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ABSTRACT

Staphylococcus aureus is a ubiquitous pathogen with a growing list of antibiotic resistant
capabilities. This gram-positive bacterium is able to cause a range of diseases, from a benign state
of nasal colonization to fatal endocarditis. The ability to exist along this spectrum is largely
dependent on the molecular dialog that takes place between the pathogen and the host, specifically
white blood cells known as neutrophils. Neutrophils are the front line of defense against S. aureus
infections. By modulating neutrophil behavior and inducing premature cell death, S. aureus has an
advantage during an infectious state. In this thesis, | provide a method for studying this host and
pathogen dynamic, and moreover, | investigate the mechanism by which S. aureus inhibits the
neutrophil inflammatory response by repressing NF-kB. Here I show that S. aureus secretes a
protein 30-50kDa in size, which both decreases total amount of NF-kB and activated NF-«B in
neutrophils. This potent mystery protein is able to repress IL-8 production and does this all in a
lysis independent manner. Additionally, the mystery protein is able to inhibit NF-kB activity in
another cell type, the monocyte. It was previously believed that the S. aureus protein SSL3 was
responsible for deactivating NF-kB, but herein, I show this is not the case. These findings reopen
the need to examine the mechanism by which S. aureus modulates neutrophil inflammatory
responses. Inhibition of the inflammatory response is likely linked the premature cell death seen
during S. aureus infections. By utilizing these clues, the field is closer to understanding the
intricacies of this host and pathogen dynamic, opening avenues to developing novel infection
treatment methods.
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CHAPTER ONE

NF-KB, FRIEND OR FOE DURING STAPHYLOCOCCUS AUREUS INFECTION

Staphylococcus aureus and Neutrophils, the Ambivalent Neighbors

Staphylococcus aureus (S. aureus) is a ubiquitous Gram-positive bacterium. Causing over
120,000 cases of blood stream infections per year in the US alone, S. aureus is known for being a
leading cause of hospital and community acquired infections (Kourtis, 2019). This pathogen can
cause disease states ranging from mild soft-tissue infections, to deadly septicemia (Lowy, 1998),
and necrotizing pneumonia (Uhlemann, Otto, Lowy, & DeLeo, 2014). In the US a single clone,
USA300, has become widespread due to an increased ability to colonize human tissue and
increased virulence (Otto, 2010). In addition to dealing with increased virulence of modern S.
aureus strains, treating these infections is becoming increasingly more complicated due to the rise
in antibiotic resistance. S. aureus has an aptitude for developing or incorporating antibiotic
resistance genes, and has devised a mechanism for skirting antibiotic-induced death from most of
the mainstream antibiotics available today (Foster, 2017). For example, methicillin is a f-lactam
antibiotic related to penicillin; resistance works by interfering with a protein called PBP2 which is
involved in the synthesis of peptidoglycan, an integral part of the cell wall. Through the creation
of PBP2’, which has a different structure than PBP2, peptidoglycan synthesis cannot be targeted
by methicillin or other B-lactams (Foster, 2017). These bacteria are now known as methicillin
resistant Staphylococcus aureus, or MRSA. Vancomycin, colloquially called the last line of
defense antibiotic, also works by interfering with peptidoglycan synthesis by binding to partially

constructed peptidoglycan strands. In brief, through the introduction of the vanA operon by
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horizontal gene transfer, S. aureus creates an altered peptidoglycan structure to which vancomycin
cannot bind (McGuinness, Malachowa, & Deleo, 2017). The result is vancomycin resistant
Staphylococcus aureus, or VRSA. That being said, vancomycin resistance comes at a fitness cost
to S. aureus and is a possible reason why VRSA is still uncommon today.

Despite its infamy as a clinically relevant pathogen, S. aureus is a highly adaptable
commensal organism. This bacterium is known to establish persistent nasal colonization in 20%
of individuals, intermittent carriage in 30% of individuals, and no life time colonization for the
other 50% (Wertheim et al., 2005). S. aureus colonization is seen at higher rates in individuals that
are older, smoke, and have a co-morbid condition such as obesity and diabetes. However, after
adjusting for sociodemographic factors and co-morbidities, one study did not find a significant
correlation between MRSA colonization and death (Mendy, Vieira, Albatineh, & Gasana, 2016).
The widespread population colonization of such a virulent pathogen is remarkable and speaks to
the ability of S. aureus to interact with the host immune response.

From the host point of view, the innate immune cell that is most critical for controlling S.
aureus infections is the neutrophil, otherwise known as a polymorphonuclear leukocyte or PMN.
One study demonstrated that in a cutaneous infection model, neutrophil-depleted mice developed
severe skin lesions which lead to bacteremia and necrotizing ulcers not seen in control mice
(Médlne, Verdrengh, & Tarkowski, 2000). Even when neutrophils are at normal levels, they still
must contend with a virulence arsenal. By looking at differences in gene expression of community-
associated (CA) MRSA strains and healthcare-associated (HA) strains during neutrophil

