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ABSTRACT
Methicillin‐resistant Staphylococcus aureus (MRSA) is a Gram‐positive
pathogen capable of causing diverse disease in humans. MRSA precisely controls
virulence factor expression via the SaeR/S two‐component gene regulatory system.
While much is known about SaeR/S regulation patterns during skin infection, less is
understood about the role it plays in the pulmonary environment during secondary
staphylococcal pneumonia. Using an isogenic deletion mutant in pulsed field gel
electrophoresis type USA300 (strain LAC) of the saeR/S two‐component gene
regulatory system we examined its role in mouse models of pathogenesis involving
primary infection with influenza strain A/WSN/33 followed by USA300 infection.
Results demonstrate SaeR/S contributes significantly to mortality during
pneumonia following influenza A infection. Reverse transcription PCR and
QuantiGene 2.0 assays revealed differences in both transcription of components of
SaeR/S as well as virulence factors under SaeR/S control. Primary Influenza
infection was seen to up regulate expression of virulence factors under control due
to antecedent influenza A infection. These data underscore the importance of
pathogen contribution to the pathogenesis of secondary pneumonia.
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CHAPTER ONE – INTRODUCTION
Overview of Staphylococcus
Members of the Staphylococcus genus are spherical, 0.5‐1.5 micrometers in
diameter, which divide along multiple planes forming clusters. They are non‐motile,
facultative anaerobes that associate with the skin and mucous membranes of warm‐
blooded animals [1]. There are several medically relevant species including: S.
aureus, S. epidermidis, S. saprophiticus, and S. lugdunensis. S. epidermidis is
ubiquitous on human skin and mucosal surfaces, and is a common cause of
nosocomial infections [2]. S. epidermidis is the most prominent coagulase‐negative
staphylcoccocal cause of natural‐valve endocarditis and causes 13% of prosthetic
valve endocarditis infections [3, 4]. Coagulase‐negative staphylococci cause 30‐43
percent of prosthetic joint infections [5]. S. saprophyticus is the second most
common cause of urinary tract infections among women 13‐40 years of age
responsible for over 15% of cases [6]. S. lugdunensis has emerged as an infectious
agent of soft tissue abscesses as well as wound infections [7, 8]. Roughly half of
patients with S. lugdunensis infection had no comorbid illness[9] suggesting S.
lugdunensis is not only an opportunistic infection but also a primary pathogen.
Of all the Staphylococcus species, S. aureus is the largest health concern. It is a
pathogen capable of causing disease in diverse human tissues such as the skin, bone,
heart, and lung [10]. S. aureus is the cause of over 75,000 hospital associated
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infections in the United States each year [11]. S. aureus is also a major cause of
community‐associated infections, resulting in 12‐13 million outpatient visits
annually in the United States [12]. While frequently pathogenic, S. aureus also
asymptomatically colonizes an estimated 50‐60% of the population[13, 14]. Sites
typically asymptomatically colonized include the nares, anus, perineum, and
oropharynx [15]. People colonized with S. aureus exhibit an increased risk of later
infection with the same strain[16]. Many nosocomial infections are transmitted by
healthcare workers who are carriers of S. aureus or have close contact with patients
who are carriers [10]. Nasal decolonization using intranasal mupirocin has proven
effective in reducing the incidence of S. aureus infection in patients undergoing
dialysis or surgery [17]. However, this practice is not routinely performed due to the
difficulty in decolonization and the lack of data demonstrating that decolonization of
one strain does not set the patient up for another potentially more virulent strain of
S. aureus [18]. Thus, more research needs to be conducted to determine if this
strategy will reduce disease incidence.
One of the most remarkable properties of S. aureus is its ability to rapidly
acquire resistance to a wide range of antibiotics [19]. Over 95% of S. aureus strains
contain the gene blaZ which encodes penicillinase [20]. Penicillinase rapidly
hydrolyzes penicillin, breaking down the beta‐lactam ring and rendering the drug
ineffective[21]. In response, methicillin was developed. Methicillin exhibits
increased steric hindrance around the targeted amide bond of penicillin greatly
increasing the drug’s resistance to penicillinase [22]. S. aureus developed resistance
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to methicillin within two years of the drug’s debut in 1959 [23]. A clinical case of
methicillin resistant S. aureus (MRSA) was subsequently identified in 1962 [24].
This resistance is mediated by synthesis of an altered penicillin binding protein
(penicillin binding protein 2a or PBP2a) that is encoded by the mecA gene. PBP2a is
responsible for catalyzing the transpeptidation of glycan chains between
peptidoglycan strands to form a stable cell wall [25]. This enzyme has a higher
dissociation constant for interactions with beta‐lactam antibiotics than penicillin
sensitive penicillin binding proteins; this results in pan‐resistance to beta‐lactam
antibiotics [26].
Currently, there are many S. aureus strains that have developed intermediate
resistance to vancomycin, a glycopeptide antibiotic considered a last line
antimicrobial. These vancomycin‐intermediate S. aureus or VISA strains
demonstrate increased resistance to vancomycin due to synthesis of additional D‐
Ala‐D‐Ala in the cell wall providing additional targets for the antibiotics [27].
Interestingly, in 1996 S. aureus first exhibited resistance to vancomycin [28].This
resistance is analogous to MRSA with vancomycin‐resistant S. aureus (VRSA)
synthesizing an altered target of D‐Ala‐D‐Lac that vancomycin does not bind [29].
Strains which display sensitivity to vancomycin at 4‐8 microgram/L are designated
vancomycin‐intermediate S. aureus while those strains resistant to concentrations
of vancomycin in excess of 16 micrograms/L are considered vancomycin‐resistant S.
aureus [30]. For reasons not yet understood, the vancomycin‐resistant phenotype is
rare and unlike methicillin‐resistance it has not become ubiquitous.
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Quinolones are a class of drug that act by binding to DNA‐gyrase or DNA‐
topoisomerase IV complexes. The drug causes a conformational change in the given
enzyme causing a break in the DNA molecule [31]. Resistance to quinolones
develops due to chromosomal mutations in the target DNA gyrase, topoisomerase
IV, or induction of an efflux pump [27]. One such pump is the NorA multidrug efflux
pump which was identified in the 1990’s[32]. MRSA strains exhibit a 92.5%
resistance rate to ciprofloxacin and an 80.4% resistance rate to ofloxacin, a second
generation fluoroquinolone, severely limiting the viability of these drugs for MRSA
treatment[33].
