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Abstract
Community-acquired Methicillin-resistant Staphylococcus aureus (CA-MRSA) strain
USA300 is a major cause of invasive drug-resistant skin and soft tissue infections in
humans. Although S. aureus is a well-recognized extracellular pathogen, recent reports
that USA300 survives inside host macrophages suggest that the intramacrophage
environment may be a niche for persistent infection. Intramacrophage survival requires
bacteria to avoid destruction in the phagosome; however, mechanisms by which USA300
evades phagosomal defenses are unclear. We examined the fate of the USA300containing phagosome in human THP-1 macrophages by evaluating phagosomal
acidification and maturation, and by testing the impact of phagosomal conditions on
bacterial viability. Utilizing confocal microscopy, we discovered that the USA300containing phagosome acidified rapidly, and colocalized with the late endosome and
lysosome protein LAMP-1. Interestingly, significantly fewer phagosomes containing live
USA300 associated with lysosomal hydrolyses cathepsin D and β-glucuronidase than
those containing dead bacteria, suggesting that USA300 harbors the ability to perturb
lysosomal fusion during macrophage infection. We then examined the impact of
phagosomal acidification on USA300 intracellular viability and found that inhibition of
acidification significantly impairs USA300 survival, as well as negatively impacts
virulence gene regulator agr expression. Together, these results suggest that USA300
survives inside macrophages by altering phagolysosome formation, as well as relying on
vacuolar acidification as a trigger for virulence.
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Chapter 1: Introduction & Preliminary Data

1.1 Staphylococcus aureus: Significance and impact on human health. Staphylococcus
aureus is a common human pathogen that colonizes the skin or anterior nares of
approximately 30-50% of the human population worldwide, and colonization rates in the
U.S. continue to rise annually (Graham et al., 2009; Frank et al., 2010). Although this
Gram-positive coccus is often carried asymptomatically by humans, S. aureus is an
opportunistic pathogen that can cause infections if given access to wounds, the
bloodstream, or deeper tissues within the host. As such, S. aureus is responsible for the
majority of skin and soft tissue infections (SSTIs) worldwide (Grundmann et al., 2006;
Alcoceba et al., 2007; Pai et al., 2013). Infections caused by S. aureus range from
superficial skin infections to more invasive infections, such as infections of the
bloodstream (bacteremia) or deeper tissues, including the bones or heart. In the U.S., S.
aureus causes approximately 14 million SSTIs per year and over 80,000 invasive
infections; invasive infections are associated with a mortality rate of 20% - 50% (Blot et
al., 2002; Hersh et al., 2008; Dantes et al., 2013). Immunocompromised or hospitalized
patients are at greatest risk of invasive S. aureus infection, although as discussed below,
community-acquired strains are emerging. The high prevalence of S. aureus in the
human population undoubtedly contributes to its presence in the hospital environment,
and its success as a nosocomial (hospital-acquired) and community-acquired pathogen.
In addition, many strains of S. aureus exhibit an impressive array of genes encoding
antibiotic resistance and virulence factors, solidifying S. aureus as an important threat to
human health.
1

1.2 Methicillin Resistant S. aureus. In recent years, the emergence of methicillinresistant S. aureus (MRSA) strains has become a global health concern (Popvinch et al.,
2008). The first penicillin-resistant strains of S. aureus were identified in the 1960s in
the United Kingdom and U.S. (Jevons, 1961; Barret et al., 1968). Since then, and
especially since the 1990s, S. aureus has acquired resistance to most antibiotics used to
treat it, including all β-lactam drugs such as penicillin, methicillin, and oxacillin
(Griffiths et al., 2004; Takizawa, 2005). MRSA infections have been dramatically on the
rise since the early 1990s within healthcare settings as well as in areas of high population
density (Popavich et al., 2008; Klevens et al., 2007). These infections are often treated
with vancomycin, which is widely recognized as a drug of last resort for invasive MRSA
infections. Of particular concern is the recent emergence of vancomycin-resistant strains
of MRSA (VMRSA) in Europe, Asia and the U.S. (Appelbuam, 2006). This indicates that
we are running out of available drugs to treat these serious and invasive infections.

1.3 Community-acquired MRSA: An emerging threat. Although MRSA has long been
recognized as a nosocomial pathogen that causes hospital-acquired MRSA (HA-MRSA)
infections, in recent years the incidence of infections caused by community-acquired
MRSA (CA-MRSA) strains have been on the rise. Between 1970 and 2000, MRSA
isolates from healthy non-hospitalized patients became more common; in a survey
published in 2005, it was recorded that 58.4% of MRSA infections in the United States
were community onset infections (Klevens et al, 2007,)a. Another study by the Klevens
group in 2007 demonstrated that there were an estimated 1.3 million CA-MRSA
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infections in total that occurred within the United States that year (Klevens et al., 2007,)b.
Additional studies have shown that CA-MRSA infections comprise a large proportion of
the increased disease burden over the last two decades (Pau et al., 2013), and CA-MRSA
infection rates have risen so high that these strains are now the leading cause of SSTIs in
patients admitted to US emergency rooms (Popovich et al., 2008; Talan et al., 2011). For
example, in 2004 -2005, a break-through population based study of MRSA infections in
San Francisco, CA, demonstrated that 90% of MRSA infections were communityacquired (Liu et al., 2008). CA-MRSA strains are especially concerning because they can
cause disease in individuals with no predisposing risk factors for staphylococcal infection
(Klevens et al, 2007). Infections caused by CA-MRSA occur primarily in areas of high
population density where transmission occurs easily from person-to-person, such as
prisons, army barracks centers, low-income housing projects, athletic team gyms, and
public schools (Lui et al., 2008; Malachowa et al., 2012). These areas of high population
density allow for frequent bacteria transfer and contact.
Of great concern is the evolution of the highly virulent CA-MRSA strain USA300, which
causes aggressive and persistent SSTIs that can spread systemically from the initial site
of infection (Tattevin et al., 2012). USA300 is responsible for the majority of CA-MRSA
infections in the United States, and is continuing to become as prevalent in other
countries as well (McDougal et al. 2010). In a cohort study spanning the years of 19972008, it was found that 25% of the patients who had experienced MRSA-induced
bacteremia were infected with strain USA300, and mathematical modelling suggests that
the percentage is likely on the rise (Kreisel et al., 2011). It is now well-documented that
patients with USA300 infections are more likely to suffer from life-threatening
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complications than patients with non-USA300 MRSA infections (Kreisel et al., 2011;
Klevens et al., 2007; Popavich et al., 2008; Moran et al., 2006).
USA300 is a successful pathogen because of its unique virulence traits and special ability
to adapt to the host environment. In comparison to other MRSA strains, USA300
overexpresses the key virulence regulator, accessory gene regulator (Agr, encoded by
agr), as well as several agr-regulated exotoxins such as α-hemolysin (Hla, encoded by
hla) during infection (Li et al., 2010; Kobayashi et al., 2011). USA300 also possesses a
highly expressed SCCmec type IV secretion genetic element, which encodes common
antibiotic resistance genes as well as the genes for a potent pore-forming cytolytic toxin,
Panton-valentine leukocidin (PVL) (Otto, 2013). This strain also harbors a unique
arginine catabolic mobile element (ACME), which promotes bacterial ammonia
production and aids in USA300 survival in the acidic skin environment (Planet et al.,
2013; Thurlow et al., 2013). The ACME also encodes a gene, speG, which increases
production of a polyamine-resistance enzyme that aids greatly in combating host antimicrobial proteins (Planet et al., 2013; Thurlow et al., 2013). Together, these virulence
and adaptation factors have helped USA300 become a very potent pathogen, and
arguably the most successful strain of S. aureus yet identified.

1.4 S. aureus: Characteristics as an extracellular pathogen. Staphylococcus aureus
has historically been recognized as an extracellular pathogen which damages host cells
from the outside by secreting degradative exoenzymes and toxins while evading
destruction by the host immune system (Finlay et al., 1997; Lim et al., 2012). For
example, most S. aureus strains produce the cytotoxic pore-forming toxins PVL and α-
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hemolysin (Hla), both of which damage host cell membranes. PVL primarily targets and
kills neutrophils, while Hla contributes to membrane damage in red blood cells and other
cell types (Otto, 2013). The ability to lyse host cells promotes bacterial survival by
destroying neutrophils or by providing the bacterium with nutrients such as iron. In
addition, exozymes such as staphylokinase, are utilized by S. aureus to degrade
connections between epithelial cells, which allow the bacteria to penetrate deeper into
tissues to establish infection (Bokarewa et al., 2006). As mentioned previously, S. aureus
harbors various secretions systems, with the most widely-regarded being the SCCmec
type IV system that contribute to the efficient exportation of said enzymes listed above
(Wallden et al., 2010).

