Obviously, neutrophils have a method of programmed cell death that can be 

utilized without outside influence though, as they are so short-lived. This method 

of cell death is achieved through the mitochondria, which activate caspase-3, like 

the extrinsic pathway, but does so through different intermediates, namely 

various Bcl-2 proteins and other caspases such as caspase-9 (Maianski, 2004). 

This has been termed the intrinsic pathway.
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Caspase-3 is known as an executioner caspase and works by cleaving 

various substrates in the cell that lead to most of the classic cellular symptoms of 

apoptosis. In fact, of all the known caspase substrates 42 of the 58 are cleaved 

by caspase-3 (Porter, 1999). The first typical characteristic of apoptosis is 

membrane blebbing, where the membrane loses its tight formation and begins to 

“bleb” outwards. This is caused by the cleavage of actin-binding protein a-fodrin 

by caspase-3 (Nath, 1996). Actin is very important in controlling the structural 

integrity of the cell as discussed in relation to Salmonella and its ability to 

modulate actin to cause membrane ruffles during its infection strategy. Caspase- 

3 also cleaves gelsolin to produce fragments, which have been shown to break 

actin filaments and induce anchorage-dependent cells to detach, undergo 

nuclear condensation and DNA fragmentation (Kothakota, 1997). Another 

common trait of apoptosis is DNA fragmentation, which is also mediated by 

caspase-3. In this case, the CAD endonuclease is responsible for the DNA 

fragmentation seen during apoptosis, but its function is normally inhibited by 

ICAD/DFF-45 (Sakahira, 1998). Caspase-3 works by cleaving ICAD/DFF-45 at 

the carboxy-terminal end and thereby activating the CAD endonuclease activity 

(Tang, 1998).

Apoptosis can be triggered by many external or internal signals. Some 

signals are created by host cells themselves, presumably to help mediate the fine 

balance between the life and death of neutrophils that keep their destructive 

properties in check. Upregulation of certain receptors on the neutrophil cell 

membrane have been shown to promote apoptosis. For instance, after
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transmigration the CR3 receptor is upregulated and this receptor has been 

shown to work in conjunction with TNF-a to promote apoptosis (Walzog, 1997). 

Growth factors such as G-CSF and GM-CSF, and cytokines such as IL-8, IL-1f3 

and IFN-y have also been shown to increase the survival time of neutrophils by 

staving off normal apoptotic function (Maianski, 2004).

Modulation of Apoptosis by Pathogens

Along with various chemical signals, apoptosis can be modified by the 

ingestion of pathogens; this is called phagocytosis-induced cell death (PICD). 

PICD is a form of apoptosis that uses the extrinsic pathway and is dependent on 

the CD11b/CD18 receptor and ROS production (Zhang, B., 2003). Apoptosis in 

neutrophils and macrophages have different characteristics and consequences in 

relation to the immune response. As reviewed earlier, macrophages have a 

much longer lifespan compared to neutrophils and have a much more active role 

in shaping the immune response. Also, the cytotoxic capabilities of 

macrophages are less than those of neutrophils; because of this, macrophages 

are much more susceptible to bacterial invasion (DeLeo, 2004), including 

Salmonella (see below). Conversely, neutrophils are extremely cytotoxic and 

very short-lived. They are very inhospitable to bacterial survival and growth. In 

this case, it is beneficial for bacteria to stop PICD and therefore delay neutrophil 

turnover. There have only been two bacterial pathogens shown to be able to not 

only survive, but replicate inside the neutrophil: Anaplasma phagocytophilum and 

Chlamydia pneumoniae (Deleo, 2004). Many bacteria, however, have been
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shown to modulate neutrophil apoptosis through various molecules. Typical 

virulence factors that have been shown to modulate neutrophil apoptosis are: 

lipopolysaccharide (LPS) (Hofman, 2001), lipoteichoic acid (LTA) (Lotz, 2003), 

phenol-soluble modulin (Liles, 2001) and various enterotoxins (Moulding, 1999). 

In each case the bacteria modulate the normal cell death processes to the 

advantage of the bacterium, although PICD can override any adjustments by 

virulence factors (Englelich, 2001).

Salmonella Survival in Macrophage

Perhaps Salmonella’s greatest advantage when infecting a host is its 

ability not only to survive, but also to replicate inside a human macrophage. It is 

able to achieve this by being able to modulate the cell death rate of the 

macrophage and its ability to stop the oxidative burst from occurring inside the 

macrophage. Along with SPI-1, discussed in an earlier section, Salmonella also 

has a pathogenicity island with genes dedicated to intracellular survival: 

Salmonella pathogenicity island-2 (SPI-2), a collection of genes at centisome 30 

of the Salmonella chromosome (Vazquez-Torres, 2000). It was first shown that 

SPI-2 was important for intracellular survival by comparing wild-type Salmonella 

to SPI-2 mutants, which showed that macrophages incubated with the wild-type 

bacteria could not localize the NADPH-oxidase complex with the phagosome, 

while macrophages with the SPI-2 mutants showed no difference from that of 

control macrophages (Vazquez-Torres, 2000). This was later attributed to the

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ability of Salmonella to exclude or remove flavocytochrome b558 from the 

phagosomal membrane, which subsequently prevents the NADPH-oxidase 

complex from assembling effectively, stopping the oxidative burst (Gallois, 2000).

Other virulence factors released by Salmonella have also been shown to 

mediate the cell death rate of the human macrophage. The factor SipB 

discussed above as playing a role in translocating other virulence factors across 

the host membrane has also been shown to induce apoptosis in human 

macrophages (Hersh, 1999). It achieves this by associating with and 

subsequently activating the host protein caspase-1, which is necessary for 

cytotoxicity and cell death.

Most virulence factors produced by Salmonella delay macrophage 

apoptosis. The first factors that modulate macrophage cell death are termed 

pathogen-associated molecular patterns (PAMPs), which are conserved regions 

on the pathogen recognized by phagocytes. These can be structures such as 

LPS and flagellin (Hueffer, 2004). The second group of molecules is the 

virulence factors produced through the two type III secretion pathways (SPI-1 

and SPI-2) discussed earlier (Hueffer, 2004). The factors work to regulate the 

natural cell death rate in a way such that Salmonella can survive and replicate 

inside the macrophage.

Salmonella -  Neutrophil Interaction

Salmonella was first shown to have an effect on human neutrophils in 

1972 in studies on S. Typhi, which showed that Salmonella species do not
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induce an oxidative burst (Miller, 1972). The events may be similar to what is 

seen in the macrophage: Salmonella is able to disrupt the normal neutrophil 

oxidative burst by misdirecting the NADPH-oxidase complex formation in the 

phagosomal membrane (Rosen, 2004). Also, some strains of S. Typhiumurium 

have been shown to induce lysis in human PMN (Chiu, 1999). Previous work in 

our laboratory has shown that when neutrophils transmigrate across a cell culture 

intestinal epithelial layer, they have an increased ability to bind to and kill S. 