S. aureus also has interesting epidemiology. While S. aureus infections were
historically hospital‐associated (HA‐MRSA), community‐associated S. aureus
variants have become increasingly common over the past twenty years [34]. The
emergence of community‐associated S. aureus has been intensely studied to
determine characteristics of these strains that enable them to infect healthy
individuals with no underlying medical conditions. Community‐associated strains
also emerged carrying methicillin‐resistance (referred to as CA‐MRSA) complicating
treatment of these infections. CA‐MRSA strains are typically more virulent than HA‐
MRSA reviewed in [35, 36]. This enhanced ability to cause disease is still not
understood, but studies have demonstrated that CA‐MRSA strains survive
phagocytosis of human neutrophils significantly better than HA‐MRSA strains [37].
HA‐MRSA strains have also been shown to be less pathogenic than CA‐MRSA due to
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decreased virulence factor production, mediated by changes in quorum sensing
[38].
Staphylococcus aureus Pneumonia
As mentioned above, S. aureus can cause infections in diverse tissues of the
human body and it is a known cause of both primary and secondary pneumonia
[39]. An estimated one‐third of childhood deaths in developing countries are due to
pneumonia. Of confirmed bacterial pneumonias, 5‐10% of cases are caused by S.
aureus [40]. Primary S. aureus pneumonia is thought of as a disease of the old and
the young and is responsible for 20‐40 percent of all hospital‐acquired pneumonia
cases[41].
Although S. aureus pneumonia can be a severe infection, it is well
documented that preceding influenza infection results in a more severe S. aureus
pneumonia[42‐44]. Influenza A and S. aureus caused significant damage in concert
during the 1957‐1958 Asian flu season, together causing a 47% fatality rate [45].
Recently in the 2009 H1N1 pandemic season S. aureus accounted for 39% of positive
bacterial respiratory cultures of influenza patients[44]. Seasonal influenza virus
alone accounted for 457 deaths in 2007 in the United States, while 52,847 deaths
were caused by the combination of influenza and pneumonia [46].
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Mechanisms of Enhanced Susceptibility to Bacterial
Pneumonia Following Influenza Infection
Influenza infection is first detected by the immune system through pattern‐
recognition receptors (PRRs) that recognize viral RNA. These PRRs include retinoid
acid inducible gene‐(RIG‐I), toll like receptors (TLRs), and NOD‐like receptor family
pyrin domain containing 3 protein (NLRP3) [47]. Signaling of TLR7, TLR3, and RIG‐I
lead to the increased production of type I interferons as well as proinflamatory
cytokines [48‐50]. IFN‐beta initiates a positive feedback loop which increases the
production of IFN‐ beta and IFN‐alpha [51]. These interferons inhibit protein
synthesis in host cells via increased protein kinase PKR production which blocks
translation initiation and thereby limits viral replication [52]. Type I interferons also
stimulate dendritic cells enhancing antigen presentation to T cells which in turn
triggers the adaptive immune response [53].
Two tissue resident cells that monitor the airway are alveolar macrophages
and dendritic cells. Activated alveolar macrophages help clear influenza by
recognizing and phagocytosing apoptotic virally infected cells [54]. These same
macrophages can contribute to influenza pathology by producing nitric oxide
synthase 2 (NOS2) and tumor necrosis factor alpha (TNF‐alpha) [55‐57]. Dendritic
cells (DCs) also monitor the airway via dendrites. Once DCs take up the virus, it
migrates to a draining lymph node. Upon arrival it can present viral antigens on
MHCI and MHCII molecules to both CD8+ and CD4+ T cells respectively, activating
them [58].
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The influenza A surface glycoproteins hemagglutinin (HA) and
neuraminidase (NA) both recognize sialic acid and antigenic differences are the
basis of classification [59]. It follows that both are important targets for antibodies
and immune pressure causes seasonal antigenic shift and drift seen in pandemics
[60]. Antibodies binding the HA head region inhibit viral attachment and entry into
host cells [61]. HA stem region specific antibodies offer cross subtype protection
due to the highly conserved nature of the stem region [62]. NA targeting antibodies
prevent the cleavage of sialic acid residues of the infected host and prevent the
release of assembled viruses [63]. These antibodies also allow antibody‐dependent
cell‐mediated cytotoxicity [64]
Respiratory virus infections often increase susceptibility to bacterial
pneumonias[65]. This observation has warranted the attention of numerous studies
exploring the immunomodulatory effects of influenza A that may increase host
susceptibility to bacterial super‐infection. Modulation of type I and type II
interferons by influenza have been shown to contribute to the pathogenesis of
secondary bacterial pneumonias[66, 67]. For example bacterial burden of
Streptococcus pneumoniae is increased in wild‐type mice post influenza, compared
to burden in IFN‐γ knock out mice and recombinant IFN‐γ treated mice in the
absence of influenza infection[68] IFN‐γ was also shown to reduce expression of
MARCO, a protein that allows recognition and phagocytosis of un‐opsonized
bacteria by alveolar macrophages [69], further supporting a deleterious role for
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IFN‐ γ during bacterial pneumonia. Type I IFN receptor deficient mice (IFNAR ‐/‐)
have also been shown to be less susceptible to S. pneumoniae infection than wild‐
type mice. The IFNAR ‐/‐ mice exhibited higher levels of KC and MIP‐2 which are
important neutrophil recruiting chemokines[70].
Less is understood about influenza and S. aureus co‐infection. Production of
reactive oxygen species has been linked to outcome of secondary S. aureus challenge
following antecedent influenza A infection. Overexpression of GM‐CSF was shown to
stimulate reactive oxygen species (ROS) production by alveolar macrophages and
improve clearance of secondary S. aureus pneumonia following primary influenza A
infection [71]. Suppression of NADPH oxidase activity increased susceptibility of
mice to secondary infection by S. aureus [72]. These results suggest ROS responses
are important but uncontrolled ROS can also cause tissue damage, thus the ROS
response also needs to be controlled to minimize cellular and tissue damage[73].
Damage caused by influenza A in the lung environment has been proposed as
a cause of increased bacterial pneumonia. Influenza can increase bacterial
colonization of the upper respiratory tract by damaging epithelial cells and thereby
limiting mucociliary clearance of bacteria[74]. Damaged airway surfaces can also
result in the exposure of sites for bacterial attachment[75].