1.5 S. aureus as an intracellular pathogen. Although S. aureus is well-documented as
an extracellular pathogen, recent studies have shown that this pathogen can also enter and
survive within a variety of nonphagocytic and phagocytic host cells (Garzoni et al., 2009;
Sendi, 2009). Most of what is known about S. aureus intracellular survival stems from
studies conducted in non-phagocytic cells with S. aureus strains other than USA300.
These studies indicate that the global virulence regulators agr and saeR/S, which are
present in most S. aureus strains (Garzoni et al., 2009), play crucial roles in S. aureus
intracellular survival, likely through the regulation of virulence genes such as hla, pvl,
and rsbU. Although some reports show that S. aureus mutants deficient in Agr, SaeR/S,
Hla, PVL or RsbU exhibit impaired survival inside of host cells, the specific mechanisms
by which those virulence factors promote survival are unclear. However, there is
evidence that the protein phosphatase RsbU works to further increase expression of

5

proteins used for intracellular and extracellular survival by activating large virulence
regulons such as SigB (Pané-Farré et al., 2009). PVL, as a pore-forming toxin, may aid in
the escape of the bacteria from phagosomes in human epithelial cells (Chi et al., 2014),
although whether PVL performs similar functions in other cell types is not known.
Similar to PVL, the pore-forming hemolysin, Hla, has been shown to aid in survival
within some nonphagocytic cells by perforating the bacterial-containing phagosome
(Bhakdi et al., 1984). However, whether Hla performs a similar function in all
nonphagocytes and phagocytes is debatable, as studies performed in different cell lines
have produced differing results (Jarry et al., 2008; Giese et al., 2009; Lam et al., 2010).
Further examination is required to decipher exactly how S. aureus, and MRSA USA300
in particular, are able to interact with and survive within host cells.
While most studies have focused on S. aureus intracellular infections in non-phagocytic
cells, such as endothelial and epithelial cells, recent reports demonstrate that some S.
aureus strains also survive within host phagocytic immune cells, such as neutrophils and
macrophages (Lemair et al., 2008; Thwaites and Gant, 2011). While both neutrophils and
macrophages are the first cells of the immune system to respond to bacterial infections,
neutrophils are short-lived while macrophages are long-lived and migratory (Lemair et
al., 2008). Therefore, if a pathogen is able to survive and replicate within a migratory
macrophage, the macrophage could serve as a vehicle that disseminates the pathogen
from the initial infection site to other areas of the body (Schineder et al., 2000). This is
particularly relevant for MRSA infections, as this pathogen is known to persist within the
host and spread from initial sites of skin infection to deeper tissues such as the heart and
bones, all while evading destruction by the host immune system (David M et al., 2008).
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The concept that pathogens might use macrophages as a way to persist and spread within
the body is not unprecedented; the foodborne pathogen Listeria monocytogenes uses
macrophages to transit from the intestinal tract to deeper tissues such as the central
nervous system (Chastellier and Berche, 1994). In addition, the respiratory pathogen
Mycobacterium tuberculosis enters and “hides” within lung macrophages as a way to
cause persistent, chronic lung infections (Wei et al., 2000). However, because
macrophages are phagocytes designed to engulf and kill microbes, any pathogen that is
able to survive and replicate within these cells must have the capacity to evade or disable
macrophage innate immune functions.

1.6 Macrophage intracellular defenses. As phagocytes, macrophages have a variety of
mechanisms that enable them to phagocytize and degrade microbes quickly and
efficiently (Aderam, 1999). Phagocytosis, arguably what macrophages are known best
for, is the process by which the macrophage engulfs its target and sequesters it within a
phagosome, which is an intracellular membrane-bound compartment. While in the
phagosome, the pathogen is first subjected to the macrophage oxidative burst, where
degradative reactive oxygen species (ROS) and reactive nitrogen species (RNS) are
produced to damage and potentially kill the microbe (El-Benna et al., 2005). ROS and
RNS are generated by the macrophage enzymes NADPH oxidase and inducible nitric
oxide synthase (iNOS), which assemble at the phagosomal membrane (El-Benna et al.,
2005). Following the oxidative burst the phagosome undergoes a series of maturation
steps to further enhance its anti-microbial activity; this process is known as phagosomal
maturation (Vieiria et al., 2002). Early in phagosomal maturation, intraphagosomal pH
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drops as a result of the migration of vacuolar ATPases (V-ATPase) to the surface of
phagosomes (Vieiria et al., 2002). V-ATPases assemble at the phagosomal membrane
and continually pump H+ into the phagosomal compartment; this acidification step is
crucial for the anti-microbial capacity of the phagosome, in that the low pH is required to
activate many anti-microbial enzymes that are introduced into the phagosome at a later
point in the maturation process (Vieiria et al, 2002). Also, it is noted that phagosomal
acidification is required for additional fusion of anti-microbial vesicles as described
below (Vieiria et al, 2002). During phagosomal maturation, endosomes and lysosomes
fuse with the phagosome to further enhance its destructive properties (Sugaya et al.,
2011). Early and late endosomes contribute some hydrolytic enzymes and additional VATPases to the phagosome (Vieiria et al., 2002). Lysosomes deliver a vast array of
degradative enzymes, including the low pH-active class of proteases called cathepsins, as
well as anti-microbial peptides (Vieiria et al., 2002). The end result of these fusion
events is the formation of a final degradative compartment called the phagolysosome,
which is characterized by its extremely hydrolytic properties and low pH (near pH 4-5)
(Vieiria et al., 2002; Flannagan et al., 2009). All of these fusion events are aided by
endosomal and lysosomal membrane proteins, such as Rab GTPases, present on early and
late endosomes, and the lysosomal-associated membrane protein (LAMP-1), present on
late endosomes and lysosomes (Sugaya et al., 2011). These membrane proteins are
necessary for delivery of key endosomal and lysosomal enzymes and peptides to the
phagosome, which work in conjunction with the phagosomal environment to destroy any
remaining bacteria. However, despite all of these mechanisms of macrophage innate
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defense meant to dismantle invading pathogens, some pathogens are still able to evade or
even hijack these macrophage defenses to work in their favor (Manes et al., 2003).
As described above, the ability of certain bacterial pathogens to survive inside of
macrophages has been previously documented, and there are many historically
recognized examples of different pathogens taking advantage of migratory phagocytic
cells. For example, M. tuberculosis, L. monocytogenes, and Brucella suis not only survive
in macrophages, but actually require these host cells for their persistence and spread
within the host (Hanawa et al., 1995; Wei et al., 2000). M. tuberculosis survives
intracellularly by altering macrophage phagosomal maturation so that late endosomes and
lysosomes are not able to fuse with the bacteria-containing phagosome after initial fusion
events (Wei et al., 2000). This creates an environment where the bacterium can grow
with minimal interference from the host immune system. L. monocytogenes produces a
pore-forming toxin which enables the bacterium to lyse macrophage phagosomes and
escape into the cytoplasm where it can replicate before spreading to adjacent cells
(Chastellier and Berche, 1994). The bacterium Brucella suis also hijacks maturing
macrophages for reproduction, and relies on phagosomal acidification to activate proper
bacterial signaling pathways that allow it to reproduce within the vacuole (Francoise et
al., 1999). In contrast to the well-studied intracellular lifestyle of pathogens like M.
tuberculosis, L. monocytogenes and B. suis, we know very little of how S. aureus, and
CA-MRSA USA300 in particular, survives inside of macrophages.
A central goal of our lab is to understand how bacterial pathogens survive inside of host
cells to establish persistent infection. In particular, we are interested in the virulence
strategies used by CA-MRSA strain USA300 to survive inside of human macrophages, as
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survival of the bacterium within these host cells may contribute to persistent and systemic
infection (Fraunholz and Sinha, 2012). By studying the virulence strategies utilized by
USA300 during infection of macrophages, we will gain valuable insight into the
pathogenesis of an important and relevant human pathogen. This knowledge could
contribute to future development of bacterial- or host-targeted anti-Staphylococcal drugs
and therapies since the current therapies employed do not elicit consistent, positive
results.