Typhimurium, and that there is no oxidative burst released by the neutrophil 

(Nadeau, 2002). The current work focuses on the same events, but examines 

the effect of these bacteria on the cell death rate of the neutrophil.

Relevance

Salmonellosis is still a problem across the world today and understanding 

the mechanisms involved in its infection strategy is extremely important. This is 

especially important when examining neutrophils as they comprise up to 80% of 

all white blood cells, are the first to arrive during an infection, and have a 

devastating ability to destroy not only pathogens, but host cells as well. This 

ability is tightly regulated by their natural death rate: as they are short-lived and 

constantly being replaced, they need to die without releasing their cytotoxic 

components. Since bacteria have already been shown to be able to modify the 

natural death rate of neutrophils and Salmonella has been shown to alter 

macrophage cell death already, it is important to study how Salmonella 

influences this process in the neutrophil.
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CHAPTER II

MATERIALS AND METHODS 

Reagents

Unless stated, all reagents used were obtained from Sigma-Aldrich (St. 

Louis, Missouri).

Bacterial Strains and Growth Conditions

S. Typhimurium 14028 (wild-type) was cultured as previously described 

(Lee, 1990). Bacteria were grown and isolated on nutrient agar (NA) plates.

One colony of bacteria was removed and grown in 20 mL of LB broth (Miller) (EM 

Science, Darmstadt, Germany) at 37gC under agitating conditions to stationary 

phase, approximately 8 hours. To upregulate type III secretion, and 

subsequently virulence, the bacterial culture was then grown anaerobically by 

inoculating 100 pL of the aerobic culture into 20 mL of LB broth at 372C 

overnight, approximately 18 hours. This typically resulted in 5x108-1x109 

CFU/mL; the exact CFU/ml were calculated through plate counts on NA plates.

Cell Culture

T84 intestinal epithelial crypt cells (American Type Culture Collection, 

Rockville, Maryland) (passages 50-80) were grown in a 1:1 mixture of Dulbecco’s
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Modified Eagles Medium (DMEM) nutrient mixture and Ham’s F12 

supplemented with NaHC03 (14mM), Hepes buffer (15mM), penicillin (100,000 

units/L), streptomycin (100mg/L) and 5% fetal bovine serum. Cells were grown 

at 3720, in 5% C02 in 75-cm2 tissue culture flasks (Corning Inc., Corning, New 

York). Medium was replaced twice weekly with 15 mL of fresh medium and 

subcultured weekly.

T84 cells were subcultured by removing spent medium and washing in 

Ca++ and Mg++ free buffered saline for approximately 1 minute. Four-to-five 

milliliters of 0.25% trypsin EDTA was then added on top of the entire monolayer 

and allowed to incubate at 37gC, 5% C02 for approximately 30 minutes or until 

the cells detached. The flask was then tapped smartly against a hard surface to 

detach all cells. The trypsin was inhibited by adding 10mL of fresh medium into 

the flask and the cell solution was transferred into a 50mL conical centrifuge tube 

and centrifuged for 10 minutes at 250xg. After centrifugation the supernatant 

was discarded, the pellet was resuspended in 2mL of fresh media, and the viable 

cell concentration was determined using trypan blue exclusion dye. New 75-cm2 

flasks containing 15mL of fresh medium were then seeded with approximately 1- 

5x106 viable cells.

T84 Growth on Transwell Inserts

T84 cells were grown on 6.5-mm diameter cell culture transwell inserts 

with 5.0-pm pore size polycarbonate membranes (Corning Inc., Corning, NY). 

The inserts were first removed from their 24-well plates and placed inverted in a
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150 x 25-mm Petri dish (Becton Dickinson, Franklin Lakes, NJ). Approximately 

100pL of 0.1mg/mL rat tail collagen was added to the tops of each of the inserts 

and allowed to incubate overnight under ultraviolet light to facilitate the cross- 

linking of the collagen. The collagen solution was then removed and the inserts 

were washed by dipping them in medium to remove the unattached collagen. 

Inserts were reinverted in the Petri dish and approximately 1x105 to 1x106 

cells/mL were added on top of the inserts. The inserts were incubated at 37SC, 

5% C02 for 6-8 hours to allow cells to attach. After the incubation, the inserts 

were placed back into the wells of a 24-well plate with 1 mL of medium in the 

lower (apical) chamber and 100 pL of medium in the upper (basolateral) 

chamber. This allows for basolateral feeding similar to in vivo conditions.

Medium in both chambers was replaced every 3-4 days. Monolayers typically 

became confluent after approximately 2 weeks; this was confirmed on a 

voltohmmeter using chopstick electrodes (World Precision Instruments,

Sarasota, FL). Resistance ensures a confluent and polarized monolayer that 

mimics an in vivo state in vitro\ this is typically associated with a reading of 400 

Q/cm2. The inserts have an area 0.33cm2, so only inserts registering above 1200 

Q were used for transmigration.

Neutrophil Isolation

Human neutrophils were isolated from anticoagulated whole human blood 

using density centrifugation (English, 1974). Blood was collected from volunteers 

using Vacutainer brand Blood Collection Sets into Vacutainer tubes containing K2
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EDTA anticoagulant; filled tubes were inverted gently to ensure complete mixing 

of the blood and anticoagulant. In a 50-mL conical centrifuge tube the following 

were layered: 10mL of Histopaque 1119 on the bottom, 10 mL of Histopaque 

1077 next and 20-25 mL of whole human blood on top. Each reagent was added 

very slowly to prevent any mixing between layers and ensure that a sharp 

definition between each layer could be seen. The tubes were then centrifuged at 

700xg for 30 minutes at room temperature (RT). After centrifugation 6 distinct 

layers could be seen. The top plasma, mononuclear and histopaque 1077 layers 

were aspirated leaving the granulocyte layer on top and intact. This layer was 

then removed using a serological pipet and put into a new 50-mL centrifuge tube, 

mixed with an equal volume of balanced salt solution and centrifuged at 250xg 

for 10 minutes at RT. The supernatant was discarded and residual red blood 

cells were lysed through osmotic pressure. Specifically, the pellet was 

resuspended in 20 mL of cold 0.2% NaCI solution for approximately 30 seconds, 

then returned to isotonicity by the addition of 20 mL of 1.6% NaCI solution. The 

cell solution was then centrifuged at 250xg for 10 minutes at RT. This was 

repeated as many times as necessary until virtually all of the red blood cells were 

disrupted. Once the red blood cells were lysed, the neutrophils were 

resuspended in Hank’s Balanced Salt Solution without divalent cations (HBSS-), 

and counted in 2% acetic acid in a hemocytometer. Neutrophils were then 

resuspended at the desired concentration in HBSS with divalent cations 

(HBSS+), and 10mM HEPES. This procedure creates a cell suspension in which 

90% or more of the cells are morphologically neutrophils.
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This study was approved by the University of New Hampshire’s 

Institutional Review Board for the Protection of Human Subjects (approval 

#2609) and was conducted in accordance with all the guidelines set forth in that 

approval (See Appendix).