Additional mechanisms of infection “cooperation” between influenza and
secondary bacterial pneumonias include modulation of macrophage activation and
recruitment of monocytes. Viral hemagglutinin exposed at the surface of infected
pneumocytes allows high internalization efficiency of S. aureus [76]. Additionally
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murine co‐infection with influenza A and S. aureus was shown to result in rapidly
diminished numbers of alveolar macrophages relative to S. aureus alone and alter
monocyte recruitment [77]. However, exact mechanisms that result in progression
or clearance of secondary S. aureus infections following influenza remain poorly
defined.
Virulence Regulation in Staphylococcus aureus
S. aureus possesses the ability to infect diverse environments within the host.
Presumably this ability is a result of fine tuning virulence in response to host
challenges through transcriptional regulatory networks [78]. One family of global
regulators in S. aureus is the two‐component regulatory systems. There are 16 of
these systems present in the S. aureus genome [79]. In general, two‐component
systems function to sense environmental cues and adapt by regulating a subset of
genes. Mechanistically, two‐component systems contain a sensor kinase, which
consists of a signal recognition domain as well as an autokinase domain. Upon signal
recognition the autokinase domain hydrolyzes ATP and phosphorylates its own
histidine. The autokinase domain then transfers the phosphoryl group to a response
regulator which may then activate transcription of genes that possess the
recognized promoter sequence [80]. Besides the sensor and regulator components
many systems contain accessory genes that refine responses. However, for most
systems the functions of these accessory genes are poorly described.
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One of the most studied two‐component systems in S. aureus is the S. aureus
exoprotein expression (Sae) system. This system was initially discovered after the
isolation of a mutant strain that had defective production of many exoproteins [81].
SaeS serves as the histidine kinase in the system, while SaeR is the response
regulator[82]. The Sae system also contains two auxiliary proteins, SaeP and SaeQ,
which complex with SaeS to presumably assist in the recognition of extracellular
signals by SaeS[83]. Although the contribution of SaeP and SaeQ to gene regulation
remains incompletely defined.
Transcriptional analyses of saeR/S deletion strains demonstrated that this
system influences production of hemolysins, leukocidins, two‐component
leukotoxins, and immunomodulatory genes [84, 85]. Thus, deletion of saeR/S
significantly impacts S. aureus pathogenesis [84, 86‐88]. This has been
demonstrated in human and mouse models of infection. SaeR/S regulates genes
essential to the survival of S. aureus following human neutrophil phagocytosis[88].
In vitro data also show that saeR/S deletion strains lyse fewer alveolar epithelial
cells than wild‐type strains[89]. In mouse models of bacteremia and soft tissue
infection, mice infected with saeR/S deletion strains exhibited reduced mortality
and reduced lesion size, respectively, relative to wild type infected mice[88].
SaeR/S also modulates inflammation[86, 90, 91]. Production of IL‐8 by
human neutrophils is decreased by SaeR/S[91] and this reduction impacts cell fate
and bactericidal capacity of neutrophils against S. aureus. Mice models have also
demonstrated that SaeR/S impacts inflammation[86]. Mice exhibited significantly
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lower levels of pro‐inflammatory cytokines such as; tumor necrosis factor alpha
(TNF‐alpha), interferon gamma (IFN- γ), interleukin, and (IL)‐6 when infected with
an saeR/S deletion strain intraperitoneally [86]. Additionally, SaeR/S‐dependent
increases in IFN‐γ were associated with increased bacterial burden following
intraperitoneal challenge[90].
Precisely how SaeS senses external stimuli is not completely defined.
However, studies have demonstrated sensing of stimuli by SaeS influences the
response of SaeR[92]. Research has demonstrated subtle differences in regulation
following stimulation with human alpha‐defensin 1 (HNP‐1), a component of
neutrophil azurophilic (or primary) granules compared to the expression profile of
SaeR‐targets upon interaction with neutrophils and revealed that the response to
HNP‐1 was specific and other peptides such asβ-defensin, hBD3, LL‐37, and
dermicidin had no influence on SaeR‐regulated gene expression[93]. Furthermore, it
has been demonstrated that amino acid residues in the extracellular loop of SaeS are
essential for activation of SaeR‐target genes. Specifically, a methionine residue
(M31) in the extracellular loop of SaeS is essential for activation of target gene
transcription and virulence[92], while aromatic residues (W32 and F33) appear to
refine the response to human neutrophil components[92]. These findings provided
a putative mechanism for the ability of bacterial sensory systems to integrate and
diversify the responses to host stimuli and underpin the importance of sense and
adaptation responses of this pathogen. Moreover, these results strongly suggest that
S. aureus regulates virulence based on the particular type of tissue it infects and
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implies that host factors trigger virulence in S. aureus that is tailored to the
particular infection type. Indeed, previous studies have demonstrated differences in
types and magnitude of virulence genes from murine skin infection versus during
human neutrophil interactions[93]. The current study advances these observations
to demonstrate differences in virulence gene expression in S. aureus during lung
infection due to antecedent influenza A infection.
Hypothesis
S. aureus is a major cause of morbidity and mortality globally. One of the
many clinical manifestations of S. aureus is pneumonia. Preceding influenza A
infection has been linked to significantly increased mortality caused by S. aureus
pneumonia, yet relatively little is understood about the mechanism of this increased
virulence. Overwhelmingly, studies have focused on the host changes caused by
influenza A that may contribute to increased pathogenesis during secondary
bacterial infection and the impact of antecedent influenza A infection on S. aureus
virulence has been largely ignored. This study aimed to fill this gap in knowledge by
analyzing the contribution of the pathogen to the enhanced virulence observed in S.
aureus infections following influenza A challenge. We tested the hypothesis that
influenza A infection induced a host response that triggered the induction of saeR/S
leading to expression of SaeR‐dependent virulence factors in S. aureus resulting in
the increased pathogenesis observed in influenza A‐S. aureus pneumonia. Using a
mouse model of co‐infection pneumonia we demonstrated that the S. aureus SaeR/S
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two‐component gene‐regulatory system was essential for full virulence.
Transcriptional analysis of select SaeR‐dependent S. aureus virulence genes under
the regulation of saeR/S were up‐regulated in S. aureus following influenza A
infection versus S. aureus infection alone as early as 4 hours post challenge. These
data strongly suggest that SaeS has a role in identifying alterations in the lung
environment associated with influenza A infection and provide a new explanation
for enhanced virulence seen in secondary S. aureus lung infections. Future studies
identifying host factors during antecedent influenza A that trigger SaeS and
subsequent increased virulence of S. aureus will provide essential information for
new therapeutics/ prevention strategies to combat the morbidity and mortality
associated with secondary staphylococcal pneumonia.
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Abstract
Background
Staphylococcus aureus (S. aureus) and influenza A are commonly co‐morbid.