1.7 Preliminary findings. We have conducted preliminary work to examine the biology
of macrophage infection by USA300. Our early studies demonstrated that USA300 is
able to survive and replicate in macrophage cell lines of mouse and human origin (Fig
1.1). These data are in agreement with others who have observed that other strains of S.
aureus survive within phagocytic host cells such as neutrophils and macrophages (David
et al., 2008; Gercham et al., 2000). However, although there is present research that
highlights potential S. aureus survival strategies in neutrophils (Grecham et al., 2000;
Hanke et al., 2014), the mechanisms by which the bacterium evades macrophage
intracellular defenses are unclear and sometimes contradictory. For example, studies in
nonphagocytic cells suggest that some strains of S. aureus can escape from the
phagosome (Jarry et al., 2008; Grosz et al., 2014), while other studies show that S. aureus
do not escape and instead somehow survive in the phagosomal compartment (Giese et al.,
2009; Lam et al., 2010). To date, there have been no studies that have shown whether or
how USA300 survives in human macrophages; since this strain is responsible for the
majority of SSTIs in the world, it is imperative to understand its potential persistence in
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these cell types. The impact of S. aureus, and of USA300 in particular, on phagosomal
maturation in macrophage is unclear (Chi et al., 2014). Therefore, one goal of my
research is to examine the fate of the USA300-containing phagosome during macrophage
infection, and to determine if USA300 alters normal phagosomal trafficking in these host
cells.
Our preliminary studies also indicated that USA300 virulence might be affected by the
environment within the macrophage phagosome. In an experiment designed to test the
impact of phagosomal acidification on viability of intracellular USA300, we found that
inhibition of acidification via the V-ATPase inhibitor bafilomycin A1 significantly
reduced the survival of USA300 in mouse and human macrophages (Fig. 1.2). This
finding suggests that phagosomal acidification may be a requirement for USA300
survival during intracellular infection. Therefore, the second goal of my research is to
examine potential virulence gene regulators of USA300 that may be impacted by
phagosomal acidification.
My research aims to enhance our understanding of how CA-MRSA USA300
survives inside of host macrophages, as this cell type may be an important niche that the
bacteria use to persist during infection. Our preliminary studies revealed that USA300
survives and replicates inside of macrophages, and that survival depends on phagosomal
acidification. These findings lead us to hypothesize that USA300 survives intracellularly
by altering the normal phagosomal maturation process, and that the bacterium responds
to low phagosomal pH by increasing expression of key virulence factors. We have
developed two specific objectives to test this hypothesis. First, we will examine the
maturation of the USA300 phagosome by using confocal microscopy to evaluate
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potential association of intracellular USA300 with markers of phagosomal acidification,
as well as phagosomal fusion with endosomes and lysosomes. Second, we will examine
the impact of phagosomal acidification on expression of key USA300 virulence
regulators such as agr, saeR, sarA, and sigB, as they are known to control the expression
of numerous S. aureus virulence genes during infection (Bronner et al., 2004; Bokarewa
et al., 2006).
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Chapter 2: Examining the maturation of the USA300-containing
phagosome in human macrophages.

2.1 Introduction

2.1.1 Research Objective and Hypothesis. Although previously published reports and
our own preliminary studies showed that S. aureus is able to survive inside phagocytic
cells, the mechanisms by which the bacterium evades phagosomal destruction in
macrophages remain unclear (Lemaire et al., 2011). Our lab has previously demonstrated
that the CA-MRSA strain USA300 survives and replicates inside of human macrophages
(Fig. 1.1). This suggests that USA300 can survive in the presence of macrophage
phagosomal defenses, but the mechanism(s) by which the bacterium might evade
phagosomal destruction remained to be determined. Thus, the objective of this study was
to determine the fate of the USA300-containing phagosome inside THP-1 human
macrophages.
We hypothesize that USA300 survives inside macrophages by altering normal
processes of phagosomal trafficking. Therefore, we utilized laser-scanning confocal
microscopy to examine the fate of the USA300-containing phagosome in the THP-1
human macrophage cell line by determining whether the phagosome exhibits
characteristics of normal trafficking events, such as acidification and fusion with
endosomes and lysosomes. It is important to understand whether and how USA300 might
alter phagosomal trafficking in host cells as such knowledge may identify host or
bacterial targets for therapeutics aimed at inhibiting intracellular infection by USA300.
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2.2 Materials and Methods:

2.2.1 Bacterial strains and growth conditions. Staphylococcus aureus USA300 LAC
(WT) and Staphylococcus aureus USA300 LAC + GFP (USA300-GFP) were grown in
tryptic soy broth (TSB) (BD Biosciences) at 37ºC with agitation. USA300 LAC + GFP
was grown in the presence of erythromycin (10 μg/ml) (Table 1.1).

2.2.2 Mammalian cell lines and growth conditions. The THP-1 human monocytic cell
line was purchased from American Tissue Culture Collection (ATCC TIB-202). THP-1
cells were grown in Roswell Park Memorial Institute (RPMI)-1640 medium (Lonza)
supplemented with 10% fetal calf serum (Seradigm), 5% penicillin / streptomycin
(Corning), 5% HEPES (Hyclone), 5% glutamine (Hyclone) and 0.05M 2Mercaptoethonal (Sigma) at 37°C + 5% CO2 and subcultured twice per week.

2.2.3 Macrophage infections. THP-1 monocytes were seeded onto 18 mm diameter
glass coverslips in 6-well plates, at a density of 1 million cells per coverslip. Cells were
treated with phorbol myristate acetate (PMA) (10ng/mL) 48 h prior to infection to induce
maturation from monocyte to mature macrophage (Daigneault et al., 2010). Overnight
liquid bacterial/USA300 cultures (grown at 37 °C for 16-18 h) were washed three times
with D-PBS. The mature THP-1 macrophages were infected with live or heat killed (HK)
USA300 at a multiplicity of infection (MOI) of 10 or 30 bacterial cells per THP-1 cell,
respectively, and incubated at 37°C in 5% CO2. At 30 min post-infection (p.i.), media
was replaced with RPMI supplemented with 100 μg/ml of the antibiotic gentamicin to
kill extracellular bacteria, as our particular strain is gentamicin-sensitive (Kennedy et al.,
14

2010). At 2 h p.i., media was replaced with RPMI supplemented with 5 μg/ml
gentamicin, to reduce potential anti-microbial effects of endosomal incorporation of the
drug, and this concentration remained for the duration of the infection (Vauduax and
Waldvogel, 1979). In phagosomal trafficking experiments, infections were performed
with live or heat-killed (HK) USA300-GFP. Bacteria were heat-killed via incubation at
65°C for 2 h (Parker and Prince, 2012). At specified timepoints during infection,
coverslips were moved into new 6 well plates for sample preparation. Transferred
coverslips were washed twice with 1 X Tris-Buffered Saline (TBS) before treatment with
a 4% paraformaldehyde solution or a 100% methanol solution for fixation (depending on
what antibody [Ab] markers were to be used during labeling for immunofluorescence).

2.2.4 Confocal microscopic analysis of phagosomal acidification. Macrophages were
infected as described above with either live or HK USA300-GFP in the presence of the
acidotropic fluorescent dye LysoTracker Red DND-99 (diluted 1:10,000 in cell media)
(Life Technologies). At 1, 2, 4 and 8 h p.i., coverslips containing infected cells were
fixed as described above and washed with D-PBS. Infected macrophages were
permeabilized with 1 X TBS supplemented with 0.01% Triton X-100 (TBS-TX), and
incubated for 1 h at room temperature (RT) with an anti-mouse-FITC polyclonal antibody
(PAb) (100 μg/mL, Jackson ImmunoResearch), which immunolabeled USA300 by
binding to protein A on the bacterial surface (Parker and Prince, 2012); this
immunolabeling step was utilized to ensure that HK bacteria, which cannot actively
express GFP, would be fluorescent. After immunolabeling, macrophages were mounted
onto glass microscope slides with Prolong Gold (Life Technologies). As a control to
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ensure that Lysotracker specifically labeled acidic compartments, a subset of
macrophages were treated with the V-ATPase inhibitor bafilomycin A1 (100nM) for 1 h
prior to infection as well as throughout infection to prevent phagosomal acidification. All
slides were imaged via confocal microscopy using a Leica TCS SP5 laser-scanning
confocal microscope, equipped with DPSS (Diode-pumped solid-state) (561 excitation /
610 emission) and Argon (488 nm excitation / 510 nm emission) lasers. All microscope
slides were scanned sequentially, and a fluorescence range indicator was utilized to
identify areas of oversaturation. The proportion of USA300-containing phagosomes that
colocalized with Lysotracker was quantitated with ImageJ, as described in section 2.2.6.

2.2.5 Confocal microscopic analysis of phagosomal fusion with late endosomes and
lysosomes. At 1, 2, 4, and 8 h p.i., coverslips containing infected cells were fixed,
permeabilized and S. aureus was immunolabeled as described above (2.2.3). Cells were
then blocked with a chicken anti-protein A Ab (diluted 1:50 in TBS-TX) to prevent nonspecific binding of any remaining free protein A on the surface of USA300 with the
specific Abs for endosomal and lysosomal markers (Parker and Prince, 2012). For
analysis of phagosome-late endosomal fusion, permeabilized cells were incubated with
anti-LAMP-1 Sheep MAb (Santa Cruz Biotechnology) in TBS-TX containing 10%
bovine serum albumin (TBS-TX-BSA) for 2 h, followed by three washes of TBS-TX and
an anti-sheep-TRITC-conjugated secondary antibody incubation in TBS-TX-BSA for 2 h
(Jackson Immunolabs). For analysis of phagosome-lysosome fusion, permeabilized cells
were incubated with either anti-cathepsin D rabbit PAb (Millipore) or anti-βGlucuronidase rabbit PAb (Millipore) in a TBS-TX-BSA solution followed by three
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washes of TBS-TX and an anti-rabbit-TRITC-conjugated secondary antibody (Jackson
Immunolabs) incubation for 2 h. Following immunolabeling, coverslips were mounted to
slides with Prolong Gold and imaged via confocal microscopy as described above. The
proportion of USA300 containing-phagosomes that colocalized with LAMP-1, cathepsin
D or β-Glucuronidase was determined with ImageJ as described below (2.2.6). It should
be noted our cathepsin D primary Ab recognizes both pro and mature forms of the
hydrolytic protease as stated by the manufacturer (Millipore); these forms differ in their
effectiveness as proteolytic enzymes (Laurent-Martha et al., 2006). As a control, live and
HK bacteria alone were labeled with primary and secondary Abs or secondary Abs only
to ensure that there was no non-specific binding of host-targeted antibodies with bacteria.
Uninfected macrophages were also treated with secondary-Ab alone to rule out nonspecific labeling.