Bacterial/Neutrophil Association -  Dose Response

To determine the ideal bacteria:neutrophil ratio, bacteria were added to 

neutrophils at 10-fold ratios from 1:1 to 1:1000. Neutrophils were isolated as 

described above and resuspended at a concentration of 1x105 cells/mL. One 

milliliter of this solution was then added to 15 separate wells of a 24-well plate for 

each condition. An overnight bacterial culture (-1x109 CFU/mL), grown under 

the conditions noted above, was washed three times in HBSS+, diluted as 

appropriate, and subsequently plated for exact CFU determination. One-hundred 

microliters of each dilution, undiluted stock, or HBSS+ alone was then added to 1 

ml of a neutrophil suspension. All samples were incubated for 12 hours.

Cell Death Enzyme-linked Immunosorbent Assay (ELISA)

Cell death was quantified using an ELISA kit detecting DNA fragments 

characteristic of apoptosis. This kit was obtained from Roche Diagnostics 

(product #1 774 425), Penzberg, Germany and the following protocol was 

adapted from the one provided by the manufacturer (Fig 1).

Sample preparation: In all assays neutrophils were resuspended at a 

concentration of 1x105 cells/mL. For every sample tested a 100 pL aliquot
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Figure 1: General cell death ELISA protocol. Adapted from Roche Diagnostic 
protocol 1 774 425.
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(—1x104 cells) was added in triplicate to a 96-well v-bottom plate. The plate was 

then centrifuged at 200xg for 10 min at RT. The supernatant was removed from 

each well and saved for testing as the necrotic sample. The cell pellet was then 

resuspended in 200pL of lysis buffer and incubated at RT under gentle shaking 

conditions for 30 minutes.

ELISA: After the incubation the plate was centrifuged at 200xg for 10 min to 

remove cellular debris; this is the apoptotic sample. During the centrifugation the 

immunoreagent, containing both the anti-DNA peroxidase conjugated and anti- 

histone biotin conjugated antibodies, was prepared by adding 1/20th of a volume 

of each antibody with 18/20th of a volume of incubation buffer. In triplicate, 20 pL 

from both the apoptotic and necrotic samples was added to separate wells of the 

streptavidin coated microplate along with a background and positive control. The 

immunoreagent (80 pi) was then added to each well and the assay systems were 

incubated for 2 hours at RT, with gentle shaking. After incubation, each well was 

washed three times with 250 pL of incubation buffer, making sure to remove the 

buffer carefully after each wash. Freshly prepared 2,2”-azino-bis(3- 

ethylbenzthiazoline-6-sulfonic acid) (ABTS) solution (100 pi) was added to each 

well and the assays were incubated for approximately 10 minutes or until the 

color developed completely. The plate was then read on a Bio-Rad 3550 

microplate reader at 405nm and a reference wavelength of 495 nm.
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Phorbol 12-myristate 13-acetate optimization

Varying concentrations of phorbol 12-myristate 13-acetate (PMA) were 

added to replicate neutrophil samples of 1x105 cells/ml from 100 ng/ml to 1 

pg/ml. Aliquots (100 pL) of each sample were added in triplicate in a 96-well 

plate to the neutrophil samples; neutrophils with no added PMA were also 

included. After 8 h the samples were treated as described in the Sample 

Preparation section above and stored at 4eC until the ELISA was performed.

Neutrophil activation with PMA and incubation with S. Typhimurium

S. Typhimurium was grown both aerobically and anaerobically for these 

studies. Neutrophils suspensions were prepared at a concentration of 1x105 

cells/mL and pretreated with PMA at a concentration of 100 pg/ml. Aliquots of S. 

Typhimurium, grown either anaerobically or aerobically, at a ratio of one 

neutrophil to 10 bacteria or 100 bacteria were then added. Ten different 

conditions were tested.

1) Neutrophils with no PMA or bacteria
2) Neutrophils with no PMA +1:10 anaerobic bacteria
3) Neutrophils with no PMA +1:100 anaerobic bacteria
4) Neutrophils with no PMA +1:10 aerobic bacteria
5) Neutrophils with no PMA +1:100 aerobic bacteria
6) Neutrophils with 100 pg/ml PMA, no bacteria
7) Neutrophils with 100 pg/ml PMA +1:10 anaerobic bacteria
8) Neutrophils with 100 pg/ml PMA +1:100 anaerobic bacteria
9) Neutrophils with 100 pg/ml PMA +1:10 aerobic bacteria
10) Neutrophils with 100 pg/ml PMA +1:100 aerobic bacteria

Seven 96-well plates were set up with triplicate wells and incubated at 5% 

C02, 37eC. Every 4 h, up to 24 h, one plate was removed and the samples were
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prepared as described above. These samples were stored at 42C until assessed 

by ELISA.

Neutrophil Transmigration

Once satisfactory T84 confluency was reached, inserts were washed in 

HBSS+ and placed in a low attachment 24-well plate (Corning Inc, Corning, New 

York) containing 1 mL of HBSS+ and 10 mM of HEPES in the lower chamber and 

100 pL of HBSS+ in the upper chamber. The inserts were incubated for 1 h at 

37eC, 5% CO2 to allow T84 cells to equilibrate in the HBSS+. Inserts were 

washed two more times with HBSS+. Three controls were set up along with the 

T84 cellular inserts: (a) acellular inserts (inserts without T84 cells), (b) fMLP 

(transmigration system with fMLP in the chamber), and (c) no transmigration 

(PMN that were not exposed to the transmigration system). The transmigration 

plates were set up as depicted in Figure 2. fMLP (10pL of 10'5M) was then 

added to each of the transmigration, acellular control and fMLP control wells to 

create a chemotactic gradient to attract the neutrophils. No fMLP was added to 

the negative control. Neutrophils were isolated as described above and 

resuspended at a concentration of 5.0x107 cells/mL and 20 pL of the neutrophil 

cell suspension was added to each of the insert upper chambers for the 

transmigration and acellular control and to the wells themselves for the fMLP and 

negative controls. Each plate was then incubated for 2 hours at 379C, 5% CO2 . 

At the end of the incubation inserts were removed with forceps and tapped gently
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Figure 2. Design of transmigration assay. Neutrophils were extracted and 
transmigrated across T84 intestinal epithelial cells grown on special cell culture 
inserts and attracted across by N-formyl-L-methionyl-L-leucyl-L-phenylalanine 
(fMLP). Neutrophils were also exposed to three control conditions: 1) Migration 
across cell culture inserts with no T84 cells grown on them with fMLP to ensure 
crossing the permeable membrane on the insert was not causing activation, 2) 
Neutrophils just in the presence of the chemoattractant fMLP to show they were 
not being chemically activated and 3) Non-transmigrated neutrophils -  negative 
control. The four wells for each condition were combined after a 2h incubation at 
37C, 5% C02, each condition was then counted on a hemocytometer and 
resuspended at a concentration of 1x105 cells/mL.
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against the side of the well to remove all residual neutrophils. All wells were 

combined for each condition, and the PMN were counted and resuspended at a 

concentration of 1x105 cells/mL Salmonella was added at ratios of 10 and 100 

bacteria to 1 neutrophil, for both transmigrated and non-transmigrated 

neutrophils. Seven identical 96-well plates were set up with 100pL of each 

condition in triplicate. At each time point samples were prepared from one 96- 

well plate; these samples were stored at 4eC until assessed by ELISA.