challenge, it is seen that CA-MRSA strains are more virulent (J. M. Voyich et al., 2005). In
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addition, CA-MRSA are not only better at avoiding neutrophil-mediated killing compared to HA-
MRSA, but cause more widespread tissue destruction in a mouse model (J. M. Voyich et al., 2005).
There are many examples of strategies used by S. aureus and neutrophils to kill each other in their
quest for dominance. In brief, these are some of the mechanisms used by neutrophils. The first
interactions of neutrophils and S. aureus are those of recognition. Neutrophils will recognize
pathogen associated molecular patterns (PAMPS) through pattern recognition receptors (PRRS).
An example of a PRR is Toll Like Receptor (TLR) 1/2, which recognizes the PAMPs of
lipopeptides (Pandey, Kawai, & Akira, 2015). This process starts an inflammatory cascade
resulting in the production cytokines that attract more neutrophils to a site of infection. This
process will be explained in greater detail further in this chapter. Another way neutrophils
recognize S. aureus is through Fc-mediated phagocytosis. The bacteria of interest, in this case S.
aureus, becomes coated with opsonins from human serum. These opsonins include
immunoglobulins (Igs) and complement, which are recognized respectively by Fc receptors (FCRs)
and complement receptors (CRs) (Y. Wang & Jonsson, 2019). S. aureus, when coated in IgG, is
recognized by an FcyR, which triggers receptor mediated phagocytosis (Guerra, Borgogna, Patel,
Sward, & Voyich, 2017).

During the process of phagocytosis, many events happen in short order. First, there is the
assembly of the NADPH oxidase complex, which leads to the production of superoxide and
subsequent reactive oxygen species (ROS), such as hydrogen peroxide (DeLeo, Lee-Ann, Michael,
& Nauseef, 1999). ROS reacts with an enzyme called myeloperoxidase (MPO), which converts it
to HOCI, the active component in bleach (Nauseef, 2014). If bombardment with bleach is not

enough to kill a pathogen in a phagosome, the neutrophil plies the phagosome with an assortment
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of antimicrobial peptides and proteins. Examples of these include serine proteases like elastase,
and peptides like a-defensins (Othman, Sekheri, & Filep, 2021). Combined, this creates a hostile
environment meant to kill invading pathogens, all while protecting the host tissue.

S. aureus does not go down without a fight and has its own arsenal to combat neutrophil
killing. Like how neutrophils use TLR1/2 to sense the presence of S. aureus, S. aureus uses the
SaeR/S two component system to sense outside stimuli and respond with a wide range of produced
exoproteins (J. M. M. Voyich et al., 2009). SaeR/S controls many well-known virulence factors.
For example, while neutrophils phagocytose microbes opsonized in 1gG, S. aureus created Protein
A will bind to Fey of IgG, inhibiting the FcyR from binding and inhibiting Fc-mediated
phagocytosis (Guerra et al., 2017). In another example, to prevent the production of hypochlorous
acid, a SaeR/S controlled protein called SPIN will bind to MPO, preventing the hydrogen peroxide
from reaching the MPO active site (de Jong et al., 2017). To further inhibit the use of ROS, S.
aureus produces a catalase (not controlled by SaeR/S) that converts hydrogen peroxide back to
oxygen and water (Mandell, 1975), which increases S. aureus survival in the phagosome. The
SaeR/S system does more than just inhibit neutrophil microbicidal activity, as it encodes a number
of leukotoxins that attack neutrophils in return. One example is LUKGH, a bi-component toxin that
binds to the neutrophil cell surface marker CD11b, and thus specialized to kill neutrophils (Janesch
etal., 2017).

S. aureus is infamous for its ability to secrete proteins that modulate the innate and adaptive
immune responses. Staphylococcal superantigens (SAgs) are a group of proteins that dysregulate
T-cell proliferation which result in some of S. aureus’ most infamous disease manifestations, such

as necrotizing pneumonia and toxic shock syndrome (Fraser & Proft, 2008; Tuffs et al., 2017). The
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staphylococcal superantigen-like proteins (SSLs), like SAgs, are secreted, but unlike SAgs do not
cause Vp-specific T-cell proliferation, but do have unique and overlapping immunomodulatory
abilities (Benson, Lilo, Nygaard, Voyich, & Torres, 2012; Fraser & Proft, 2008; Tuffs et al., 2017).
The majority of the SSL genes are synergistically controlled by the SaeR/S TCS, and the
transcription factor regulator of toxins (Rot), which is indirectly controlled by the Agr system
(Benson et al., 2012). The dual nature of this regulation may be important so the SSL genes are
expressed during specific circumstances, such as early infection, and the nature of specific SSLs
will be explored in greater depth later.

There are also examples of mechanisms S. aureus uses to modulate inflammation to
promote infection. The SaeR/S two component system of USA400 has been shown to promote
IFN-y, TNF-a, IL-6, and IL-2 production in mouse models (Watkins, Pallister, & Voyich, 2011).
In human monocytes, SaeR/S mediated factors are able to decrease production of TNF-a, and in a
co-culture model with neutrophils, this causes a decrease in bactericidal activity (Sward et al.,
2018). SaeR/S mediated factors can also decrease the ability of neutrophils to recruit other
neutrophils by blocking IL-8 production. The is done through the inhibition of NF-kB signaling,
which is also linked to enhanced neutrophil cell death (Zurek et al., 2015). By both inhibiting
neutrophils’ ability to recruit more immune cells, and by accelerating the death of neutrophils
present, the SaeR/S two component system allows S. aureus to shape its microenvironment during
early stages of infection.