2.2.6 Quantitation of colocalization of the USA300-containing phagosome with
markers of phagosomal acidification, late endosomes and lysosomes. Colocalization
analysis was performed using ImageJ with the Coloc2X plug-in (National Institutes of
Health). This analysis produced coefficients associated for the degree of colocalization,
and a phagosome was considered to be colocalized with a specific marker when a
positive Pearson’s score was obtained (Dunn et al., 2011). In this case, Pearson’s
correlation shows the correlation of intensity of distribution between red (Lysotracker,
LAMP-1, cathepsin D, β-glucuronidase) and green (USA300) channels by algorithms
pertaining to pattern recognition and overlapping of fluorescence between the different
view planes (Zinchuk et al., 2007). At each time point, a minimum of 100 USA300-
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containing phagosomes were randomly selected and analyzed by ImageJ for
colocalization with the specific marker.

2.2.7 Statistical Analysis. All statistical analyses were conducted in R v. 2.15 (Team
RDC, 2012). Differences between treatments and time-points were assessed by general
linear models with function ln. Significant effects were further analyzed using Tukey’s
post-hoc comparisons; P values of < 0.05 were considered significant. All error bars
represent standard deviation.

2.3 Results:

2.3.1 The USA300-containing phagosome acidifies. While phagosomal maturation is a
process engineered to kill microbes, there is evidence that some intracellular bacteria
utilize methods to disrupt or evade the normal process (Chastellier and Berche, 1994;
Zheng and Jones, 2003; Rohde and Abramovitch, 2007). Having previously observed
that USA300 survives inside of macrophages, we evaluated whether the USA300containing phagosome subverts the normal phagosomal maturation process. First, we
examined acidification of the USA300 phagosome by using confocal microscopy and the
acidotropic dye Lysotracker as a marker for phagosomal acidification, as the acidification
process is known to be a precursor for later stages of maturation such as endosomal and
lysosomal fusion as well as for peptidase and hydrolase activation (Sun-Wada et al.,
2009). The data demonstrated that the USA300-containing phagosome acidifies readily
by 1 h p.i. and remains acidic throughout an 8 h time period (> 90% colocalization at all
time points) (Fig 2.1 A, B). Importantly, there was no significant difference in
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Lysotracker colocalization between live and dead bacteria at any time point, indicating
that live USA300 do not actively inhibit the normal acidification process. We also found
that the proportion of bacteria associated with acidic phagosomes did increase over time,
as colocalization of dead bacteria with Lysotracker at 8 h p.i. was significantly greater
from that of both live and dead bacteria at 1 h p.i. This finding was not unexpected, as VATPase synthesis activity increases with time in infected macrophages (Flannagan et al.,
2009). To confirm that USA300 not only tolerates the acidic compartment, but also
replicates within it, we evaluated the average number of live bacterial cells per acidic
phagosome at each time point. It was found that during an 8 h infection, the average
number of live bacterial cells per USA300-containing phagosome increased by nearly 4fold between 1 and 8 h p.i. (Fig 2.1 C). Together, these data demonstrate that USA300
remains sequestered within acidified phagosomes during the initial 8 h of infection, and
that the bacteria replicate within these acidified compartments.

2.3.2 The USA300-containing phagosome fuses with late endosomes. Next, we
examined the USA300-containing phagosome’s ability to fuse with late endosomes by
way of utilizing the late endosomal marker LAMP-1 in colocalization experiments.
Phagosome-endosome fusion introduces an array of anti-microbial peptides into the
phagosome that function to damage or destroy the microbe within (Vieiria et al., 2002),
so it is imperative to understand whether the USA300-containing phagosome undergoes
this crucial step in maturation. We observed no significant difference in LAMP-1
association between live or HK bacteria at any time point tested. At 1 h p.i., over 80.0%
of live and HK bacterial-containing phagosomes colocalized with the late-endosomal
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marker LAMP-1, and by 8 h p.i., live bacteria-containing phagosomes showed 70.8%
colocalization with the marker, while HK bacterial-containing phagosomes showed
87.7% colocalization with the marker (Fig 2.2). It should also be noted that although
there is a numerical difference in LAMP1 association with live bacteria between 1 and 8
h p.i., the decrease was not significant. Together, these data demonstrate that the
USA300-containing phagosome does not significantly alter normal phagosome-late
endosome fusion.

2.3.3 The USA300-containing phagosome perturbs lysosomal fusion. To evaluate
whether USA300 alters the final stage of phagosomal maturation, we utilized the
lysosomal aspartyl protease cathepsin D as a marker to examine the fusion of lysosomes
with USA300-containing phagosome, as cathepsin D is a hydrolytic protease specific to
lysosomes (Vieiria et al., 2002). Lysosomes introduce many degradative and potent
enzymes and peptides to the bacteria-containing phagosome (Vieiria et al., 2002;
Flannagan et al., 2009), and the formation of the phagolysosome represents the terminal
step in phagosomal maturation. Colocalization analysis revealed that USA300 partially
inhibits lysosomal fusion as soon as 4 h p.i., as significantly fewer phagosomes
containing live USA300 colocalized with cathepsin D than did phagosomes containing
HK bacteria (Fig 2.3). At 4 h p.i., 35.1% of phagosomes containing live bacteria
colocalized with cathepsin D, while 61.1% of phagosomes containing dead bacteria
associated with the marker. Similarly, at 8 h p.i., 33.2% of live bacteria and 63.9% of
dead intracellular bacteria colocalized with cathepsin D. There was also a significant
difference in colocalization of cathepsin D with live bacterial-containing phagosomes at 1
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and 8 h p.i.; cathepsin D association with live bacteria decreased significantly throughout
an 8 h period whereas colocalization with phagosomes containing dead bacteria remained
unchanged. These data suggest that after initial lysosomal fusion within 1 h of infection,
live USA300 may somehow actively inhibit further lysosomal trafficking to the
phagosome.
To further support the hypothesis that live USA300 alter phagosomal-lysosomal
fusion, we performed experiments to examine phagosomal colocalization with βglucuronidase, an additional lysosomal-specific enzyme (Jain et al., 1996). As observed
in the cathepsin D colocalization analysis, by 8 h p.i. significantly fewer phagosomes
containing live USA300 associated with β-glucuoronidase (35.4%) than did phagosomes
containing HK bacteria (86.5%) (Fig 2.4 A, B). Interestingly, we again observed a 2.5fold decrease in association of the lysosomal marker with live bacterial phagosomes over
an 8 h infection period, while association with phagosomes containing dead bacteria was
not significantly changed. Together, the cathepsin and β-glucuronidase studies suggest
that USA300 perturbs lysosome fusion with the phagosome, and possibly redirects
lysosomal traffic after early fusion events.