Caspase-3, -8 and -9 colorimetric assay

The following protocol was adapted from Biovision protocol K106-25 

(Mountain View, California, USA). Samples were set up at neutrophil 

concentrations of approximately 1 -5x106 cells/ml and incubated with PMA and 

varying ratios of neutrophils:S. Typhimurium as described above. Aliquots (100 

pi) of each sample were placed in a sterile 96-well cell culture plate and samples 

were collected at time zero and 3 h and tested for caspase activity. Each plate 

was centrifuged at 250xgr for 10 minutes and resuspended in 50 pL of chilled 

lysis buffer. All plates were kept on ice for 10 minutes and then centrifuged at 

3,700xg for 2 minutes. The cytosolic extract (supernatant) was removed and put 

into new wells. The protein concentration of these wells was then determined 

using a microplate Bradford assay.

Briefly, 180 pi of Bradford’s reagent was added to each well and a 

standard curve of bovine serum albumin (BSA) from 0 pg to 30 pg was 

established. Aliquots (20 pL) from each sample were tested. Each sample was
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analyzed in triplicate. The cytosolic extract was diluted 1:10 and 1:100, and 20 pL 

aliquots of these dilutions were also analyzed. All wells were allowed to incubate 

for approximately 5 minutes and then read at 600 nm on a plate reader. The 

unknown cytosolic extract protein concentration was determined from the BSA 

standard curve.

Approximately 100-200 pg of protein was added to a new well in a 96-well 

plate and the total volume was increased to 50 pL with chilled lysis buffer. 

Aliquots (50 piL) of the reaction buffer with 10 mM of Dithiothreitol (DTT) were 

added to each well. Then 5 pL of the appropriate caspase substrate was added 

to it corresponding well: DEVD (N-Acetyl-Asp-Glu-Val-Asp) -pNA (p-nitroanilide) 

to caspase-3 wells, IETD (Z-lle-Glu-Thr-Asp)-pNA to the caspase-8 wells and 

LEHD (N-Acetyl-Leu-Glu-His-Asp)-pNA to the caspase-9 wells. All plates were 

then incubated overnight at 37°C, and read on a plate reader at 405 nm.

Data Presentation

Two-way ANOVA with Bonferroni post test was performed using 

GraphPad Prism version 4.00 for Windows, GraphPad Software, San Diego 

California USA. Due to the inherent variations involved with neutrophils, the 

resistances of the T84 monolayers on each insert, and color development in the 

ELISA, data were evaluated in each individual experiment and not between 

different experiments. The trends were observed in each experiment and these 

trends were repeatable throughout all experiments.
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CHAPTER III

RESULTS

Normal human neutrophil apoptosis rate in vitro in HBSS+ peaks after 

twelve hours over the course of twenty-four hour period.

I initially determined the normal course of human neutrophil cell death 

once the cells were purified and removed from the body to ensure that the assay 

system selected produced results similar to previously published data. 

Neutrophils were purified from whole human blood and resuspended at a 

concentration of 1x105 cells/mL in HBSS+. Over the course of a 24-h period 

neutrophil apoptosis rose sharply beginning at 15 min after purification and 

peaked at approximately 12 h, as expected (Fig. 3). The rate of apoptosis 

decreased slightly from 12 to 24 h. This was measured at both 405nm (Fig. 3A) 

and 490nm (Fig. 3B), as suggested by the manufacturer, but no obvious 

differences between the two conditions were seen.

The importance of bacterial dose upon normal human neutrophil cell death 

over twenty-four hours when exposured to S. Typhimurium.

To determine optimum bacterial dosage, purified human neutrophils were 

exposed to increasing ten-fold ratios of S. Typhimurium (from 1:1 to 1:1000). 

This was done to determine the optimal ratio of bacteria that did not disrupt the
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Figure 3: Initial assays to determine the normal human neutrophil apoptosis rate 
in vitro. Human neutrophil apoptosis increases until approximately twelve hours, 
where it peaks and levels off. There were no significant differences in measuring 
the system at 405nm (A) as compared to 490nm (B).
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system used and to observe any dose response. The time point of 12 h was 

chosen as it is the point where cell death peaks and any change due to the 

bacteria can be more easily seen. As the bacterial dose increased, apoptosis 

decreased (Fig 4a), while necrosis remained constant until a ratio of 1 MOO, 

where the rate of necrosis rose sharply (Fig 4b). At a ratio of 1:1000 both the 

apoptotic and the necrotic rate fell sharply compared to the 1:1,1 :10 & 1 MOO 

ratios. The optimal bacterial dose was determined to be 1 neutrophil to 10-100 

bacteria, as these were the ratios in which the bacterial effect was clearly seen, 

without quenching all the color change in the ELISA system.

S. Typhimurium grown aerobically has no effect on apoptosis, while 

anaerobically grown S. Typhimurium has a slight pro-survival effect on 

inactivated human neutrophils.

As seen in Figure 5, when S. Typhimurium was grown anaerobically there 

is a slight pro-survival effect on the apoptosis rate seen over the course of 

twenty-four hours at either ratios: 1:10 (p=.024) and 1 MOO (p=.002). Using the 

GraphPad statistical program, time accounted for most (82%) of the variation in 

each assay not bacterial treatment, which accounted for only 3.0% for the 1:10 

ratio and 5.4% for the 1 MOO ratio.