Although neutrophil cell death is necessary to maintain inflammatory homeostasis,
neutrophils have many different modes of cell death, not all of which are beneficial to the host.

The antimicrobial proteins, peptides, and ROS contained in neutrophils and mentioned above, must
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be dealt with in a controlled manner, or else leak into host tissues causing inflammation and tissue
damage. Therefore, neutrophils have several modes of cell death, all situationally linked. In brief,
as this topic will be explored in depth later, neutrophils apoptose and are subsequently removed
by macrophages in a process called efferocytosis. This process is beneficial for maintaining tissue
homeostasis (summarized in (Kobayashi, Malachowa, & DeLeo, 2017)). Other modes of
neutrophil cell death are much more pro-inflammatory. For instance, while combating a pathogen,
neutrophils may create a neutrophil extracellular trap (NET), which coats the pathogen in a web
of DNA, ROS, and antimicrobial enzymes like histones. This mode of death is coined NETosis
(Brinkmann et al., 2004; Fuchs et al., 2007; Nauseef & Kubes, 2016). Another mode of cell death
is necroptosis, which as the name implies, is a messy cell death where neutrophil components spill
into the extracellular space (reviewed in (Grootjans, Vanden Berghe, & Vandenabeele, 2017)).
Interestingly, virulent strains of S. aureus have been shown to induce both of these modes of
neutrophil cell death (Bhattacharya et al., 2018; Greenlee-Wacker et al., 2014), modulating
immune cells to its own advantage. As two of these death modes, apoptosis and necroptosis,
intersect at the transcription factor NF-kB, it is prudent to take a closer look at this complicated

protein in more depth.

The Role of NF-xB, the Double-Edged Sword, an Overview

At the cornerstone of inflammation, innate and adaptive immune responses, cellular
development, cancer, cell survival and death, lies the nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-xB) transcription factors. These five transcription factors are p50, p52, p65
(RelA), RelB, and c-Rel. By forming homo or heterodimers (Hayden & Ghosh, 2011; Pahl, 1999),

they form a number of viable combinations which result in specific gene expression patterns (A.
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Hoffmann, Natoli, & Ghosh, 2006; Mitchell, Vargas, & Hoffmann, 2016; Verstrepen et al., 2008).
These homo- and heterodimers bind to kB sites on DNA to promote the transcription of over 150
genes as a mediator of stress responses (Pahl, 1999). The signaling pathway that results in NF-xB
transcription is complex, starting at a variety of pattern recognition receptors (PRRs) that initiate
signaling when bound to PAMPs (Pandey et al., 2015).

This chapter will focus on the instigation of the NF-kB signaling pathway, and the resulting
cell death in the context of a Staphylococcus aureus infection. Two important PRRs here are
TLR1/2 and IL-1R. There are many ways PMNs recognize S. aureus (for example, receptor
mediated, complement, etc.), but these are more relevant to phagocytosis. It has been shown
through the work of several groups, including Chekabab et al. and Zurek et al., that NF-xB
signaling can be mediated by S. aureus. Therefore, we will focus on the pattern recognition
receptors (PRRs) toll-like receptor 1/2 (TLR1/2) and interleukin-1 receptor (IL-1R), as these
activate immediate antimicrobial activities on the cellular level, in both neutrophils and other cell
types. TLR signaling can lead to MyD88-dependent pathways that result in NF-kB activation, and
TRIF-dependent pathways that result in IRF3 activation with some NF-«B signaling (Hayden &
Ghosh, 2011). For the purposes of the research in this dissertation, we will tour canonical MyD88-
dependent NF-«xB activation.

Upon TLR1/2 activation, signaling will go through the MyD88-like adaptor protein (MAL
or TIRAP) and MyD88 complex, to the IRAK1/4/ TRAF6 complex, to the TAK1/TAB complex,
and finally to the IkB Kinase (IKK) complex (Verstrepen et al., 2008). Stimulation by IL-1R is
similar except IL-1R directly interacts with the MyD88/IRAK1/4/ TRAF6 complex, which directly

interacts with the TAK1/TAB complex (Verstrepen et al., 2008). The details of these signaling
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complexes are beyond the scope of this review and are summarized in Verstrepen et al., 2008. The
inhibitor of kB Kinase (IKK) subsists of two catalytic units, the IKKa and IKKf, along with the
regulatory protein NF-kB essential modulator (NEMO) (Verstrepen et al., 2008). In homeostasis,
NF-«B sits in an inactivated state in the cytosol, bound to IxB. Upon signaling pathway activation,
IKK phosphorylates IkB, marking it for degradation, and allowing NF-kB to translocate to the
nucleus for transcription (Hayden & Ghosh, 2011; Verstrepen et al., 2008). Different varieties of
IkB, such as IkBa provide more of a NF-kB override off function, while IxBf} and IxBe prevent
NF-xB positive oscillation during drawn out times of stimulation (Alexander Hoffmann,
Levchenko, Scott, & Baltimore, 2002).