Interactions between the virus, bacteria, and host alter the course and severity of
disease when compared to single pathogen infection. Induction of Staphylococcus
aureus virulence factor expression is regulated by two‐component systems that
include the SaeR/S system. In this study we examined the contribution of virulence
factors under SaeR/S control to disease severity in a co‐infection model.
Methods
Mice were infected intra‐nasally with influenza A and infection was allowed
to proceed for six days. Following six days, groups of mice were infected with wild
type USA300 (strain LAC) or an isogenic SaeR/S deletion mutant Staphylococcus
aureus and monitored for mortality and virulence factor expression at early time
points.
Results
Antecedent influenza A infection significantly increased mortality in mice
and this mortality was dependent on SaeR/S. Data show infection with SaeR/S
deletion mutant strains alone or with influenza A did not produce mortality.
Transcriptional up‐regulation of RNA encoding S. aureus virulence factors
containing the SaeR‐binding domain was observed in mice co‐infected with
influenza A and Staphylococcus aureus when compared to mice infected with type S.
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aureus alone. This increase was most marked at the 4 hour time point post co‐
infection and declined by 8 hours post co‐infection.
Conclusions
SaeR/S‐regulated factors are key to lung disease severity in influenza A and
Staphylococcus aureus co‐infection. These findings demonstrate that antecedent
influenza A infection influences virulence gene regulation in S. aureus and provide
an additional explanation for the enhanced morbidity seen during S. aureus
pneumonia following influenza A infection.
Introduction
Staphylococcus aureus (S. aureus) is one of the most frequent causes of
bacterial infections in the U.S. and is responsible for diverse infections ranging in
severity from mild to fatal in both hospital and community settings[1]. Although
there has been a decrease in the numbers of invasive hospital‐associated S. aureus
infections, it still remains a prominent causative agent with over 72,000 cases
annually[2]. Additionally, S. aureus is a leading cause of morbidity and mortality
during influenza epidemics[3]. In the 1918 influenza pandemic, secondary bacterial
infections were responsible for most of the 50 million deaths[4]. Furthermore,
despite antibiotic use during the 2009 H1N1 pandemic, secondary bacterial
infections were responsible for over 50% of fatal outcomes[5] . Though the trend of
secondary bacterial infections following influenza A infections is widely observed,
the molecular mechanisms behind the increased pathogenesis of bacterial lung
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infections are incompletely defined. Considering 50‐60% of the population is
colonized with S. aureus in the anterior nares and the looming threat of influenza
pandemics, it is clear more directed efforts are needed to understand the host and
pathogen factors that contribute to the deleterious response to secondary S. aureus
pneumonia[6, 7].
To date, the most common accepted explanation for increased morbidity and
mortality observed during influenza A – S. aureus co‐infections has overwhelmingly
been focused on the immune response due to antecedent influenza A infection[8, 9].
Indeed, influenza A infection causes immunological and inflammatory changes that
have been linked to increased susceptibility to secondary infections (reviewed in
[10]); however, the influence of co‐infection on the virulence capacity of S. aureus
has not been adequately investigated. This despite the numerous studies detailing
the importance of specific S. aureus virulence factors on pathogenesis (reviewed
in[11, 12]).
To address this absence in knowledge this study used a mouse model to
investigate the contribution of the SaeR/S two‐component gene regulatory system
on S. aureus pathogenesis following influenza A infection. SaeR/S has been shown to
be essential for S. aureus pathogenesis in mouse models of invasive and skin and
soft‐tissue infection[13, 14]. Moreover, we have recently demonstrated that the
SaeR‐response is dependent on the environmental stimulus recognized by SaeS [15,
16]. Herein we demonstrate the SaeR/S system is essential to morbidity and
mortality during S. aureus infection following influenza A infection. Virulence genes
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under the regulation of saeR/S including hlgA, hlgB, lukA/B and sbi were up‐
regulated in S. aureus as early as four hours following influenza A infection relative
to LACΔsaeR/S. These data demonstrate that antecedent influenza A infection
influences virulence gene regulation in S. aureus. The results provide an alternative
explanation for the enhanced virulence seen in secondary bacterial pneumonias by
demonstrating the pathogen response is strongly influenced by antecedent
influenza A infection.
Methods
Bacterial Strains and Culture
S. aureus pulsed‐field gel electrophoresis type USA300 (LAC) was cultured in
tryptic soy broth (TSB) supplemented with 0.5% glucose and harvested as
described [17]. LACΔsaeR/S was generated in a previous study [17].
Influenza Virus Strain and Propagation
Influenza A/WSN/1933(H1N1) virus (WSN) was propagated on Madin–
Darby canine kidney (MDCK) cells in DMEM with 10% FBS and viral amount was
determined by viral‐plaque assays. Briefly, MDCK cells were grown to confluency in
six well plates,washed once with phosphate buffered saline (PBS) and coated with 1
mL of Dulbecco’s Modified Eagle Medium (DMEM) lacking serum for 30 minutes.
Serial dilutions of virus were allowed to adsorb for 1 hour. The inoculum was
removed and a complete DMEM w/ .5 μg/mL trypsin, 0.8% agarose overlay was
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applied to the cells and allowed to set for 3 days before it was removed and crystal
violet visualization was used to quantitate plaque forming units (PFUs).
Mouse Models of Infection
All mouse studies were performed in accordance with the National Institutes
of Health guidelines and approved by the Animal Care and Use Committee at
Montana State University‐Bozeman. Briefly, female BALB/c mice were infected
intra‐nasally with 800 PFU WSN in 50uL PBS under isoflurane anesthesia or mock
infected with PBS. Following 6 days of viral infection mice were infected with 50 uL
PBS containing ~7X109 CFU/mL LAC, LACΔsaeR/S, or mock infected with PBS intra‐
nasally under isoflurane anesthesia. This resulted in the
following groups, PBS only, WSN only, LAC only, LACΔsaeR/S, WSN/LAC, and
WSN/LACΔsaeR/S. Mice were monitored for morbidity and mortality as in[14]. For
transcriptional studies mice were euthanized at designated times post infection and
lungs were harvested and homogenized using disposable tissue grinders.