2.4 Discussion

Our lab previously demonstrated that CA-MRSA strain USA300 survives and replicates
within mature macrophages of human origin; however, those experiments did not address
how this strain is able to survive in the intracellular environment. For any bacterium to
survive inside a macrophage, it must possess the ability to combat the armada of
macrophage intracellular defenses. In this investigation, we examined the fate of the
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USA300-containing phagosome in macrophages to determine whether USA300 alters
key modes of macrophage defense such as phagosomal acidification or the fusion of
phagosomes with endosomes and lysosomes, as these maturation events contribute
greatly to macrophage antimicrobial function (Benna et al., 2005; Manes et al., 2003;
Vieiria et al., 2002). Some previous studies which examined intracellular infection by
non-USA300 strains of S. aureus in non-phagocytic cells have shown that S. aureus has
the capacity to escape phagosomes (Giese et al., 2009; Grosz et al., 2014; Jerry et al.,
2008). Other reports also suggest certain strains have the ability to reside in phagosomes
in non-professional phagocytes (Fraunholz and Sinha, 2012). Although these studies do
not point to the actual virulence mechanisms that lead to these outcomes, they do
collectively indicate that S. aureus intracellular survival technique varies greatly
depending on S. aureus strain and host cell type. In order to better combat USA300
infection of macrophages, it is imperative to identify USA300 intracellular survival
mechanisms as such information may contribute to the development of new treatment
targets.
In our examination of the USA300-containing phagosome maturation process, we
discovered that the USA300-containing phagosome acidifies readily after infection, and
remains acidic throughout an 8 h time period; we also demonstrated that USA300
replicates within these acidified compartments. Together, these data indicate that
USA300 is able to tolerate and replicate within the conditions of the acidified
phagosome. There are numerous studies that highlight S. aureus acid tolerance in low pH
culture medium (4.5-5.5 pH) (Clements and Foster, 1999; Cotter and Hill, 2003), which
may partially explain USA300’s ability to survive within acidified phagosomes. These
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studies also point to the sodA and sodM families of manganese-dependent superoxide
dismutases (SOD) that aid in acidic / oxidative stress resistance (Valderas et al.,2002). As
noted previously, USA300 also harbors a unique ACME which promotes bacterial
ammonia production and aids in USA300 survival in the acidic skin environment (Planet
et al., 2013; Thurlow et al., 2013) that may also contribute to its acid tolerance. Although
low pH culture medium does not perfectly mimic the complex conditions within an
acidified phagosome, it is entirely possible USA300 employs similar mechanisms to aid
in its survival within that intracellular environment.
We also examined the ability of the USA300-containing phagosome to fuse with
late endosomes and lysosomes. Results revealed no significant difference between live
and dead USA300-containing phagosomes in their ability to colocalize with the late
endosomal marker LAMP-1; this indicates that USA300 does not actively inhibit the
normal process of late endosome fusion. These examinations also demonstrated that
while there is a short period after initial infection in which lysosomes fuse with the
bacteria-containing phagosome, lysosomal fusion is somehow perturbed in the later
stages of infection. Redirection or delay of phagosome-lysosome fusion would be greatly
advantageous to a pathogen, as lysosomes contribute a wide variety of potent
antimicrobial enzymes and peptides to the maturing phagosome (Vieira et al., 2002);
Coxiella burnetii has shown to redirect and reduce phagolysosome fusion after an initial
fusion period while remaining within acidified phagosomes, with environmental pH
playing a role in virulence protein synthesis (Howe and Mallavia, 2000). The perturbation
of lysosomal fusion prevents many key degradative enzymes from reaching the
bacterium, thus increasing its chance of survival.
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Our data suggest that USA300 utilizes the phagosome as an intracellular reservoir for
survival and replication; this strategy is documented in numerous pathogens as well. As
noted previously, Legionella pneumophila has also shown to perturb fusion of the
lysosome via a Dot/Icm type IV secretion system in which the bacterium injects effector
proteins into the cytosol to manipulate vesicle trafficking via potential manipulation of
Rab function, and to ultimately facilitate bacterial survival and replication within the
phagosome (Roy and Kagan, 2002). Numerous S. aureus strains are known to harbor
various type III and IV secretion systems, and these systems are also found in other
successful intracellular pathogens such as Salmonella Typhimurium that rely on similar
phagosomal acidification mechanisms for survival and may possibly interfere with
phagosome-lysosome fusion shortly after initial fusion events (Wallden et al., 2010;
Rathman et al., 1996; Rathman et al., 1997). Other studies point to Mycobacterium
tuberculosis’s ability to manipulate both the host trans-golgi network to inhibit
production of late endosomes and lysosomes, and well as increase the bacteria-containing
phagosome’s binding affinity to early endosomal compartments via type III and
potentially type VI secretion systems that provide nutrients to the bacterium (Vergne et
al., 2004; Converse and Cox, 2005). Although the mechanisms of these virulence
techniques differ, they provide key insight into possible mechanisms USA300 may be
utilizing for intracellular survival; these strategies all function to reduce or redirect
phagolysosome formation, and it is entirely possible that USA300 employs similar
methods and should be explored further to identify potential targets of future therapies
and treatments.
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Although S. aureus hosts a plethora of virulence factors, many remain poorly
characterized regarding their role in intracellular infection. However, many of these
virulence factors are regulated by the common virulence gene regulators agr, saeR, sarA,
and sigB. Studies regarding S. aureus intracellular infection demonstrate that both agr
and sigB contribute to survival in macrophages, (Kubica et al., 2008), while other
investigations point to agr and saeR/S involvement in non-phagocytic survival (Garzoni
et al., 2009). Studies have also have confirmed sarA to aid in both agr-independent and
agr-dependent virulence gene regulation that may contribute to intracellular infection in
neutrophils (Chien et al., 1999; Gresham et al., 2000). Although the mechanisms by
which these global virulence gene regulators contribute to intracellular infection are
poorly understood, studies have suggested that agr upregulation of α-hemolysin and other
exotoxins may contribute to phagosomal escape in intracellular survival of nonphagocytes (Qazi et al., 2001). Studies also demonstrate sigB importance in intracellular
survival, and point to its ability to combat environmental stresses such as reactive oxygen
and nitrogen species (Liu et al., 2005). This gap in knowledge also applies to USA300
intracellular survival, in that there are no studies that highlight virulence mechanisms or
genes utilized in human macrophage infection.
Our findings that USA300 alters normal phagosomal maturation for intramacrophage
survival may have relevance for chronic CA-MRSA infections as macrophages are early
responders to infection, provide a relatively safe habitat for growth, and continue to
migrate around the body after initial infection (Elhelu, 1983; Aderam, 1999; Vieiria et al.,
2002). Given that most USA300 infections begin at a breach in the skin and spread
through the bloodstream to deeper sites (Johnson et al., 2007), the ability to survive
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within human macrophages may contribute to the increased risk patients have of
acquiring bacteremia or sepsis during a USA300 infection (Kreisel et al., 2011), similar
to the manner in which M. tuberculosis and L. monocytogenes establish chronic infection
in humans (Chastellier and Berche, 1994; Drevets, 1999; Wei et al., 2000; Malik et al.,
2001). Residing within macrophages would increase the bacterium’s chance of evading
host humoral defenses before reaching additional sites of colonization. There are also
numerous studies highlighting S. aureus’s ability to reside inside of both professional and
non-professional phagocytes for periods of time before apoptosis of the host cell (Wesson
et al., 1998; Gresham et al., 2000; Kubica et al 2008). Kubica et al (2008) demonstrate
that S. aureus survives for days in macrophages prior to cell lysis, which may ultimately
contribute to systemic infection within deeper tissue site; USA300 may utilize a similar
method of dissemination and may contribute to its overall success as an intracellular
pathogen (Thwaites and Gant, 2011).
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Chapter 3: Evaluation of the role of phagosomal acidification in CAMRSA USA300 virulence:

3.1 Introduction

3.1.1 Research Objective and Hypothesis. Our most recent studies demonstrated
USA300 colocalization with acidic phagosomes (Fig 2.1 A, B), and our preliminary
studies showed that low phagosomal pH is required for USA300 intracellular survival
(Fig 1.2 A, B). These findings led us to speculate that acidification of the bacteriacontaining phagosome is necessary for USA300 virulence and intracellular survival.
Thus, our next objective was to determine whether phagosomal acidification might
impact USA300 virulence gene expression during infection of THP-1 macrophages.
We hypothesized that the acidification of the phagosome acts as a precursor to the
upregulation of key virulence regulator genes in USA300, as studies have shown agr
expression is heavily influenced by environmental conditions both in and outside of the
host (Regassa and Betley, 1992; Goerke et al., 2000; James et al., 2013;). Numerous
studies highlight similar strategies in other intracellular pathogens such as Brucella suis,
Coxiella burnetii, and Mycobacterium tuberculosis, which respond to host intracellular
conditions by altering expression of virulence genes (Porte et al., 1999; Boschiroli et al.,
2002; Ghigo et al., 2002; Kyle et al., 2007); Therefore, we used quantitative reverse
transcriptase polymerase chain reaction technology (qRT-PCR) to examine the impact of
phagosomal acidification on the expression of USA300 virulence regulators agr, saeR,
sarA, sigB. As described previously, each of these regulators is thought to play crucial
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roles in intracellular infection of phagocytes, but whether their expression might be
influenced by the phagosomal environment is poorly understood (Chien et al., 1999;
Gresham et al., 2000; Qazi et al., 2001; Liu et al., 2005; Kubica et al., 2008). By
examining whether or not these common S. aureus virulence gene regulators are
impacted by phagosomal acidification in USA300 infection of macrophages, we gain a
better overall understanding of how USA300 responds to the host intracellular
environment and may gain insight into potential host- or pathogen-targeted drug targets
to be utilized in future therapies.

3.2 Materials and Methods

3.2.1 Bacterial strains and growth conditions. Staphylococcus aureus USA300 LAC
(WT), Staphylococcus aureus USA300 LAC + GFP (USA300-GFP) , and
Staphylococcus aureus USA300 LAC agr + GFP (USA300-agr-GFP), were grown
in TSB at 37ºC within a shaker incubator. USA300 LAC + GFP was grown in the
presence of erythromycin (10 μg/ml), while USA300 LAC agr + GFP was grown in
the presence of chloramphenicol (10 μg/ml) (Table 2.1).

3.2.2 Mammalian cell lines and growth conditions. The THP-1 human monocytic cell
line was purchased from American Tissue Culture Collection. THP-1 cells were grown in
RPMI-1640 medium as described in (2.2.2).
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3.2.3 Macrophage infection: The effect of phagosomal acidification on expression of
S. aureus virulence gene regulators agr, sarA, sigB, and saeR. THP-1 monocytes were
seeded onto either 100 mm dishes or 6-well plates, at a density of 4.6 million cells per
plate. THP-1 cells were differentiated and prepared as described in (2.2.3), and
macrophages were infected with live USA300 (WT) at an MOI of 10. At designated time
points, infected macrophages were then harvested and pelleted for future use and stored
at -20⁰C. For infections involving inhibition of phagosomal acidification, THP-1
macrophages were treated with bafilomycin A1 (100 nM) or an equal volume of DMSO
(vehicle) for 1 h then infected with USA300 as described above.