Upon release of NF-kB from its inhibitors, it will translocate to the nucleus and bind to
various kB sites, instigating translation of numerous context dependent genes (A. Hoffmann et al.,
2006). In the case of stimulation by S. aureus, these will include 1L-8 (also known as CXCL1 in
humans and KC in mice) and IL-1B, to attract neutrophils to the site of infection, and spur
inflammatory activity in surrounding tissues (Coeshott et al., 1999; E. Hoffmann, Dittrich-
Breiholz, Holtmann, & Kracht, 2002). The resulting proinflammatory microenvironment
predisposes cells for accelerated cell death. Although there are some cases where specific stimuli
will cause NF-xB to turn into a repressor of anti-apoptotic genes, leading to cell death (Dutta, Fan,
Gupta, Fan, & Gélinas, 2006), overwhelmingly NF-«B is the gateway factor inhibiting cell death,
specifically by preventing apoptosis (Kettritz et al., 1998). In the event of NF-xB pathway
inhibition some other main players (caspase-8, caspase-1) can direct the mode of cell death (X.

Wang, Yousefi, & Simon, 2018).
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Resolution of inflammation is critical for maintaining homeostasis, and apoptosis is one
way to contain inflammation. In the context of aged neutrophils heading towards apoptosis, gene
expression shifts and amongst other things, genes reducing oxidative stress are expressed
(Kobayashi et al., 2003). This is hypothesized to reduce local tissue damage. In support of this
anti-inflammatory hypothesis, macrophages that undergo efferocytosis of apoptotic neutrophils
not only do not produce pro-inflammatory cytokines themselves, but can secrete anti-inflammatory
cytokines to keep the surrounding area of neutrophil cell death in homeostasis (Fadok et al., 1998).
Acute inflammation is necessary part of wound healing and begins either from sensing PAMPs or
damage associated molecular patterns (DAMPS). This inflammation is associated with NF-xB
being ‘on,” resulting in production of cytokines like IL-8, and the induction of an antiapoptotic
state (Kettritz et al., 1998). Initially, neutrophils are needed in the wound site to summon other
immune cells and to phagocytose invading pathogens. However, chronic inflammation, or
inflammation well beyond the acute infiltration of immune cells, leads to protracted wound healing
and an increase in inflammation (discussed in Selders, Fetz, Radic, & Bowlin, 2017)). This can be
due to delayed clean up by macrophages, followed by necrotic cell lysis, and leakage of neutrophil
components that can directly damage tissues. In order to expedite healing, and aid in the return of
homeostasis, there are different therapies to target and inhibit NF-«xB activity, which could induce
the apoptotic state and allow for macrophage efferocytosis (Kebir & Filep, 2013). Targeting
neutrophils to undergo apoptosis could relieve uncontrolled inflammation in more settings than
just wound healing. For example, rheumatoid arthritis is marked by chronic NF-kB activity and

irresolvable inflammation (Makarov, 2001). Classic anti-inflammatory drugs like aspirin and
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glucocorticoids are used to treat rheumatoid arthritis, and they work in-part by inhibiting NF-xB
activation (Makarov, 2001).

NF-kB transcription is more than just a ‘central switch’ of inflammation (Pahl, 1999). Its
activity is a double-edged sword as pathogen control is dependent on its ability to function, and
excessive or under promotion can be detrimental to the host and clearance. It is also important to
keep in mind that the role of NF-kB in neutrophils is cell type specific. NF-kB signaling can play
a more inflammatory role in immune cells, while this pathway is more focused on maintaining
tissue homeostasis in non-immune cells, such as the epithelium (Pasparakis, 2009). In addition,
human neutrophils naturally lack p52 and RelB which target genes in lymphocytes associated with
longevity (Hayden & Ghosh, 2011; McDonald, Bald, & Cassatella, 1997). Therefore, there are
less NF-kB homo- and heterodimer combinations available to human neutrophils. Neutrophils
contain abundant amounts of c-Rel, p50/NF-xB1, and p65/RelA (McDonald et al., 1997), which

reflects the genes they express during infection-specific inflammation.

S. aureus Modulation of NF-xB Signaling

S. aureus has a complicated but understudied relationship with NF-xB. When comparing
S. aureus and its relationships to inflammation, it is relatively understudied compared to other
pathogens including Yersinia pestis and multidrug-resistant Mycobacterium tuberculosis, both of
which have various redundant mechanisms to suppress inflammation during early colonization
(Deng et al., 2014; Faridgohar & Nikoueinejad, 2017; Huang, Wang, Lin, & Kuo, 2014; Pathak et
al., 2007; Sweet, Conlon, Golenbock, Goguen, & Silverman, 2007; Vagima et al., 2015; Zhou et
al., 2005). That being said, S. aureus does have a number of methods to navigate its relationship