S. aureus Transcriptional Analyses
Lungs were homogenized in 2 ml of PBS, aliquots were used for CFU determination
and remaining sample was centrifuged at 4,000 rpm (3724 x g) for 10 minutes at
4°C. Supernatant was removed and pelleted lung tissue was re‐suspended in 1mL of
buffer RLT (Qiagen). RNA was purified as described previously [15, 18, 19]. Purified
RNA from individual mice within each treatment group (3‐4 per experiment) was
pooled and adjusted to a final concentration of 5 ng/mL and subjected to
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QuantiGene 2.0 Plex assays as previously described [15, 16]. Briefly, magnetic
microsphere beads containing capture probes specific to 15 genes containing the
SaeR binding sequence (hlgA, hlgB, hlgC, lukA, sbi, saeP, saeR, saeS, hla, lukD, lukF‐
PVl, splA, ssl7, arlR and rot) and five genes without the SaeR binding site (gyrB, sarA,
agrA, mecA, and dltA) were incubated with purified RNA samples (100 ng, assayed
in duplicate). Mean fluorescence signal of S. aureus specific transcripts were
normalized to gryB as described [15, 16] and calibrated to S. aureus from the
USA300 only treatment group (time matched).
Confirmation of QuantiGene 2.0 assays was done via TaqMan quantitative
RT‐PCR as described elsewhere [17, 19, 20]. The 7500 Fast Real‐Time PCR system
(Applied Biosystems) was used for sample amplification. The thermocycler was set
to 50 C for two minutes followed by 95 C for ten minutes followed by 40 cycles of 95
C for fifteen seconds and 60 C for one minute. The sequences of primers and probes
used for analysis are listed in Table 2.1.
Statistical Analysis. Statistics were performed using Prism (version 6.0,
GraphPad Software) using the Gehan‐Breslow‐Wilcoxon test. ). Error bars are
standard deviation or standard error of the mean as indicated.
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Results and Discussion
SaeR/S Contributes Significantly to Mortality During
S. aureus Pneumonia Following Influenza A Infection
In healthy individuals influenza A infections usually have mild morbidity and
can be resolved by the host’s immune system. However, influenza A infections
followed by a secondary bacterial infection present with significantly increased
morbidity and mortality [21]. In an attempt to identify the contribution of S. aureus
to the increased morbidity seen during secondary bacterial pneumonia following
influenza A infection we studied the contribution of the SaeR/S system to
pathogenesis during bacterial superinfection. Mice were infected with intranasally
with WSN or PBS as described in Methods. Six days following influenza A infection
mice were challenged with LAC or LAC∆saeR/S S. aureus (Figure 2.2). This
experiment revealed significantly decreased survival of the WSN/LAC challenged
mice relative to LAC only challenged mice. Two days post infection the first
mortalities were observed for the WSN/LAC and LAC only groups. No further
mortalities were observed for the LAC only group, In contrast the WSN/LAC group
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demonstrated significantly increased mortalities with seven out‐of‐ten mice
succumbing to the co‐infection (Figure 2.1). Importantly mice infected with
LAC∆saeR/S had 100% survival with or without antecedent influenza A infection.
These results demonstrate the saeR/S system contributes to enhanced virulence
seen during S. aureus lung infection and strongly suggests that preceding influenza A
infection triggers SaeR‐dependent virulence gene expression. SaeR/S has been
shown to contribute significantly to other forms of invasive disease including
peritonitis [13, 22] bacteremia [14, 18] and osteomyelitis [23]. Our data
demonstrating a role for SaeR/S during S. aureus lung infection are supported by
previous studies by Montgomery et al that showed SaeR/S contributed to S. aureus
pathogenesis during lung infection[24]. However, these studies did not investigate
how antecedent influenza infection influenced the outcome.
Antecedent Influenza A Infection
Triggers SaeR/S‐Dependent Virulence
Gene Expression During Lung Infection
Since the mortality studies demonstrated a role for SaeR/S during secondary
pneumonia we hypothesized that antecedent influenza A infection triggered
expression of saeR/S and SaeR‐dependent virulence genes. To test this hypothesis
we utilized the same superinfection model as describred above, however, at defined
times post S. aureus challenge (4 and 8 hours) mice were sacrificed to assess S.
aureus gene transcription in lung tissue (Figure 2.2). We used QuantiGene 2.0 assays
to analyze transcription of 20 target genes simultaneously (Figure 2.3) and TaqMan
RT‐PCR to confirm findings (Figure 2.4). Antecedent influenza A infection increased
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transcript abundance of components of the SaeR/S two‐component system and of
SaeR‐target genes (Figure 2.3). These include saeP, saeR, and saeS (Figure 2.3) that
encode three of the four proteins in the SaeR/S regulatory system [25, 26]. SaeS acts
as a membrane‐associated protein kinase, which can phosphorylate and activate
SaeR in response to specific environmental stimuli including hydrogen peroxide and
human alpha‐defensin 1 [15, 16, 27]. SaeR acts as a response regulator, which alters
gene transcription by binding a consensus sequence [18]. SaeP is a lipoprotein of
unknown function in the SaeR/S regulon but hypothesized to assist with signal
recognition[26, 28]. SaeR/S regulated toxins were also increased in the lung due to
antecedent influenza A infection at four hours including luk‐A, lukF‐PVL, hlgA, hlgB,
hlgC and hla. LukA/B is a bi‐component pore‐forming leukotoxin that has been
shown to have potent cytolytic activity against human neutrophils [29, 30]. Panton‐
Valentine leukocidin consists of lukF‐PV and lukS‐PV, which together form a pore in
leukocyte membranes [31]. This toxin has been shown to be important in
necrotizing pneumonia [32] but our data suggest that antecedent influenza A
infection did not impact its expression. HlgA, hlgB, and hlgC were all increased due
to influenza A infection and are all bi‐component gamma‐hemolysins [33]. Active
toxin forms include combinations of AB and CB components, which are both capable
of forming pores in leukocytes. Additionally, alpha‐hemolysin encoded by hla was
increased 1.66‐fold over LAC alone during lung infection. This toxin forms a beta‐
barrel pore by assembling into a heptameric ring and has been shown to be
important during S. aureus lung infections [11, 34]. Two immune evasion transcripts
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ssL7 and sbi. were also up‐regulated compared to LAC only challenged mice. SsL7
binds complement C5 and IgA thereby inhibiting complement mediated killing by
the host [35]. Sbi binds the Fc region of IgG and the complement protein C3. This
aids in the ability of S. aureus to avoid neutrophil opsonophagocytosis [36].
Collectively, these data demonstrate antecedent influenza A infection increases gene
expression of SaeR‐regulated virulence factors compared to S. aureus only
challenged mice as early as 4 hours post infection.