Figure 6 shows the effect of aerobically grown S. Typhimurium. There 

was no significant effect on neutrophil apoptosis at either the 1:10 PMN-to-10 

aerobically grown S. Typhimurium (p=.498) or 1:100 (p=.690) ratios.
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(A) Apoptosis of PMN with S. Typhimurium after 12h
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Figure 4: Bacterial dose assay. (A) Apoptosis slowly decreases as PMN: 
bacteria ratio increases up to 1:1000. (B) Necrosis remains relatively constant 
except for 1:100 where necrosis increases. Cell death levels at the time of the 
start of the assay are shown for initial values (t=0)
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(B) Neutrophil Apoptosis over 24 hours with anaerobically grown S. Typhimurium
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(B) Neutrophil Necrosis over 24 hours with anaerobically grown S. Typhimurium
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Figure 5: Analysis of the apoptosis (A) and necrosis (B) rates of human 
neutrophils in the presence anaerobically grown S. Typhimurium. (A) 
Anaerobically grown S. Typhimurium had a slight pro-survival effect on human 
neutrophils compared to the no bacteria control (NB) over 24 hours. (B) Necrosis 
remained higher for 16 hours but after 24 hours ended up much lower.
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(A) Neutrophil Apoptosis over 24 hours with aerobically grown S. Typhimurium
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Figure 6: Analysis of the apoptosis (A) and necrosis (B) rates of human 
neutrophils in the presence aerobically grown S. Typhimurium. (A) Aerobically 
grown S. Typhimurium had no significant effect on the apoptosis rate of the 
neutrophils compared to the no bacteria control (NB). (B) There was no effect on 
the necrosis rate of the neutrophils.
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not deviate significantly from the inactivated neutrophils. The anaerobically 

grown S. Typhimurium on the other hand, did have a slight effect on the rate of 

necrosis in neutrophils as it started higher than inactivated neutrophils and 

steadily increased and remained higher through sixteen hours; by twenty four 

hours, however, it ended up much lower.

Activation with phorbol 12-myristate 13-acetate has a pro-survival effect on 

the cell death rate of human neutrophils.

The next goal was to determine what effect, if any, phorbol 12-myristate 

13-acetate (PMA) had on the cell death rate of human neutrophils. First, the 

optimal concentration of PMA needed to be determined so that it would not mask 

any effect seen when S. Typhimurium was added to the system. Figure 7 shows 

the effect that increasing concentrations of PMA from 1 pg/ml to 100ng/ml had on 

the neutrophils after 8 hours. As seen in this figure, PMA exerted a pro-survival 

effect on human neutrophils down to 0.1 ng/ml. At lower concentrations of PMA 

apoptosis rates returned to normal levels. Necrosis remained low in all 

concentrations. The cell death of neutrophils was then tracked over the course 

of 24 h in the presence of 0.1 ng/ml of PMA. Figure 8 shows that the PMA 

exerted a pro-survival effect on human neutrophils over a full 24-h period through 

apoptosis and necrosis. The treatment accounted for 68% of the variability seen 

and time and treatment were both significant (p<0.0001), but the interaction 

between the two was also significant. Bonferroni post tests were done at each 

time point and all time points were significant (p<0.001) except T=4h.

37

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Neutrophil Death after 8 hours
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Figure 7: Effect of PMA concentration on the cell death rate of human 
neutrophils. PMA had a pro-survival effect on neutrophils down to a 
concentration of 0.1 ng/ml after 8 h. After 0.1 ng/ml apoptosis rises to control (no 
PMA) levels. Cell death levels at the time of the start of the assay are shown for 
initial values (t=0)
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(A) PMA-activated Neutrophil Apoptosis over 24 hours
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(B) PMA-activated Neutrophil Necrosis over 24 hours
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Figure 8: The effect of 0.1 ng/ml of PMA on human neutrophils over 24 h. The 
PMA exerted a pro-survival effect on the neutrophils over the full 24-h period in 
both apoptosis (A) and necrosis (B).
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5. Typhimurium grown anaerobically significantly increases the cell death 

rate of PMA-activated neutrophils over a 24-h period.

Based on the previous optimization experiments, a ratio of 1 neutrophil to 

10 or 100 bacteria was used with a PMA concentration of 0.1 ng/ml. Figure 9 

shows that in the presence of anaerobically grown S. Typhimurium activated 

neutrophils initiated apoptosis, which peaks at about 24 h. This was best seen at 

a neutrophikbacterial ratio of 1:100 (p<0.0001), although an increase in apoptosis 

was also seen at a ratio of 1:10 (p=0.0027). Time was not a significant factor 

(p=.461) at 1:10, but was at 1:100 (p<0.0001) as was the interaction between the 

two. Subsequent post-tests indicated that the differences were significant at all 

time points except T=4 h.

Necrosis in PMA-activated neutrophils was similar to the negative control 

up to 16 h, but after 24 h was significantly lower. In the presence of S. 

Typhimurium at a ratio of 100 bacteria to 1 neutrophil, these same neutrophils 

had a much higher necrosis rate than did the negative control until the 24-h time 

point at which time they were almost the same.

S. Typhimurium grown aerobically slightly increases the cell death rate of 

PMA-activated neutrophils over a 24-h period.

Figure 10A shows that aerobically grown S. Typhimurium also increased 

the apoptosis rate of PMA-activated human neutrophils, but did so significantly 

less compared to anaerobically grown S. Typhimurium. At a ratio of 1:10, 

treatment was significant (p=0.012) as was time (p=0.006). When bacteria were
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(A) PMA-activated Neutrophil Apoptosis over 24 hours with S. Typhimurium
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(B) PMA-activated Neutrophil Necrosis over 24 hours with S. Typhimurium
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Figure 9: Effect of anaerobically grown S. Typhimurium on PMA-activated 
neutrophils. There was an increase in apoptosis of neutrophils at a 
neutrophikbacterium ratio of 1:10, it was more pronounced at a ratio of 1 MOO 
where apoptosis rose and peaked at near-normal unactivated levels at about 20 
h. Necrosis was highest in PMA-activated neutrophils in the presence of S. 
Typhimurium. Necrosis was lowest in the absence of S. Typhimurium after 24 h.
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(A) PMA-activated Neutrophil Apoptosis over 24 hours with aerobically grown 
5. Typhimurium
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(B) PMA-activated Neutrophil Necrosis over 24 hours with aerobically grown S. Typhimurium
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Figure 10: Effect of aerobically grown S.Typhimurium on the cell death rate of 
PMA-activated human neutrophils. (A) Apoptosis was increased at both 1:10 
(Ae1:10) and 1:100 (Ae1:100) neutrophil to bacteria ratios compared to the PMA 
(PMA NB) control. This is level is lower and less significant than seen with 
anaerobically grown bacteria (See Figure 9). (B) Necrosis levels of bacterial 
treated PMN remained basically the same across the 24 h assay compared to 
the PMA (PMA NB) control.
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added at a 1:100 ratio both treatment (p<0.0001, 30.05% of the variation) and 

time (p<0.0001, 42.25% of the variation) were significant, but the interaction was 

also significant (p<0.0001). In this instance post-tests showed that only times 12 

h through 24 h were significant. Necrosis (Figure 8B) in bacterial treated PMN 

was unchanged over 24 h compared to the PMA (PMA NB) control.

Activating neutrophils through transmigration delays apoptosis 

significantly, and raises necrosis slightly.