with inflammation. It is likely that S. aureus has a different relationship with NF-xB depending on
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the context of the infection model and the strain of S. aureus. For example, the strain USA300,
using live pathogen, and in a neutrophil infection model saw NF-kB inhibition and decreased IL-
8 expression through a SaeR/S mediated factor (Zurek et al., 2015). A study using supernatants
from ATCC29213 also saw that when incubated with airway epithelial cells, there was a decrease
in NF-xB activity and IL-8 production (Chekabab et al., 2015). In a model with 16HBE cells,
supernatant from the strains MSSA NCTC 6571, MSSA Newman, MSSA209, MRSA41, and
MRSA USA400 all repressed IL-8 expression, while MSSA SH1000 and MSSA RN4220
activated 1L-8 expression (Ji, Bolhuis, & Watson, 2019). The suppressive factor in question was
seen to be heat stable and less than 3kDa in size. Another study using S. aureus strain ATCC25923
and RAW264.7 macrophages demonstrated activation of NF-kB and expression of various
cytokines (Ma et al., 2019). Suppression of inflammation in the form of IL-8 has shown to be
conserved between virulent S. aureus strains, while missing from avirulent strains (Tajima, Seki,
Shinji, & Masuda, 2007). Another unique suppressive factor has been defined in the strain S.
aureus MSSAA476. This protein is a homologue of human TIR, and therefore called staphylococcal
TIR domain protein (TirS), which inhibits signaling through both TLR2 activated NF-kB signaling
and MAPK pathways (Askarian et al., 2014). All of these studies showed different outcomes,
likely due to the strains used and the specific contexts of the infection models, making it hard to
draw cross-study conclusions due to the inconsistencies, and this will be explored later. These
differences have also made it difficult to identify the S. aureus factors influencing NF-«B.

The protein factors that are most published on in the context of S. aureus repression of NF-
kB would be SSL3 and SSL4.The SaeR/S two-component system, discussed earlier, is known to

regulate the SSLs, including 3 and 4 (Tuffs et al., 2017). SSL3 is able to specifically bind and
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inhibit TLR2 activity in both human and murine PMNs and macrophages, which has been shown
to inhibit IL-8 secretion in HEK cells (Bardoel et al., 2012). SSL3-mediated IL-8 inhibition is
specific to the TLR2 pathway, and not seen when cells are stimulated with IL-1p (Bardoel et al.,
2012). This does not mean that inhibiting TLR2 will not later inhibit the IL-1R mediated IL-1p
response, just that SSL3 is specific for TLR2, as both TLR1/2 and TLR2/6 heterodimers. Mice
deficient in TLR2 have an 80% reduction in IL-1p protein compared to WT, and a 53% decrease
in MPO activity compared to WT mice (Cho et al., 2012). We also posit that there may be yet
undefined inhibitors specific to the IL-1R signaling pathway. SSL3 mediated inhibition of TLR2
activity works in two stages, where first the protein binds to the staphylococcal lipopeptides, and
second, when a lipopeptide has been bound by TLR2, SSL3 will prevent heterodimer formation
with either TLR1 or TLR6 (Koymans, Feitsma, Brondijk, et al., 2015). SSL4 shares sequence
homology with SSL3, and has been shown to also bind to TLR2, although with less potency as an
inhibitor (Koymans, Feitsma, Brondijk, et al., 2015).

Now that how S. aureus may be modulating NF-«xB has been explored, it is important to
review how the context of neutrophil and S. aureus recognition can alter neutrophil responses.
Engagement of different receptors impacts the activation of NF-xB. For example, S. aureus
supernatant is recognized by through TLR1/2 (Chekabab et al., 2015). While live pathogen is
recognized by IL-1R (Miller et al., 2006, 2007) and TLR1/2. This is relevant as initially,
neutrophils may come into contact with the debris caused by previous neutrophil and S. aureus
interactions, along with S. aureus supernatant, before they interact with a whole pathogen. These
interactions may prime the neutrophils to act differently upon initial contact with the live

bacterium, as the TLR1/2 response differs from the IL-1R response at the gene level (Cho et al.,
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2012; Miller et al., 2006). S. aureus can also be recognized by TLR2 ultimately resulting in the
production of pro-IL1p. Caspase-1 causes the formation of the mature cytokine as IL-1, which is
recognized by IL-1R, starting a new signaling pathway. This effect was observed in a mouse
subcutaneous inoculation model with S. aureus strain SH1000 (Cho et al., 2012). At four hours
post infection RNA was extracted from skin biopsies and upregulated genes included CXCL1
(KC), IL-1B, and inflammasome related NLRP3 (Cho et al., 2012). Genes involved in the
inflammatory response, cell growth and proliferation, cell death, and cell movement, expressed by
neutrophils were also shown to be significantly upregulated (Cho et al., 2012). In a different
experiment described in the same paper, after 6 hours IL-1B production was increased in
neutrophils corresponding with an increase in MOI of MRSA strain USA300 LAC, and was likely
dependent on TLR2, NOD2, and FPR1 signaling in an overlapping and redundant manner (Cho et
al., 2012). Another study saw that macrophages exposed to USA300 produced significant levels
of IL-1PB compared to a control, although levels were reduced when the macrophages were exposed
to PMNs+USA300 (Greenlee-Wacker et al., 2014) suggesting a predominant role for PMNSs in
NF-«B signaling following interaction with S. aureus. As the neutrophil is the foremost cell for
both controlling S. aureus and secreting IL-1, this relationship merits further study.