Our data also confirm that the virulence factors selected are regulated by
SaeR/S during lung infection because in absence of saeR/S the target genes were not
regulated (Figure 2.3A). Notably, up‐regulation of virulence factor transcripts in
mice challenged with influenza A prior to S. aureus infection was most notable at the
4‐hour time point and abated by 8‐hours (Figure 2.3A). Control genes that did not
contain the SaeR‐binding domain showed little difference in gene expression in
wildtype versus saeR/S challenged (Tables 2.2 and 2.3).
To further investigate the timing of SaeR‐dependent gene regulation data
were normalized to the 4 hour LAC condition for both 4 hour and 8 hour samples
(Figure 2.3B). Expression levels of most virulence factors as well as regulators
increased between the 4 and 8 hour time points (Figure 2.3B). Of note, little
difference in expression levels was observed between LAC only and WSN/LAC
conditions at the 8 hour time point. This indicates that there is an early upregulation
of virulence factor transcripts in the WSN/LAC condition but that SaeR/S is induced
in the lung during LAC only challenge. This observation suggests that the host signal
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for SaeR/S induction is present due to influenza A infection causing rapid activation
of SaeR‐dependent virulent gene expression but that over time SaeR/S is induced in
absence of influenza A. These data support previous observations suggesting SaeR/S
is important during primary lung infection (Montgomery).
Collectively, these data emphasize the importance of SaeR/S during the
pathogenesis of lung infections and provide an alternative hypothesis for the
enhanced virulence seen in secondary infections. This study is the first to identify
that antecedent influenza A infection creates an environment that triggers rapid up‐
regulation of SaeR‐dependent virulence factors. Advancing these studies to identify
the host factor(s) triggering the SaeR‐dependent response and identifying the key
SaeR‐targets responsible for the enhanced virulence during secondary infections
may provide valuable information for therapeutic interventions and identification of
vaccine targets.
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Figure 1

Figure 2.1. Antecedent influenza A infection significantly increases S. aureus
mortality due to SaeR/S.
Mice were intranasally infected with 50μL PBS containing 800 PFU influenza
A/WSN/1933(H1N1). Six days post influenza A infection mice were challenged with
5X108 CFU/50μL S. aureus LAC or S. aureus LACΔsaeR/S. *Grehan‐Breslow‐Wilcoxon
test: p=0.01 between LAC and WSN/LAC.
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Figure 2

Figure 2.2. Mouse model to investigate influence of antecedent influenza A
infection on S. aureus gene expression during lung infection.
On Day 0 female Balb/c mice were intranasally infected under isoflurane anesthesia
with 50μL PBS containing 800 PFU influenza A / or PBS only. Following six days
mice were infected with 50μL PBS containing 7X109 CFU/mL LAC or LACΔsaeR/S or
mock infected with PBS. Following either 4 or 8 hours mice were sacrificed and lung
tissue was harvested. RNA was isolated from the homogenized lung tissue and
subjected to QuantiGene 2.0 or TaqMan® transcriptional assays.
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Figure 3

Figure 2.3. Preceding influenza infection results in the upregulation of SaeR‐
target genes.
Mice as described in methods were infected intranasally with influenza
A/WSN/1933(H1N1). Six days after influenza A infection mice were challenged with
S. aureus LAC or S. aureus LACΔsaeR/S. Four or eight‐hours post S. aureus challenge
mice lungs were harvested. RNA was purified from harvested lungs and treatment
groups were pooled. Differential regulation of SaeR‐target genes was assessed by
QuantiGene 2.0 assays. Data reported as mean fold change of two experiments with
a total of 7 mice per treatment analyzed. A) To examine influence of antecedent
influenza A infection on saeR/S targets, gene transcripts were normalized to an
endogenous control, gyrB, and calibrated to the expression levels of S. aureus
infection alone (LAC) at 4 and 8 hours respectively. B) Kinetics of SaeR/S induction
were explored by calibrating to S. aureus infection alone (LAC) at 4 hours.
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Figure 4

Figure 2.4. TaqMan RT‐PCR confirmation of select SaeR‐targets up regulated in lung tissue following influenza A
infection.
Several targets identified in QuantiGene 2.0 assay were confirmed using TaqMan. Gene transcripts were normalized to
endogenous control, gyrB, and calibrated to the expression levels of S. aureus infection alone at 4 hours.
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Gene
GyrB fwd
GyrB rvs
GyrB probe
SaeS fwd
SaeS rvs
SaeS probe
Hla fwd
Hla rvs
Hla probe
HlgA fwd
HlgA rvs
HlgA probe
LukAB fwd
LukAB rvs
LukAB probe
LukF fwd
LukF rvs
LukF probe

Probe or Primer Sequence
5’‐ CAAATGATCACAGCTTTGGTACAG‐3’
5’‐ CGGCATCAGTCATAATGACGAT ‐3’
5’‐ AATCGGTGGCGACTTTGATCTAGCGAAAG‐3’
5’‐ CGTACATTCAGAGTAGAAAACTCTCGTAAATAC‐3’
5’‐ GTTGCGCGAGTTCATTAGCTATATAT‐ 3’
5’‐ AGCCTAATCCAGAACCACCCGTT‐ 3’
5’‐ CAACAACACTATTGCTAGGTTCCATATT‐3’
5’‐ CCTGTTTTTACTGTAGTATTGCTTCCA‐3’
5’‐ATGAATCCTGTCGCTAATGCCGCAGA‐3’
5’‐ ACTTATTTGACAAGACCCAACTG‐3’
5’‐ CCACTTTGAATTAAAGGAGGTAATTGAT‐3’
5’‐ CAGCAGCAAGAGACTATTTCGTCCCAG‐3’
5’ ‐GCGTCATCATTATCATGTGCAA‐3’
5’ ‐TCTTTCTTATTTTGGTVTTGAGAGTCTT‐3’
5’‐CAGCAACGACTCAAGCAAATTCAGCTCA‐3’
5’‐TTGCTTTTGCTATCCAATACAGTTG‐3’
5’‐TCGGAATCTGATGTTGCAGTTG‐3’
5’‐TGCAGCTCAACATATCACACCTGTAAGT‐3’

Table 2.1. Probes and Primers.1

Table 2
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Table 2.2. Differential regulation of S. aureus genes 4 hours post lung co‐infection.
RNA was purified from homogenized mouse lung tissue and assayed using the QuantiGene 2.0 system. Results were
normalized to gyrB expression and calibrated to LAC infected expression levels. Results are fold change +/‐ standard
error of the mean. Results are from two separate experiments with 3 and 4 mice per treatment group.