To be sure that transmigration is responsible for the results seen, other 

variables needed to be examined. A baseline was established by analyzing PMN 

in HBSS(+) w/ 10mM HEPES. Since transmigration is initiated by the potent 

chemotactic peptide fMLP, a second control was included to expose neutrophils 

in the transmigration solution with the fMLP. The final control involved incubating 

neutrophils on inserts coated with collagen but without T84 cells. As seen in 

Figure 11 A, over the course of 12 h there was no noticeable difference between 

neutrophils that had not been activated in any way, those that had been exposed 

to fMLP (p=0.702), and those that had migrated across an acellular membrane 

(p=0.111). Figure 11B shows the same cells results for necrosis. Although all 

samples started at the same point, after 12 h the amount of DNA fragmentation 

began to diverge among each of the controls. The untreated neutrophils had the 

highest levels of necrosis, which was to be expected, but unlike the apoptosis 

assays, neutrophils in the presence of fMLP showed decreased levels of 

necrosis and the acellular transmigrated neutrophils showed even lower levels.
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(A) Control Neutrophil Apoptosis over I2h
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Figure 11: Transmigration controls for the assay. (A) Negative control 
neutrophils (Neg) showed no difference in apoptosis compared to fMLP (p=.702) 
and acellular (p=.111) controls . (B) Necrosis was highest in negative control 
neutrophils followed by fMLP and acellular, respectively.
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Thus, factors involved in neutrophil transmigration, other than passage 

through the cellular monolayer, had no effect on apoptosis. Next, the effect of 

neutrophil transmigration through the T84 intestinal epithelial monolayer on the 

death rate of these cells was assessed. Figure 12 shows that after neutrophils 

had transmigrated across a model T84 intestinal epithelial cell culture monolayer 

the level of apoptosis was significantly decreased. The effect of transmigration 

was extremely significant (p=<0.0001, 60.33% of the variation), and time was 

also significant (p<0.0001, 25.56% of the variation). The interaction was also 

significant (p=0.03) and subsequent post-tests indicated that all time points were 

significant except T=24 h. Necrosis on the other hand, started at higher levels in 

transmigrated neutrophils, rose slowly over the course of 12 h. and ended at 

approximately the same level as inactivated neutrophils.

S. Typhimurium slightly raises the apoptosis and necrosis rates of 

transmigrated neutrophils as compared to inactivated neutrophils.

Figure 13 shows the results obtained when transmigrated neutrophils 

were incubated in the presence of S. Typhimurium. S. Typhimurium increased 

the apoptosis (A) and necrosis (B) rates of the transmigrated neutrophils over the 

course of 24 h. Bacterial treatment at both ratios (1:10 and 1:100) was 

significant (p=0.002 and 0.012 respectively) compared transmigrated neutrophils 

with no bacteria (TrNB). Transmigrated neutrophils in the presence of S. 

Typhimurium follow the same trend as transmigrated neutrophils not in the 

presence of the bacterium over the course of 24 h, but do so at higher levels.
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(A) Transmigrated Neutrophil Apoptosis over 24 hours with 5. Typhimurium
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(B) Transmigrated Neutrophil Necrosis over 24 hours with S. Typhimurium
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Figure 12: Effect of transmigration on the cell death rate of human neutrophils. 
(A) S. Typhimurium induced more transmigrated neutrophils to undergo 
apoptosis compared to transmigrated neutrophils not in the presence of the 
bacterium. (B) S. Typhimurium also induced more necrosis compared to 
transmigrated neutrophils not in the presence of S. Typhimurium.
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(A) Transmigrated Neutrophil Apoptosis over 24 hours with 5. Typhimurium
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(B) Transmigrated Neutrophil Necrosis over 24 hours with S. Typhimurium
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Figure 13: Effect of S. Typhimurium on the cell death rate of transmigrated 
PMN. (A) S. Typhimurium induced more transmigrated neutrophils to undergo 
apoptosis compared to transmigrated neutrophils not in the presence of the 
bacterium for both ratios 1:10 (p=0.002) an 1:100 (p=0.012). (B) S. Typhimurium 
also induced more necrosis compared to transmigrated neutrophils not in the 
presence of S. Typhimurium.
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Caspase activity in human neutrophils

These studies were designed to detect the presence of three different 

caspases involved in eukaryotic cell death: Caspase-3, -8 and -9. To identify key 

proteins involved in this system, these caspases were examined in these 

previously studied conditions: (1) PMN alone, (2) PMN +1 pg/ml PMA, and (3) 

PMN +1 pg/ml PMA +Salmonella. Figure 14 shows that after 3 h caspase-8 

does not play a significant role (p>0.05) in neutrophil death in this system; neither 

time nor treatment affected its levels. Caspase-3 activity, on the other hand, was 

significantly increased (p=0.002), but time accounted for most of the variability 

(p<0.0001, 95.4% of the variability) across all conditions after 3 hours, although it 

was slightly depressed in the presence of S. Typhimurium. Caspase-9 activity 

also exhibited a significant difference in time after 3 hours (p<0.01), but the 

bacterial treatment was not significant. At time 0 there was no significant 

difference in any group treated with Salmonella compared to its control.

48

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



PMN caspase activity in the presence of S. Typhimurium
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Figure 14: Various caspase activities in human neutrophils. After three hours 
bacterial presence had little to no affect in caspase-8 (p=0.778) activity 
throughout all conditions. Caspase-9 was affected by time (p<0.0001), but not 
bacterial treatment (p=0.065). Caspase-3 increased significantly after three 
hours (p<0.0001) and was affected by the presence of S. Typhimurium 
(p=0.0129).
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CHAPTER IV

DISCUSSION

The goal of this work was to examine the interaction between human 

neutrophils and Salmonella enterica serovar Typhimurium. S. Typhimurium has 

already been shown to affect the cell death rate of macrophages (Vazquez- 

Torres, 2000) and dendritic cells (Kiama, 2006), but these are not the first 

immune cells that S. Typhimurium encounters during infection. The first immune 

cell to arrive at the site of infection is the neutrophil. Previous work in our 

laboratory examined how neutrophil transmigration across a model intestinal 

epithelial crypt cell layer influences their ability to kill S. Typhimurium (Nadeau, 

2002). The work presented here sought to determine how the bacterium affects 

the neutrophil, by examining the natural cell death rate of these cells, through 

both apoptosis and necrosis. The cell death rate of neutrophils is intimately 

linked to their immune function (Haslett, 1999) and many pathogens have been 

shown to modulate the cell death rates of phagocytes (DeLeo, 2004). S. 

Typhimurium has been previously shown to induce lysis in human neutrophils 

(Chui, 1999), and in the murine model S. Typhimurium has been shown to 

survive intracellularly inside PMN (Dunlap, 1992), but was not linked with typical 

characteristics of cell death until now. This work shows that S. Typhimurium can,
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and does, increase the apoptosis rate of human neutrophils, but does so only in 

activated neutrophils.

An important part of this work was the measurement of apoptosis. Cells in 

late stage apoptosis cleave their DNA into tiny fragments, effectively killing the 

cell. An ELISA was used to detect these DNA fragments. Interpretation of the 

ELISA results assumes that the more cells that have undergone apoptosis the 

more DNA fragments will be produced and hence the ELISA will produce a 

darker/stronger signal.