3.2.4 RNA isolation, cDNA Synthesis and qRT-PCR. Cell pellets were processed by
resuspension in Qiagen RNeasy mini-kit buffer RLT containing β-mercaptoethanol and
transferred to microcentrifuge tubes containing 0.2 mm RNase-free stainless steel beads
(Next Advance). Samples were homogenized using a Bullet Blender (Next Advance) and
RNA was extracted from the homogenate utilizing the Qiagen RNeasy kit according to
the manufacturer’s protocol. Samples were subject to DNase digestion via two
consecutive 15 min incubations with RNase-free DNase I (Qiagen) to remove remaining
macrophage and bacterial DNA. The resulting RNA samples were then analyzed for
purity using a NanoDrop 2000c spectrophotometer (Thermo Scientific) and RNA was
stored at -20⁰C until further use.
cDNA was synthesized using the High-Capacity cDNA Reverse Transcription Kit
(Life Technologies) and samples were analyzed for purity as described above. cDNA
was prepared for q-PCR using TaqMan Fast Advanced Master Mix (Life Technologies)
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and the primers and probes listed in Table 2.2. Real-time detection and relative
quantitation of transcripts were achieved with the StepOne Plus Real-Time PCR System
(Life Technologies).
The impact of phagosomal acidification on bacterial gene expression was
determined using the comparative quantification CT method (Livak and Schmittgen,
2001; Labandeira-Rey et al., 2007) according to the manufacturer’s protocol (Real-time
PCR handbook 3rd edition, at [http://www.lifetechnologies.com/us/en/home/lifescience/pcr/real-time-pcr/qpcr-188 education/real-time-pcr-handbook.html?icid=frhandbooks-3]). The CT method compares the threshold cycle (CT) from an
experimental sample (bafilomycin-treated macrophages) with both a calibrator sample
(DMSO-treated macrophages) and a normalizer (gyrB, housekeeping gene measured in
experimental and calibrator samples). The CT value, representing the difference in
threshold cycle between the target and normalizer genes, was determined by subtracting
the CT values of gyrB from the CT values for each target gene (agr, sarA, sigB or saeR).
The CT value was derived from the subtraction of the CT of the calibrator sample
from the CT of the experimental sample. 2-CT was expressed as the n-fold difference
in gene expression in the experimental sample compared to the calibrator sample at each
time point tested. Genes exhibiting greater than 3 fold change in expression were
considered to be significant.

3.2.5 Effect of pH on agr gene expression. Overnight liquid USA300 cultures (grown at
37 °C for 16-18 h in TBS) were centrifuged at 8000 RPM for 3 min, and washed three
times with D-PBS. Cultures were then seeded at a density of 4.5 x 106 cfu per ml of
RPMI media to reflect the density of bacteria devised in our infection protocol (2.2.2).
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Cultures were grown in sterile glass flasks and incubated at 37°C and monitored
spectrophotometrically with a Spectronic 20D+ (Milton Roy) spectrophotometer at 595
nm for optical density (OD) readings. Experimental cultures were first adjusted to either
pH 4.5 or 5, to mimic the acidified phagosomal pH environment (Lukacs et al., 1991;
Canton et al., 2014). At 1, 2, 4, and 8 h post seeding, OD readings (and pH) were taken
for growth curve evaluation, as well as samples for RNA isolation and qRT-PCR analysis
as described in (3.2.4).

3.2.6 Confocal microscopic analysis of USA300 agr colocalization with the
lysosomal marker cathepsin D. Macrophages were infected as described previously
(2.2.3) with either WT USA300 LAC + GFP or WT USA300 LAC ∆agr + GFP at an
MOI of 10 and 20, respectively. At 1 and 8 h p.i., coverslips containing infected cells
were fixed, permeabilized, and immunolabeled as described in (2.2.5) for the lysosomal
marker cathepsin D. Following immunolabeling, colocalization analysis was performed
using ImageJ with the Coloc2X plug-in (National Institutes of Health) as described in
(2.2.6).

3.3 Results

3.3.1 Inhibition of phagosomal acidification decreases expression of virulence
regulator agr in USA300. To investigate the impact of phagosomal acidification on
USA300 virulence, the expression of regulator genes agr, sarA, sigB, and saeR was
examined in macrophages treated with or without the V-ATPase inhibitor bafilomycin
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A1. These regulators were chosen because they control the expression of most S. aureus
virulence genes, and are known to play roles in intracellular S. aureus survival (Gresham
et al., 2000; Arvidson and Tegmark, 2001; Kubica et al., 2008; Garzoni et al., 2009).
qRT-PCR was used to evaluate USA300 expression of RNAIII (a product of the agr
regulon), sarA, saeR, and sigB during infection of macrophages treated with or without
bafilomycin. We observed a marked reduction (>3-fold change) in RNAIII expression in
bacteria harvested from bafilomycin-treated macrophages relative to control macrophages
at 1, 2, 4 and 8 h p.i., while there was little impact on of bafilomycin-treatment on sarA,
sigB, or saeR expression (< 3-fold change) (Fig 3.1 A). The greatest impact of
phagosomal acidification on agr occurred at 2 h p.i., where USA300 RNAIII expression
was 30-fold lower in macrophages treated with bafilomycin compared to macrophages
treated with DMSO. As a control, bafilomycin was added to USA300 grown in culture
medium alone (in absence of macrophage infection), and it was found that there was no
change in RNAIII expression in USA300 in those conditions (data not shown), indicating
that the effect of bafilomycin on agr was due to the impact of bafilomycin on
macrophage phagosomal acidification and not due to a direct effect of the drug itself on
the bacteria.
To further examine the role agr plays in USA300 intracellular survival, we tested
the effect of bafilomycin treatment on survival of USA300 Δagr inside macrophages. We
hypothesized that if agr expression and agr-mediated intracellular survival was
dependent on phagosomal acidification, then while bafilomycin treatment would decrease
survival of USA300 WT, it would not have an effect on survival of USA300 Δagr. This
study demonstrated that while the addition of bafilomycin significantly impacted WT
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survivability in THP-1 macrophages, bafilomycin did not significantly impact agr
survivability (Fig 3.1 B), thus suggesting that phagosomal acidification may impact
intracellular survival in an agr-dependent manner. In addition, this study showed that
even in control (DMSO-treated) macrophages, intracellular survival of the agr strain
was significantly reduced in comparison to WT; this observation confirms previous
reports that agr is required for full intracellular survival (Schnaith et al., 2006; Kubica et
al., 2008). In tandem, these results provide confirmation that agr is critical for
intracellular survival of USA300 and that phagosomal acidification promotes agrmediated virulence.

3.3.2 pH impacts agr expression of USA300 in vitro. To study the effect of pH alone on
agr expression in USA300, bacteria were grown in RPMI medium at pH 4.5 and 5 to
mimic the acidified phagosome as well as at pH 7 to act as a pH-neutral environment
(control) (Lukacs et al., 1991; Canton et al., 2014). We hypothesized that incubation of
the bacterium at acidic pH levels would increase agr expression, as previous studies have
demonstrated similar results (Chan et al., 1998; Cotter and Hill, 2003). At 2 and 8 h postexposure to specified pH, bacterial RNA was isolated and agr expression was quantitated
through qRT-PCR. Results indicate that although USA300 survives and replicates (albeit
more slowly) at pH 4.5 and 5 compared to pH 7 culture medium (Fig 3.2 B), agr
expression was increased at 2 h post seeding when comparing bacteria grown at pH 4.5
compared to pH 7 (Greater than 3-fold change in expression was considered to be real
change as noted previously). It should also be noted there was a numerical difference of
2.98 fold change in expression when comparing bacteria grown at pH 5 compared to pH
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7 at 2 h post seeding as well (Fig 3.2 A). These studies portray that USA300 agr
expression increases when the bacterium is incubated in acidic culture medium compared
to neutral culture medium.

3.3.3 Impact of agr on phagosomal cathepsin D acquisition. Since we observed that
agr was required for full intracellular survival during macrophage infection, we sought to
determine if agr contributed to the evasion of lysosomal fusion by USA300. To evaluate
whether agr plays a role in perturbing lysosomal fusion, we examined the colocalization
of USA300 WT and USA300 ∆agr with cathepsin D during infection of THP-1
macrophages. Confocal microscopy and colocalization analysis revealed a trend towards
increased cathepsin D association with USA300 agr relative to the WT strain at 8 h
p.i., although this trend did not achieve statistical significance (P = 0.1176) (Fig 3.3 A,
B). It should be also noted that there was no significant decrease in cathepsin association
with the agr strain between 1 and 8 h p.i, indicating that perturbation of the lysosome
is not seen to the same degree in the agr strain as in the WT and that agr activity may
be linked to perturbation of lysosomal fusion.