Table 3
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Table 2.3. Differential regulation of S. aureus genes 8 hours post lung co‐infection.
RNA was purified from homogenized mouse lung tissue and assayed using the QuantiGene 2.0 system. Results were
normalized to gyrB expression and calibrated to LAC infected expression levels. Results are fold change +/‐ standard
error of the mean. Results are from two separate experiments with 3 and 4 mice per treatment group.
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CHAPTER THREE – PROSPECTIVE STUDIES AND CONCLUSIONS
Identifying the Host Signal(s) Triggering
SaeR‐Regulated Virulence Gene Expression
S. aureus colonization can result in a range of outcomes from severe disease
to commensal‐like behavior. Much of this variability can be attributed to the
expression level of virulence factors, many of which are under the control of two
component systems. We have previously demonstrated that the SaeR/S two –
component system refines its response, however, only a few host factors that trigger
SaeS have been identified[92, 93, 100]. In the current study, we demonstrated that
SaeR/S is essential to S. aureus virulence following antecedent influenza A infection.
Moreover, transcriptional assays demonstrated S. aureus up‐regulates saeR/S
expression and virulence genes containing the SaeR‐binding domain in S. aureus
during lung infection compared to S. aureus only challenge. Taken together, these
data strongly suggest that preceding influenza A infection creates a host
environment that signals SaeS and increases the observed enhanced pathogenesis
seen during secondary S. aureus lung infections. Thus, future studies will identify the
host changes due to antecedent influenza A infection that trigger SaeR/S.
To begin to address possible host changes that may induce SaeR/S we
investigated if components of the lung environment may indeed inhibit SaeS i.e.
without a preceding influenza A the lung environment inhibits SaeS. We first
investigated the influence of palmitic acid a primary component of lung surfactant
on S. aureus virulence gene expression[101]. In preliminary studies we used an
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saeR/S deletion strain of LAC (ΔsaeR/S) to examine the effect of palmitic acid on
SaeR‐regulated virulence factors. In these studies S. aureus was grown in TSB +
glucose overnight and then sub cultures were grown to OD 1.5 in TSB + glucose.
Cultures were pelleted, washed in PBS, pelleted again and resuspended to 1X109
colony forming units/mL. In 96well plates 4.5X107 of ΔsaeR/S or wild type (LAC)
were treated with 5 uL of .036M palmitic acid, RPMI control, and 0.48 μM alpha
defensin for a positive control[93]. After 30 minutes bacteria were lysed and RNA
extracted as described in[84, 92, 93, 99]. Results demonstrated palmitic acid, a
component of lung surfactant, down‐regulated expression of several virulence
factors previously shown to be under SaeR/S regulation. Both saeS and hlgA
exhibited decreased expression levels in response to palmitic acid in a dose
dependent fashion (Figure 3.1) compared to untreated bacteria. Future studies will
confirm the ability of palmitic acid treatment to decrease SaeR‐dependent virulence
factor expression. Additionally, studies will be performed using synthetic surfactant
protein D (SP‐D) as well as other constituents of pulmonary surfactant in order to
examine whether protein components of surfactant alter SaeR/S signaling.
In follow‐up studies we examined the effect of uninfected lung homogenate
on SaeR‐virulence gene expression. As seen with exposure to palmitic acid, exposure
to lung homogenates proved to decrease expression of saeS, hlgA, and lukAB as
compared to untreated controls (Figure 3.2). However, preliminary experiments
exposing S. aureus to influenza infected lung homogenates showed increased SaeR‐
regulated virulence genes lukAB and hlgA (Figure 3.3). Future studies will confirm
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these observations. If confirmed experiments will investigate if filtered
supernatants from lung homogenates contain components that increase expression
of saeR/S and SaeR‐dependent virulence genes. Collectively these preliminary data
suggest the uninfected lung environment inhibits saeR/S induction and support the
in vivo observations demonstrating that antecedent influenza A infection increases
SaeR‐dependent virulence gene expression in infected lung tissue compared to S.
aureus only challenged mice (Chapter 2).
Signal Identification Using an In Vivo Model of S. aureus
Pneumonia Following Influenza A Challenge
We have recently demonstrated that 6 days following influenza A infection
challenge with USA300ΔsaeR/S and USA300 results in distinct outcomes of infection
indicating a role for the SaeR/S system. To determine when SaeR/S has an impact
post influenza A infection we will challenge mice with S. aureus strains at several
time points post influenza A infection including early (3 days post infection), mid (7
days post infection), and a late (10 days post infection) time points. Tissues will be
harvested for S. aureus RNA assays at several time points post challenge such as 2, 4,
8 and 12 hours. These additional time points will be important to determine when
saeS is induced and will guide experiments to determine what host changes induce
SaeS. Based on preliminary data we hypothesize that SaeS is sensing a host
component present in the influenza A treated mice but absent at the time of
challenge in the S. aureus only mice. Potentially, the signal is due to recruitment of
immune cells due to the influenza A infection. To investigate this possibility we will
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use flow cytometry and cell specific markers to identify unique cell populations in
the various treatment groups. Procarta immunoassays could aid in further
discriminating differences in the protein levels of cytokines in the presence or
absence of influenza A. It would then be possible to use immuno‐defined mice
and/or antibody depletion assays to confirm the influence of the particular cell
type(s) or cytokine(s).
Perhaps the most feasible host trigger of SaeR/S following influenza A
infection is reactive oxygen species. Reactive oxygen species (ROS) are essential
components of innate immunity for bacterial clearance [102]. ROS production
begins with nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. This
enzyme converts elemental oxygen into the radical form superoxide [103].
Superoxide can then be converted to hydrogen peroxide by the enzyme superoxide
dismutase (SOD) [104]. Hydrogen peroxide crosses membranes through aquaporin
homologues as well as free diffusion through the lipid bilayer [105]. Hydrogen
peroxide can then react with chloride, catalyzed by myeloperoxidase, to form
hypochlorous acid [106]. Reactive oxygen species can also interact with nitrogen
species[107]. Superoxide and nitric oxide can react to form peroxynitrite anion
[108]. Reactive oxygen species are versatile threats to microbes capable of causing
peroxidation of lipids, altering proteins through oxidation, and damaging nucleic
acids [109]. Oxidation of DNA bases may cause mutagenesis and unrepaired double
strand breaks can lead to cell death[110, 111]. Oxidation of iron‐sulphur cluster
containing proteins can lead to rapid decomposition and inactivation of
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proteins[112]. Hydrogen peroxide attacks the double bonds found in unsaturated
lipids, eventually triggering apoptosis[113].