It is important to note that although NF-kB targets so many genes, the actual gene
expression is specific to the stimulatory context (Pahl, 1999).The dependence of TLR2, NOD2,
and FPR1 on neutrophil recruitment and IL-1B show that there are multiple stages of neutrophil
and S. aureus interaction, where the first neutrophils are initially activated by PRRs such as TLR2.
This induces NF-«xB signaling, and secrete chemokines and cytokines such as IL-8/KC and pro-

IL-1B. What could be considered a second wave of activation, denoted by the transformation of
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pro-IL-1p into IL-1, its subsequent recognition by IL-1R, results in the eventual secretion of other
factors such as IL-6, IL-8, and GM-CSF (Verstrepen et al., 2008). It has been shown in long term
infection mouse models with S. aureus strain SH1000, the second wave, or responses controlled
by the IL-1R response, are more critical for resolution in a necrotic wound model compared to the
early responses by TLR2 (A. Hoffmann et al., 2006). The majority of IL-1pB is produced upon
inflammasome interaction, and not cleaved by neutrophil serine proteases. These ultimately attract
another wave of neutrophils that produce large amounts of IL-1p (Cho et al., 2012), which may,
themselves be necrotic as IL-1p secretion is RIPK-3 dependent (Wicki et al., 2016), and will be
discussed more in a later section. Even though the TLR2 mediated signaling, or wave one, and
the IL-1R mediated signaling, or wave two, both converge on NF-kB, they differ in their
transcriptional output. This could be for a variety of reasons (A. Hoffmann et al., 2006; Miller et
al., 2006; Verstrepen et al., 2008), such as differences in the IkB proteins that respond, the different
protein combinations of the NF-xB unit, and more, but the discussion as to why TLR2 responses

differ from IL-1R responses is beyond the scope of this paper.

NF-kxB Modulation as a Way to Promote S. aureus Colonization

NF-xB modulation by S. aureus and by other pathogens has largely been looked at in the
framework of pathogenic factors, but as mentioned above, NF-kB activity and subsequent cytokine
and chemokine production is largely context dependent, with some groups demonstrating
activation, and some inhibition. By inhibiting NF-xB during resolution of inflammation, healing
can be prevented and inflammation is maintained (mentioned in (Hayden & Ghosh, 2011)), which
is detrimental for the host, and propagates the idea that the ultimate goal of S. aureus is to cause

immune activation. This is not necessarily true, as despite its formidable arsenal of virulence
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factors, and as described earlier, S. aureus is known to colonize the anterior nares of the nose in
30% of humans, without necessarily causing overt inflammation(Wertheim et al., 2005). This
suggests that large amounts of inflammation may not be ideal for the pathogen. Early subtle
inhibition of NF-kB, on the other hand, may prevent inflammation and the subsequent waves of
immune cells through the lack of IL-8 then IL-1p, therefore making a more welcoming home for
S. aureus. TLR2 is critical to early stages of colonization, as TLR2 deficiencies are linked to nasal
colonization in mice (Gonzalez-Zorn et al., 2005). Thus, the modulation of NF-xB by S. aureus
could be useful in the staged preceding interaction with the innate immune system. Some groups
have speculated that modulation of NF-kB is useful in the context of early colonization, and not
necessarily an active infection. For example, activities that inhibit IL-8 (Zurek et al., 2015), are in
conflict with the ability of the leukotoxins PVL and HLA to induce NF-kB dependent IL-8
expression and release (Dragneva et al., 2001; Konig, Prévost, Piémont, & Konig, 1995). It was
shown early on that S. aureus actively represses certain virulence factors during the colonization
stage, while activating those factors during infection (Reviewed in (Novick, 2003)). So although
NF-xB modulation has been studied in the context of an active infection, there is a right time and
place for these activities, and the relevance of NF-kB modulation has not been thoroughly
examined for the function of colonization.

The idea that suppression of the NF-xB pathway is for initial temporary colonization is
supported by MyD88 deficient mice showing decreased IL-18 and KC (IL-8) at 6 hours after S.
aureus inoculation, and this trend was resolving by 24 hours (Miller et al., 2006). Increases in
these cytokines later could be due to RIPK-1 mediated cell death and NF-«xB activation down the

line (Grootjans et al., 2017). Additionally, in the subcutaneous inoculation model with S. aureus
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strain SH1000, TLR2 deficient mice were able to heal their skin lesions at similar rates to their
WT counterparts, while IL-1R deficient mice experienced both larger lesions and decreased
neutrophil recruitment (Miller et al., 2006). This is in contrast to a model using various clinically
relevant strains, bacterial supernatant, and airway epithelial cells, where the predominant mode of
NF-kB recognition came through TLR1/2 signaling (Chekabab et al., 2015). Both IL-1R and
TLR1/2 mediated activation of the NF-xB pathway signal through MyD88 (Bernthal et al., 2011),
therefore it may be beneficial for S. aureus to have redundant methods for inhibiting the NF-xB
pathway. TLR2 mediated recognition happens when gram positive bacterial cell walls have
degraded, therefore, pre-mediated inhibition of this signaling pathway would be advantageous to
a bacteria in the early stages of colonization, before innate immune cells are summoned. The
production of IL-1p is dependent on first the production of pro-IL-1B from TLR2 and NOD2
activation, and later a second signal from the activation of the NLRP3 inflammasome which causes
caspase-1 to activate, cleave pro-IL-1p, and secrete it (Cho et al., 2012). IL-1R is activated through
the ligands IL-1a and IL-1p, which are expressed constitutively by epithelial cells, and by activated
innate immune cells, respectively (Miller et al., 2007). In a subcutaneous skin infection, IL-1p has
been shown to be the ligand needed to induce effective immune control, and the addition of
recombinant IL-1pB to IL-1f deficient mice is able to rescue the host's ability to resolve lesions
(Miller et al., 2007). The activation of pro-1L1 comes in the form of cleavage by caspase-1, which
is dependent on an active inflammasome in an ongoing infection (Bernthal et al., 2011;
Opdenbosch & Lamkanfi, 2019). Therefore, the IL-1p response and subsequent activation of NF-
kB is also more relevant in a situation where there is active damage and immune cell recruitment,