This is also the case with the caspase production assay. Caspases are 

the mediators of apoptosis. There are many different caspases that appear at 

many different points in the apoptotic signal cascade. Here, three different 

caspases were chosen based upon the type of apoptosis in which they are 

involved and the stage in which they first appear in the cascade. The more 

caspases present, the darker/stronger the signal will be, indicating more cells are 

undergoing apoptosis.

These studies show that S. Typhimurium affects the survival of human 

neutrophils in a dose-dependent manner. This was first seen in preliminary 

studies (Fig. 2), but was also clearly seen in later experiments (Fig. 7 and 8). 

Bacterial dose is important in all studies; modifying the conditions in an assay will 

affect how the bacterium and the host cell respond. Murine neutrophils that are 

unable to produce an oxidative burst lower the number of S. Typhimurium the 

mouse’s immune system can fight off (Alam, 2002). The results here suggest 

that human neutrophils may not be able to mount an effective defense until a
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critical number are present. It is debatable whether or not this would be 

beneficial; a lack of response would prevent host tissue damage—clearly 

beneficial—but might also compromise the host’s ability to counter the infection 

especially since S. Typhimurium has been shown to survive inside murine PMN 

(Dunlap, 1992). Once the bacterial levels are high enough, the state or condition 

of the neutrophil itself affects how it responds to S. Typhimurium.

This work initially focused on inactivated neutrophils. As seen in Figures 5 

and 6, in most cases S. Typhimurium had little effect on the viability of the 

neutrophils over 24 h. An exception was the study using anaerobically grown S. 

Typhimurium, which resulted in significantly lower levels of apoptosis. Thus, 

when S. Typhimurium was anaerobically grown to log phase, which is generally 

considered to be more representative of how the bacterium would be growing in 

vivo (Lee, 1990), and was added to inactivated neutrophils, there actually 

seemed to be a depressed apoptotic response (Figure 5). This suggests that the 

neutrophil at this point is unable to mount effective immune defenses, which is 

what Nadeau et al. (2002) previously showed. In fact, it was not until the 

neutrophil was activated through transmigration that an increased killing ability 

was seen. The “pro-survival” effect is puzzling, but may be due to the fact the 

neutrophil has yet to be primed to actually fight infection. It could also be caused 

by the microorganism itself as several pathogens have been shown to use 

granulocytes as protection from the host immune response (Laskay, 2003).

Since S. Typhimurium is a well-known intracellular pathogen that can modulate 

reactive oxygen species production in macrophage it is possible that this
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pathogen may gain entry to the neutrophil and disrupt is normal function. This is 

supported by other work, which showed S. Typhimurium’s ability to survive inside 

murine PMN (Dunlap, 1992) and which found prolonged survival in neutrophils 

exposed to various bacteria including Salmonella enteritidis (Baran, 1996). Work 

done in this laboratory also supports this by showing that the enhanced killing 

ability of transmigrated neutrophils occurred in the absence of an oxidative burst, 

indicating that S. Typhimurium may be able to modulate host defenses (Nadeau, 

2002).

Since inactivated neutrophils showed very little activity in the conditions 

set forth, and previous work done in this laboratory had shown activation to have 

an effect on neutrophil activity (Nadeau, 2002), apoptosis was examined in 

activated neutrophils, Initially we studied neutrophils that were activated 

chemically with PMA. Somewhat surprisingly, neutrophils activated with PMA 

showed an extremely strong pro-survival effect across the full 24-h period of the 

assay. This is seen in Figure 8, where the level of apoptosis for non-activated 

neutrophils peaked at 12 h, while PMA-activated neutrophils show no DNA 

fragmentation during the 24-h time period. Previous work with murine 

neutrophils found an increase in chromatin condensation and other apoptotic 

characteristics in the presence of PMA (Saito 2005), which is in contrast to the 

DNA fragmentation data presented here. DNA fragmentation however, is a later 

step in the apoptotic program and might not be initiated as early as other 

characteristics of apoptosis (Maianski, 2004). Also, the host cell may not be 

initiating this fragmentation of its DNA until the correct signal is presented (Fig. 8
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and 12). When that signal is present, in this case S. Typhimurium, apoptosis is 

upregulated and neutrophils undergo cell death readily in both chemically (PMA) 

activated (Fig. 7) and biologically (transmigration) activated neutrophils (Fig. 11).

Previous studies found that three different strains of S. Typhimurium of 

different virulence levels in mice each induced lysis in human neutrophils (Chui, 

1999). The researchers examined cells microscopically and only at 24 h, so they 

had no way of knowing how, when, what type or through what mechanisms these 

strains induced lysis in the PMN. In the present study we found that, after 

chemical activation of PMN, exposure to S. Typhimurium significantly increased 

apoptosis compared to the PMA control. This occurred in a dose-dependent 

manner, indicating that the more anaerobically grown S. Typhimurium were 

present, the more the apoptosis rate of the neutrophils increased (Figure 9). 

These data showed that only activated neutrophils were able to respond to S. 

Typhimurium.

Since chemical activation seemed to have a profound effect on the 

interplay between S. Typhimurium and neutrophils the next step was to examine 

this relationship in a true biological system to confirm the previous results. For 

this study, transmigration of freshly isolated human neutrophils across a human 

epithelial crypt cell monolayer was chosen as the model. What was observed 

was surprisingly similar to the chemically-activated neutrophils. Specifically we 

found a delay or pro-survival effect on the activated neutrophils (Figure 12). 

Furthermore, once the neutrophils were activated, they showed a significant 

increase in apoptosis when exposed to anaerobically grown S. Typhimurium
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(Figure 13). These findings support the hypothesis that S. Typhiurium can affect 

the apoptosis rate of human neutrophils, but only once the neutrophils have been 

activated.

The growth conditions of S. Typhimurium also have an effect on how the 

neutrophil responds. Data shown in this study show that the same population of 

neutrophils, activated or inactivated, responds differently to anaerobically or 

aerobically grown S. Typhimurium. As noted above, in the case of inactivated 

neutrophils, anaerobically grown S Typhimurium had a significant pro-survival 

effect on the neutrophil (Figure 5). A sub-set of these same neutrophils were 

also exposed to aerobically grown S. Typhimurium; there was no significant 

effect on the amount of neutrophil apoptosis at any ratio of bacteria:PMN (Figure 

6).

The difference was even more pronounced with activated neutrophils. As 

noted above, the results shown Figure 9 indicate how anaerobic S. Typhimurium 

increased apoptosis significantly compared to the PMA control. Again, as with 

the inactivated neutrophils, a subset of these same neutrophils was exposed to 

aerobically grown S. Typhimurium (Figure 10). S. Typhimurium did produce a 

significant increase in apoptosis compared to the PMA control, but the level of 

apoptosis in the neutrophil was much lower over the 24-h period compared to the 

same conditions with the anaerobically grown bacteria.