The potency of ROS requires successful pathogens to develop a multifactorial
defense to combat its antimicrobial properties. Thus, S. aureus possesses a genetic
arsenal of defenses against reactive oxygen species that include scavenging and
neutralizing ROS [37]. For example, S. aureus utilizes catalase and glutathione
peroxidase to reduce hydrogen peroxide to water and elemental oxygen[114, 115].
It also encodes superoxide dismutase which converts superoxide radical anions to
elemental oxygen and hydrogen peroxide [116]. Some strains of S. aureus also
encode peroxiredoxins, which are proteins that use cysteine residues to reduce
peroxides [117]. Thioredoxin is an important redox balancing protein utilized by S.
aureus to maintain a reducing environment within the cell, often via reducing
disulfide bonds[37, 118].
Studies have demonstrated that ROS plays a role in inflammation during
secondary bacterial infections [74]. Importantly, hydrogen peroxide has been
shown to trigger expression of saeR/S. Additionally we have recently demonstrated
that SaeR‐regulated factors diminish ROS production in human neutrophils via a
mechanism independent of catalase[119]. Thus, SaeS senses and SaeR adapts to
presence of ROS. Therefore, future experiments will investigate if ROS modulation
due to influenza A infection impacts saeS expression during secondary S. aureus
infection. One potential experiment would be to inhibit or neutralize the ROS
response in vivo. N‐acetylcysteine (NAC) is a general inhibitor of ROS that can be
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delivered orally to mice via drinking water at a concentration of 7.6mM prior to co‐
infection as described in [120]. Diminishing the level of ROS prior to co‐infection
could give insight into their importance for activation of saeS and SaeR‐regulated
virulence factors. Another ROS scavenger known as EUK‐207 could be used in order
to understand the contribution of hydrogen peroxide and super oxide to SaeR/S
virulence regulation. EUK‐207 is a catalytic catalase/superoxide dismutase mimetic
which contains a salen‐manganese complex. Specific inhibitors of ROS production
could be used to further discriminate the species responsible for signaling changes.
Tempol is a membrane permeable scavenger shown to be useful for inhibiting
superoxide. Ebselen mimics glutathione peroxidase and reduces hydrogen peroxide.
Utilizing a combination of these reagents it may be possible to more fully resolve the
active ROS signal than with a general inhibitor.
Confirmation of Results Using A
dditional Influenza A and S. aureus Strains
Our studies to this point have focused on the effects of the combination of A/
WSN/1933 influenza A and USA300 LAC S. aureus. While this combination of strains
yields interesting results in the laboratory setting, the clinical manifestations of
influenza A/ S. aureus co‐infection involve greater genetic diversity than this simple
model. In order to determine the degree to which our results may be generalized for
clinical cases it is crucial to examine additional strains of both influenza A and S.
aureus. Initial studies will be done to confirm that the S. aureus response observed
following influenza A occurs in another clinically relevant strain
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of S. aureus. MW2 (pulsed‐field gel electrophoresis type USA400) is a clinically
relevant strain of S. aureus that differs in exoprotein expression from LAC [121].
These strain based differences in exoprotein expression levels may correlate with
differences in pulmonary disease severity. We have a well‐characterized saeR/S
mutant in MW2,[86, 88, 90]. In these studies we will investigate SaeR‐dependent
gene expression in S. aureus using MW2 to confirm the observations made with LAC.
In order to address the contribution of genetic variability from influenza,
another mouse adapted H1N1 strain such as A/PR8/1934 will be used to determine
if the host response triggering SaeR/S virulence occurs following a different
influenza A virus. We anticipate that host responses to influenza A viruses will be
different and potentially some viral strains will not trigger saeR/S virulence. This
hypothesis is based on clinical observations that suggest certain influenza A viruses
have increased morbidity and mortality and on the observation that not all
respiratory infections increase host susceptibility to secondary infections.
Taken together, our results demonstrated a previously undefined mechanism
of pathogenesis during secondary S. aureus pneumonia that underpins the
pathogen’s role in virulence. Our future studies defining the host signals responsible
for triggering S. aurues virulence may have implications for therapeutic
interventions to decrease severity of disease seen during pulmonary co‐infections.
Furthermore, our studies identifying S. aureus factors triggered by antecedent
influenza A infection will provide viable candidates for vaccines designed to reduce
the severity of secondary S. aureus pneumonia.
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Figure 5

Figure 3.1. Lung surfactant constituent sodium palmitate reduces expression
of S. aureus genes saeS and hlgA
LAC or LACΔsaeR/S were incubated with varied amounts of sodium palmitate in
DMSO (starting concentration 0.36M), or a sub‐lethal concentration of the known
saeS inducer human 0.48mM alpha‐defensin for 30 minutes. RNA was harvested and
subjected to TaqMan RT‐PCR. Gene expression levels were normalized to gyrB and
subsequently calibrated to LAC A) saeS B) hlgA
Data shown from 3 experiments
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Figure 6

Figure 3.2. In vitro exposure of S. aureus to uninfected mouse lung homogenates reduce expression level of
SaeR‐targets.
One lobe of a mouse lung was suspended in 1mL of RPMI and homogenized. The resulting slurry was centrifuged at 300
x g for 1 minute and, 5μLs of the resulting supernatant was used as a treatment. A sub‐lethal concentration of human
alpha defensin 0.48mM was used as a positive control to induce expression of SaeR‐target genes. After a 30 minute
incubation, bacteria were collected in RLT buffer and RNA was isolated and analyzed via TaqMan RT‐PCR. Gene
expression levels were normalized to gyrB and subsequently calibrated to LAC. Data shown is from 3 experiment
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Figure 3.3. Influenza A infected lung homogenate increases gene expression of
lukAB compared to uninfected control tissue.
Mice were infected intranasally with 800 PFU WSN in 50μL PBS or PBS and 6 days
post infection sacrificed. A single lobe of the lung was collected and homogenized in
1 mL of RPMI. The slurry was then centrifuged for 1 min at 0.3 rcf and 5μL of the
resulting supernatant was added to 4.5X10^7 cfu of LAC or LACΔsae in a 96 well
plate. A sub‐lethal dose of α‐defensin(0.48mM) was used as a positive control to
increase transcription of SaeR‐dependent virulence factors. After a 30 minute
incubation bacteria were collected in RLT buffer and RNA was isolated and analyzed
via TaqMan RT‐PCR. Results were normalized to gyrB and then calibrated to LAC
only.
Figure 7
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