3.4 Discussion

Our preliminary data demonstrated that inhibition of phagosomal acidification in THP-1
macrophages causes a significant decrease in USA300 intracellular survival; this
prompted our investigation into how phagosomal acidification influences bacterial
viability during intramacrophage infection. Several reports indicate S. aureus acid
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tolerance in culture medium alone, but it is still unclear whether during intracellular
infection the acidified phagosome impacts S. aureus virulence (Cotter and Hill, 2003).
Therefore, we examined the impact of phagosomal acidification on expression of key
S.aureus virulence gene regulators in an effort to gain better insight into how the
bacterium might respond to host intracellular defenses.
We first examined the expression of USA300 virulence gene regulators, RNAIII
(a product of the agr locus), saeR, sarA, and sigB, as they are known to govern a plethora
of virulence genes involved in infection (Chien et al., 1999; Gresham et al., 2000; Qazi et
al., 2001; Liu et al., 2005; Kubica et al., 2008; Garzoni et al., 2009). We observed
decreased expression of agr, but not saeR, sarA, and sigB, in bafilomycin-treated
macrophages relative to our controls at each time point tested. This leads us to believe
that phagosomal acidification is a cue that promotes agr-controlled virulence. Other
studies have demonstrated that agr mutants have significantly decreased survival rates in
both professional and non-professional phagocytes (Qazi et al., 2001; Soong et al. 2015);
our findings provide evidence that agr activity is promoted by conditions within the
phagosome.
Previous studies have shown that other intracellular pathogens, such as Brucella suis,
Bordetella species, and Mycobacterium tuberculosis, also require phagosomal
acidification for survival in phagocytic cell lines, and evidence suggests that
intraphagosomal pH may contribute to virulence gene activation in those pathogens
(Porte et al., 1999; Schneider et al., 2000; Boschiroli et al., 2002; Kyle et al., 2007). To
investigate whether pH alone was sufficient to notably impact agr expression in USA300,
gene expression was measured in USA300 incubated at differing pH levels in growth
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medium and found that agr expression is increased in acidic pH culture medium
compared to neutral pH culture medium. These results agree with other studies that
demonstrate S. aureus survives in low pH environments (Chan et al., 1998; Cotter and
Hill, 2003), and may partly explain USA300 intracellular survival within the acidified
phagosome. However, it should be noted that the increases we observe in agr expression
in acidic culture medium do not fully match the notably larger decreases in agr
expression when phagosomal acidification is inhibited as seen in our infection model;
this suggests that other pH-dependent factors within the phagosomal environment may
increase expression of agr. In the future, it would be worth investigating whether the
introduction of hydrolases and other anti-microbial constituents via endosomal and
lysosomal fusion events trigger virulence activation in USA300, as we have shown that
both vesicle types fuse with the USA300-containing phagosome promptly after initial
infection. As noted previously, studies have demonstrated in other intracellular
pathogens, such as Salmonella Typhimurium, that increases in virulence gene expression
can be observed after initial lysosomal fusion events (Rathman et al., 1996, Rathman et
al., 1997). Other investigations point to exposure of reactive oxygen species within the
phagosome as a trigger to increased virulence gene expression in pathogens such as
Bacillus anthracis; these studies in tandem demonstrate the diversity of intraphagosomal
factors that may contribute to increases in virulence gene expression within a live
infection environment.
Previous studies which examined S. aureus intracellular survival in a variety of host cell
types have revealed many potential roles for agr. For example, agr mediated factors such
as hla, which encodes the pore-forming α-hemolysin toxin, Hla, may play roles in
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intracellular survival in phagocytes (Qazi et al., 2001; Kubica et al., 2008), although these
roles are poorly understood. Interestingly, studies have demonstrated not only hla’s
enhanced activity within acidic environments (Bhakdi et al., 1984), but also increased
presence during intracellular survival of S. aureus during infection (Mestre and Colombo,
2012; Soong et al., 2012). There is also evidence showing hla involvement in
downregulating cyclic cAMP levels in host cells to reduce immune responses within the
host (Mestra and Columbo, 2012), which demonstrate the value in investigating the role
hla plays in our infection model in the future.
Several studies have also reported that agr aids S. aureus in the escape of the phagosome,
rather than through sustained intraphagosomal survival and replication (Jarry and
Chueng, 2006; Jerry et al., 2008; Anwar et al., 2009; Otto 2014). However, as most of
those studies were conducted in nonphagocytic host cells and with non-USA300 strains
of S. aureus; it is possible that intraphagosomal replication is a unique characteristic of
USA300 during macrophage infection, and that dissemination of the bacterium may be
linked to agr involvement and the establishment of an intracellular reservoir. These
findings demonstrate the need for further investigation of agr mediated virulence factors
in USA300; as such investigation may reveal potential therapeutic targets when seeking
to combat persistent infections.
Having observed that USA300 perturbs lysosomal fusion, we investigated
whether or not this phenomenon was dependent on agr expression by comparing
cathepsin colocalization with USA300 WT and USA300 agr. We observed a numerical
difference in colocalization percentages between agr and WT USA300 at 8 h p.i.,
although the difference did not attain statistical significance (P = 0.1176). This finding
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suggests that although agr may contribute to perturbation of lysosomal fusion, it is likely
not the only virulence factor involved, and that the role of agr in promoting intracellular
survival is more complex than simply mitigating lysosomal fusion. This theory is also
supported by studies in other labs, which demonstrated agr-mediated involvement in
manipulating phagosomal maturation, although the mechanisms by which it influences
the process remain unclear (Schnaith et al., 2007). Theoretically, agr upregulation due to
phagosomal acidification may play a role in lysosomal perturbation; however, this study
does not directly link the two and will need to be investigated further. Given our results,
we hypothesize that other virulence factors besides agr are at play regarding the link
between phagosomal acidification and USA300 intracellular survival that merit future
studies. The identification of other virulence mechanisms involved in lysosomal
perturbation, as well as what agr-controlled factors are impacted by phagosomal pH,
would provide great insight into determining the most efficient targets for combating
USA300 intracellular persistence.
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Chapter 4: Final Thoughts and Future Work

The investigations conducted within the work of this thesis offer insight into CAMRSA USA300 intracellular virulence, and how this pathogen survives and replicates
during infection of THP-1 human macrophages. More specifically, these data
demonstrate that USA300 harbors the ability to perturb lysosomal fusion within the
macrophage, and that its survivability is linked to agr mediated virulence regulation.
Through confocal analysis we demonstrated that USA300 survive and replicate within
acidified phagosomes, and through survival assays and gene expression analysis showed
that this acidification event is directly linked to pathogen success and virulence gene
regulator expression. Although these findings are novel in that they have never before
been noted for USA300, similar phenomenon has been reported for other intracellular
pathogens, such as Brucella suis, Bordetella Spp., and Mycobacterium tuberculosis (Porte
et al., 1999; Schneider et al., 2000; Boschiroli et al., 2002; Kyle et al., 2007). The
strategies employed by these pathogens to respond to phagosomal acidification may
provide insight into further study of USA300 virulence. Here we also provide further
evidence for agr mediated virulence gene upregulation in acidic pH environments, as
supported by other studies previously ((Bhakdi et al., 1984), and may provide a link
between intraphagosomal survival and virulence gene expression. In future research, it
would be worth investigating which of the many virulence genes regulated by agr are
upregulated during intracellular infection, particularly in response to phagosomal
acidification, as the role of agr during intramacrophage infection is poorly understood at
best (Mestre and Colombo, 2012; Soong et al., 2012). It would also be worth deciphering
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possible mechanisms USA300 employs to perturb lysosomal fusion, as our studies
revealed that there are more players than merely agr impacting phagosomal maturation.
The data reported here offer crucial insight into CA-MRSA USA300 intracellular
survival, and raise valuable questions as to how we examine S. aureus intracellular
virulence.
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Table 1.1: Bacteria Strains
Bacterial strain

Description

Source

S. aureus USA300

Wild-type (WT)

Dr. Blaise Boles, University

LAC

of Iowa (Payne et al., 2013)

S. aureus USA300

WT strain

Dr. B. Boles, (Lauderdale et

LAC + GFP

expressing GFP

al., 2010)

(WT-GFP)

Table 2.1: Bacterial Strains (2)
Bacterial strain

Description

Source

S. aureus USA300

Wild-type

Dr. Blaise Boles, University

LAC

(WT)

of Iowa (Payne et al., 2013)

S. aureus USA300

WT strain

Dr. B. Boles, (Lauderdale et

LAC + GFP

expressing

al., 2010)

GFP (USA300GFP)
S. aureus USA300

WT strain with

Dr. B. Boles, (Lauderdale et

LAC ∆agr + GFP

agr locus

al., 2009)

deleted,
expressing
GFP (USA300∆agr-GFP)
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Table 2.2: Primers and Probes
Primer /
Probe

Description or sequence (5’ – 3’)

Source

RNAIII -F
primer
RNAIII -R
primer
RNAIII probe
saeR-F primer
saeR-R
primer
saeR probe
sarA-F primer
sarA-R
primer
sarA probe

AGCCATCCCAACTTAATAACCATGT
GATGTTGTTTACGATAGCTTACATGCTAGA
AGTAGAGTTAGTTTCCTTGGACTCAGTGCT

(Zielinska
et al. 2011)