making repression of this pathway helpful for early colonization of the host. The initial NF-xB
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response is critical to defining the host's relationship with S. aureus, in an either inflammatory or
tolerogenic manner. S. aureus immunomodulation may very well turn this versatile transcription
factor into a double-edged sword that leads to an inappropriate response, or a finely-tuned tool that

allows the body to make room for a commensal factor.

The Impact of NF-kB on Cell Fate

Upon inhibition of the NF-xB signaling pathway, either by host or pathogen factors, cells
default to caspase-mediated apoptosis (X. Wang et al., 2018), which is generally beneficial for the
host. In brief, there are two main modes of apoptosis, the extrinsic (death receptor pathway) and
the intrinsic (mitochondrial pathways). The extrinsic pathway begins the apoptosis process by
initial recognition of a signal by a ‘death domain,” for example, TNF-a is recognized by TNFR1,
or FasL is recognized by FasR (Jan & Chaudhry, 2019). This starts a signaling cascade culminating
in the activation of procaspase 8. The activation of caspase 8 leads to the execution phase, leading
to the physiological hallmarks of apoptosis (Elmore, 2007). While the extrinsic pathway is
dependent on explicit recognition of a death signal, the intrinsic pathway is more associated with
the loss of factors that prevent cell death programs, which induces apoptosis. For example,
inhibition of NF-«xB, an anti-apoptotic factor, could induce the intrinsic pathway (X. Wang et al.,
2018). In addition, positive triggers for the intrinsic pathway could involve shocking stimuli like
hypoxia or radiation. The intrinsic pathway revolves around instability induced in the
mitochondria, where membrane potential is lost, and ultimately caspase 9 is activated, leading to
the execution phase and the physiological hallmarks of apoptosis (Elmore, 2007). The execution

pathway involves many proteins, including caspases 3, 6, 7, and 10 (Jan & Chaudhry, 2019). For
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more on the differences between extrinsic and intrinsic apoptosis, and the final execution pathway,
refer to the reviews by Susan Elmore, 2007, and Rehmat Jan and Gul-e-Saba Chaudhry, 2019.

Apoptosis of infected cells may lead to pathogen death either upon autophagy (Bai,
Feldman, Chmura, Ovrutsky, & Su, 2013), or through macrophage induced Kkilling after
efferocytosis (Behar & Briken, 2019). Upon inhibition of Caspase-8, cells will progress to other
cell death pathways, including necroptosis, with the role of RIPK-3 being dependent on the
original stimuli (X. Wang et al., 2018). RIPK-1 is involved in both the apoptosis and necroptosis
pathways (Peterson et al., 2017). Although the physiological relevance of these different cell death
pathways are still under investigation, it is widely known that certain pathogens activate or
inactivate different cell death pathways to their own advantage. For example, S. aureus has been
documented in neutrophils inducing accelerated apoptosis (Zurek et al., 2015), vital NETosis
(Brinkmann et al., 2004; Pilsczek et al., 2010), and necroptosis (Greenlee-Wacker et al., 2014),
depending on the model and time point examined. Changing the amount of NF-«xB activation in a
cell has consequences for cell fate outcome. In the context of S. aureus mediated NF-xB
modulation, there is still work to be done to discover the exact mechanism of modulation, which
death pathways may be involved, and what is the overall ramification for the host tissue.

As indicated above, the studies of the influence of NF-kB on cell fate in S. aureus are
incomplete. Zurek et al., 2015, demonstrated that inhibition of NF-kB signaling by S. aureus
resulted in accelerated apoptosis (Zurek et al., 2015). Other studies demonstrate that S. aureus
infection causes diversion from the canonical apoptosis pathway in favor of more inflammatory
options (Greenlee-Wacker et al., 2014). Under normal conditions, a cell will first opt for activation