There are likely benefits for the host being able to differentiate between 

higher and lower virulent forms of a bacterium and to respond accordingly. In a 

recent study that looked at the interaction of Salmonella and dendritic cells
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(Kiama,2006), different strains of S. Typhimurium induced different levels of 

apoptosis in the dendritic cell. In fact, the researchers concluded that the more 

virulent strains of the bacterium induced more membrane ruffling, or apoptosis.

In the present studies a comparable trend was observed when comparing the 

same strain of bacteria grown under conditions generally considered to enhance 

virulence. These data suggest that neutrophils are able to distinguish bacteria 

with differing levels of virulence and support previously reported studies in which 

anaerobically grown S. Typhimurium was found to be more invasive and 

adherent than the same strain grown aerobically (Lee, 1990) and studies that 

more virulent S. Typhimurium induce apoptosis in host cells to a higher degree 

(Kiama, 2006). Other work (Chui, 1999), found that virulence did not have an 

effect, although this determination of virulence was based only upon a plasmid 

linked to virulence.

Other factors besides the oxygen level during bacterial grown may affect 

the rate of host cell death. For example, bile salts in the gastrointestinal tract 

have been shown to mediate bacterial virulence (Ramos-Morales, 2003).

Another possible factor is the growth phase of the microorganism. While every 

attempt was made to synchronize the aerobic and anaerobic growth phases, it is 

possible that aerobic bacteria, which grow much faster than anaerobic bacteria, 

had entered the stationary growth phase while the anaerobic cultures were still in 

exponential growth. E. coli, another enteric pathogen, has been shown to have 

altered attachment and effacing activity due to growth phase and even 

temperature (Rosenshine, 1996). As previously discussed, both immune cells

56

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and epithelial cells release factors that tightly regulate the lifespan of a neutrophil 

(Canny, 2006). The altered biological activity of neutrophils that have 

transmigrated through an intestinal epithelial monolayer seen in these studies 

supports this statement. The biological activation of the neutrophils may 

stimulate them to release factors that influence apoptosis in addition to factors 

that may be released by the T84 intestinal epithelial cells themselves 

(McCormick, 1998; Yu, 2001).

There are a variety of genes and factors that Salmonella possesses that 

have been shown to regulate immune cell apoptosis. Genes such as PhoP have 

been shown to alter immune cell function (Valle, 2005). Proteins that have been 

implicated include SipB (using SPI-1 and the type III secretion pathway in 

general) and SpvB (using SPI-2). SipB has been shown to increase caspase-1 

production (Guiney, 2005), but also has been shown to have no actual effect on 

macrophage apoptosis (Browne, 2002). While seemingly contradictory, these 

findings may be explained by the fact that caspase-1 is not an “effector” protein 

of apoptosis and may not play a direct role in apoptosis, but rather an indirect 

one the requires other stimuli to induce apoptosis. SpvB and the SPI-2 gene 

cluster are widely accepted as being important effectors of immune cell apoptosis 

(Guiney, 2005; Browne, 2002). The genes in SPI-2, as previously discussed, are 

known to play roles in the intracellular survival of the bacterium, so this would be 

expected. On the other hand, SPI-1 has also been shown to be essential in 

macrophage apoptosis (Takaya, 2005; van der Velden, 2000) showing that the
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modulation of apoptosis by Salmonella species is very complex and needs to be 

further examined.

Also examined was the role of caspases in the bacterial induced death of 

neutrophils. Three different caspases were examined: caspases-3, -8 and -9. 

Only caspase-3 seems to be a major player in this system (Fig. 14). This is not 

surprising considering that caspase-3 is the major effector protein of apoptosis 

and plays a role in most apoptotic programs (Woo, 1998). Caspase-9 activity 

was also increased in these studies, but the presence of Salmonella did not 

influence this increase even though caspase-9 had been deemed important in 

previous neutrophil-bacterial studies (Genestier, 2005). Although Salmonella did 

not affect the levels of caspase-9, they did increase over time, indicating that this 

caspase may play a minor role in neutrophil cell death. Caspase-8 showed no 

significant changes in any part of this system. This is somewhat surprising as 

caspase-8 is a precursor to caspase-3 (Maianski, 2004). However, caspase-8 

may only be present in very early events of apoptosis. The time points examined 

here may have been too late to detect caspase-8 activity. These three caspases 

were also examined in a human macrophage-like cell line with S. Dublin (Valle, 

2005) and the same results were observed as in this work: upregulation of 

caspase-3 and no change in caspases-8 and -9. Comparing those observations 

to the work presented here, it seems that S. Typhimurium may affect human 

neutrophils and macrophages in a similar manner. Although these three 

caspases were selected, based on their likelihood of contributing to the altered 

neutrophil death rates seen in these studies, many other members of this family
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of proteins have been identified. A key caspase previously seen in Salmonella -  

macrophage interactions is caspase-1 (Takaya, 2005) and should be further 

explored in this system.

Death due to necrosis was also detected in these studies. In general the 

level of necrosis in neutrophils followed the same pattern as seen in the studies 

on apoptosis. One exception was seen in the transmigrated samples, where 

apoptosis was depressed, while necrosis was increased (Figure 13). This may 

be due to the T84 epithelial cells used in the transmigration assays. These cells 

were grown for 3-4 weeks and while every effort was made to wash the 

transmigrated neutrophils thoroughly, some exogenous DNA fragments from the 

T84 cells may have been retained. It is also possible that the transmigrated 

neutrophil preparations may have contained dead T84 cells that had detached 

from the monolayer grown on the membrane. T84 cells are anchorage- 

dependent, meaning they need to attach to a surface to grow and multiply.

When they die, the cells detach, and could have contaminated the neutrophil 

suspension. In either case these exogenous DNA fragments would contribute to 

the necrosis samples, providing a falsely inflated value.

Future work should focus on examining which caspases are involved in 

this system to better understand how the human immune system fights off this 

pathogen. Also, the strict conditions under which both the bacteria and 

neutrophils must be grown and maintained should be further explored.
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Conclusions

The work presented here shows for the first time that Salmonella enterica 

serovar Typhimurium can and does modulate the apoptosis rate of human 

neutrophils. This response occurs only in activated neutrophils and is much more 

pronounced when the bacteria are grown anaerobically and hence in their more 

virulent form. This work also shows that when human neutrophils are activated 

by either chemicals (e.g., PMA) or transmigration across an intestinal epithelial 

cell monolayer, they exhibit a delayed apoptotic response compared to the 

inactivated control, which peaks at approximately 12 h. When activated, 

neutrophils are “primed” to fight infection and live longer, waiting for a second 

stimulus, one that the neutrophils see as foreign and dangerous and that needs 

to be fought. Once this stimulus is present, shown here with virulent S. 

Typhimurium, the activated neutrophil may initiate its apoptotic program in 

conjunction with its various and potent defense mechanisms. Caspase-3 seems 

to be a major player in this system, while caspase-8 and -9 do not seem to play a 

role in the apoptosis of human neutrophils in the presence of S. Typhimurium 

after 3 h.
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