CGCCTTAACTTTAGGTGCAGATGAC
ACGCATAGGGACTTCGTGACCATT
CCATCATCAACCAGTTGAACAACTGTCGT

(Mrak et
al., 2012)

ATGGTCACTTATGCTGACAAATTAAAAAGTTT
GGTTGTTTGTAGTTTAAATGATTAATAATATCTTT
AAGAT
CATCAGCGAAAACAAAG

sigB-F primer
sigB-R primer
sigB probe

GGTGCCATAAATAGATTCGATATGTCCTT
CTTTTGATTTCACCGATTACAGTAGGTACT
AAGGCTTCAAACTTCC

gyrB-F primer
gyrB-R
primer
gyrB probe

AGTAACGGATAACGGACGTGGTA
CCAACACCATGTAAACCACCAGAT
CCGCCACCGCCAAATTTACCACCA

This study
(NCBI
accession
no.
NC_00779
3.1) (Fey et
al., 2013)
This study
(NCBI
accession
no.
NC_00779
3.1) (Fey et
al., 2013)
(Beenken et
al., 2004)
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Fig 1.1. USA300 survives and replicates modestly inside macrophages. (A)
RAW264.7 mouse macrophages and (B) THP-1 human macrophages were infected with
USA300 at an MOI of 10. At 30 min post infection (p.i.), gentamicin (100 μg/ml) was
added to cell media to kill extracellular bacteria. At specified time points p.i.,
macrophages were lysed and bacteria were enumerated by plating. All data are averages
of at least three independent experiments with errors bar representing standard error. Data
are presented as % bacterial intracellular survival, which was calculated as bacteria
recovered at 2, 6, and 8 h p.i. relative to the initial 35 m timepoint bacteria count (35 m =
100%)
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Fig 1.2. Inhibiting phagosomal acidification markedly reduces USA300 intracellular
survival. (A) THP-1 human macrophages were treated with DMSO (vehicle) or the VATPase inhibitor bafilomycin A1 (100 nM) for 1 h prior to infection with USA300 or S.
carnosus (a nonpathogenic control). (B) THP-1 macrophages were treated with sterile
water or phagosomal alkalinizing agent NH4Cl (40 mM) for 1 h prior to infection with
USA300. Infected macrophages were treated with gentamicin and at 35 m and 8 h p.i.,
viable intracellular bacteria were enumerated. All data are averages of at least three
independent experiments with errors bar representing standard error. Data are presented
as % bacterial intracellular survival as described in Fig. 1.1. Asterisks portray significant
differences in bacterial intracellular survival (P < 0.05).
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Fig 2.1. Phagosomes containing live and dead USA300 acidify. (A) THP-1
macrophages were infected with live or heat-killed (HK) USA300-GFP in the presence of
the acidotropic fluorescent dye Lysotracker (Lysotr.). At 1, 4 and 8 h p.i., cells were fixed
and labeled with anti-Staphylococcal antibody (FITC, green) to label HK bacteria.
Macrophages were imaged via confocal microscopy. Arrows indicate examples of
colocalization of intracellular bacteria with acidic compartments. As a control,
macrophages were infected as described previously in the presence of bafilomycin A1,
and it found there was no significant colocalization of Lysotracker with intracellular
bacteria (data not shown). (B) Percent intracellular bacteria colocalized within acidic
(Lysotracker +) compartments was quantitated using ImageJ with the Coloc2x plugin. At
least 100 intracellular bacteria were examined at each time point; all data are averages of
at least three independent experiments with errors bar representing standard error. (C)
Average number of Live or HK bacteria within acidic phagosomes was determined for at
least 100 Lysotracker-positive bacteria-containing phagosomes per time point. In (B)
asterisks indicate significant differences in Lysotracker colocalization between 1 h time
point bacteria and dead bacteria at 8 h p.i. In (C) different letters indicate significant
differences in number of bacteria present within Lysotracker-positive compartments (P <
0.05).
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Fig 2.2. Phagosomes containing live and dead USA300 associate with late
endosomes. (A) THP-1 human macrophages were infected with live or heat-killed (HK)
USA300-GFP. At 1, 4, and 8 h p.i., cells were fixed and labeled with an antibody
specific for the late endosome marker LAMP1 (TRITC, red) and with antiStaphylococcal antibody (FITC, green) to label HK bacteria. Macrophages were imaged
via confocal microscopy. Arrows indicate examples of colocalization of the late
endosomal marker, LAMP-1. (B) Percent of intracellular bacteria colocalized with
LAMP1 was quantitated as described in Fig 2.1. No significant difference was observed
in LAMP-1 association between live and HK bacteria during the 8 h infection period.
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Fig 2.3. Live USA300 impairs phagosomal cathepsin D acquisition. (A) THP-1 human
macrophages were infected with live or heat-killed (HK) USA300-GFP. At 1, 4, and 8 h
p.i., cells were fixed and labeled with an antibody specific for the lysosomal marker
cathepsin D (Cath D) (TRITC, red) and with anti-Staphylococcal antibody (FITC, green)
to label HK bacteria. Macrophages were imaged via confocal microscopy. Arrows
indicate examples of colocalization of cathepsin D with intracellular bacteria. (B) Percent
of intracellular bacteria colocalized with cathepsin D was quantitated as described in Fig
2.1. In (B) different letters indicate significant differences in bacterial colocalization with
cathepsin D (P < 0.05).
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Fig 2.4. Live USA300 impairs phagosomal β-glucuronidase acquisition. (A) THP-1
human macrophages were infected with live or heat-killed (HK) USA300-GFP. At 1 h
and 8 h p.i., cells were fixed and labeled with an antibody specific for the lysosomal
marker β-glucuronidase (TRITC, red) and with anti-Staphylococcal antibody (FITC,
green) to label HK bacteria. Macrophages were imaged via confocal microscopy. Arrows
indicate examples of colocalization of β-glucuronidase with intracellular bacteria. (B)
Percent of intracellular bacteria colocalized with β-glucuronidase was quantitated as
described in Fig 2.1. In (B) different letters indicate significant differences in bacterial
colocalization with β-glucuronidase (P < 0.05).
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Fig 3.1. Inhibition of phagosomal acidification in macrophages decreases RNAIII
expression in USA300. (A) THP-1 macrophages were treated with either bafilomycin A1
(100 nM) or DMSO (vehicle) and infected with USA300 WT. At 1, 2, 4 and 8 h p.i.,
bacterial RNA was harvested from infected cells and qRT-PCR was used to quantitate
expression of USA300 virulence regulators RNAIII (product of agr locus), sarA, sigB
and saeR. Data were analyzed using the comparative quantification (ΔΔCT) method, and
are presented as fold change in USA300 gene expression in bafilomycin-treated
macrophages compared to control macrophages. Virulence regulator genes exhibiting
greater than 3-fold change in expression were considered to be altered for expression. (B)
THP-1 cells were treated with bafilomycin or DMSO for 1 h, and then infected with
USA300 WT or agr. At 35 m and 8 h p.i., viable intracellular bacteria were
enumerated and percent bacterial intracellular survival at 8 h p.i. was calculated as in Fig
1.1. All data are averages of at least three independent experiments with errors bar
representing standard error. In (B), different letters indicate significant difference in
bacterial intracellular survival (P < 0.05).
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Fig 3.2. Acidic culture medium alone increases agr expression in USA300. (A)
USA300 was incubated either in pH 4.5, pH 5, or pH 7 (control) culture medium for an 8
h time period. At 2 and 8 h p.i., bacterial RNA was harvested and qRT-PCR was used to
quantitate expression of USA300 virulence regulator RNAIII (product of agr locus). Data
were analyzed using the comparative quantification (ΔΔCT) method, and are presented as
fold change in USA300 gene expression in pH 4.5 and pH 5 culture medium compared to
pH 7 culture medium. Changes in expression greater than 3-fold were considered to be
altered for expression. All data are averages of at least three independent experiments,
with errors bar representing standard error. (B) USA300 was grown in culture medium at
the conditions and pH levels described above, and monitored for growth during and 8 h
incubation period. pH levels were maintained (+/- 0.2) throughout incubation (data not
shown).
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Fig 3.3. Impact of agr on phagosomal cathepsin D acquisition. (A) THP-1 human
macrophages were infected with live or heat-killed (HK) USA300 WT-GFP, or live
USA300 agr-GFP. At 1 and 8 h p.i., cells were fixed and labeled with an antibody
specific for the lysosomal marker cathepsin D (cath D) (TRITC, red) and with antiStaphylococcal antibody (FITC, green) to label HK bacteria. Macrophages were imaged
via confocal microscopy. Arrows indicate examples of colocalization of cathepsin D with
intracellular bacteria. (B) Percent of intracellular bacteria colocalized cathepsin D was
quantitated as described in Fig 2.1. In (B) different letters indicate significant differences
in bacterial colocalization with cathepsin D at 8 h p.i. between live and HK USA300 (P <
0.05). At 8 h, differences in colocalization between live WT and agr did not achieve
statistical significance P = 0.1176).
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