of the NF-«B signaling pathway and an inflammatory response. Under suppression of NF-kB, the
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cell will direct towards caspase-8 mediated apoptosis. When this option too fails, the cell will
undergo formation of either the ripoptosome or necrosome complexes, which can lead to
necroptosis, or regulated necrosis (reviewed in (Pasparakis & Vandenabeele, 2015; X. Wang et
al., 2018)). The relationship between S. aureus and necroptosis is understudied, and this
relationship has been hotly contested. One study showed that neutrophil necroptosis is beneficial
for S. aureus clearance, as it inhibits excessive IL-1p release in mlkl deficient mice (Kitur et al.,
2016). That being said, it has been shown that human PMNs stimulated with S. aureus undergo
necroptosis in a MLKL independent manner (Greenlee-Wacker, Kremserova, & Nauseef, 2017),
therefore the aforementioned study may not have been looking at true necroptosis. On the other
hand, it has been shown that 15-50% of ingested S. aureus can survive inside of neutrophils, and
these neutrophils undergo RIPK-3 mediated necroptosis (Greenlee-Wacker et al., 2017). For this
reason, we suggest that the initial inhibition of NF-xB is a mechanism to drive neutrophils towards
an inflammatory death pathway, like NETosis or necroptosis, that will increase S. aureus chances
of survival. For example, this necroptotic state can prevent efferocytosis by macrophages,
proliferating pathogenic spread (Behar & Briken, 2019; Greenlee-Wacker et al., 2017). Of note,
PMNs were seen to undergo necroptosis at high S. aureus MOI (10:1), but necroptosis at a low
MOI (1:1) required additional caspase inhibitors (Greenlee-Wacker et al., 2014). It is unclear if
this is due to a lack of contribution on the pathogen side, or if at a low MOI, the S. aureus respond
differently to the PMNs. Additionally, most necroptosis occurs in a RIPK-1, MLKL, and RIPK-3
dependent manner (X. Wang et al., 2018). Necroptosis induced by USA300 is RIPK-3 dependent,
while independent of RIPK-1 and MLKL (Greenlee-Wacker et al., 2017; X. Wang et al., 2018),

raising questions as to the nature of this necrotic death, and the ability of USA300 to fast-track
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neutrophils to this inflammatory death. that IL-1B secretion was linked to pyroptosis instead of
necroptosis (Kitur et al., 2016).

It has been shown that deficits in TLR2 correlated with decreased IL-1B production and
larger lesions in mice, compared to WT (Cho et al., 2012), demonstrating the importance of TLR2
in initiating an inflammatory response to infection. And so, the question becomes, how does IL-
1B relate to cell death in neutrophils, and later, does S. aureus prevent NF-xB signaling, and IL-
1B production to its own advantage. Secretion of IL-1B involves the NLRP3/ASC/caspase-1
inflammasome, which is activated in response to staphylococcal pore forming toxins or NOD
(Holzinger et al., 2012; Mankan, Dau, Jenne, & Hornung, 2012; Melehani, James, DuMont,
Torres, & Duncan, 2015). Pro-IL-1B becomes the mature form through cleavage, the majority of
which is done by caspase-1, and it has been shown that cleavage is possible by neutrophil proteases
and caspase-8 (Coeshott et al., 1999; Guma et al., 2010; Vince et al., 2012). IL-1p lacks a secretion
motif, and therefore the two prime mechanisms of IL-1p secretion are through pyroptosis and
necroptosis, which also cause the secretion of different DAMPs (reviewed in (Opdenbosch &
Lamkanfi, 2019)). One study suggested that NF-kB regulated genes act to negatively regulated
caspase-1-dependent IL-1f secretion (Greten et al., 2007), which makes sense as NF-kB genes are
pro-survival and anti-apoptotic, gatekeeping further inflammatory death pathways. Upon
stimulation by monosodium urate (MSU) crystals or LPS, I1L-8 production leads to the production
of IL-1pB, which in turn is necessary for second wave production of IL-8 for maximum neutrophil
recruitment (Martinez et al., 2004; Matsukawa et al., 1998). This is interesting in that MSU crystals
are associated with inducing neutrophil necroptosis (X. Wang et al., 2018). Together, this suggests

that in the event of NF-kB failure, or pathogen mediated inhibition, the cell is able to proceed to
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death pathways that are more immune signaling in nature by secreting DAMPs and IL-1p, and
neutrophils are more predisposed to this mode of death due to the large number of staphylococcal
pore-forming toxins that activate NLRP3, such as PVL and LukGH (Holzinger et al., 2012;
Melehani et al., 2015). Therefore, between the combination of TLR2 mediated NF-kB inhibition,
and the bombardment of pore-forming toxins, is the necrotic cell death outcome beneficial to the
host for clearance, or an escape mechanism for the S. aureus. By encouraging cell death in a
necrotic fashion, it could be that the pathogen does not have to contend with potentially more

bactericidal ROS mediated killing methods.

Study Caveats

As alluded to in previous sections, the context of these host and pathogen studies can highly
influence not just the overall experimental outcome, but the subtleties of which pathways are
activated over others. Overall, at later time points during an active S. aureus infection, the NF-xB
pathway is highly active and the local environment is inflammatory, which is critical for resolution
of the infection. The activity of the S. aureus stimulated NF-kB pathway is likely dependent on a
number of factors, including the time point, the MOI, and the strain used. When NF-xB is
promoted, it could be due to MOI or a time point that overwhelms initial attempts to inhibit the
pro-inflammatory response. Of note, one study using LAC saw a 15 to 100 fold reduction in IL-
1B production compared to studies using other MOls, culture conditions, and strains (Cho et al.,
2012). The timing of inflammatory events is relevant as it has been shown that inhibition of NF-
kB signaling during the resolution of infection extends the duration of inflammation, and prevents
apoptosis in a mouse model (Lawrence, Gilroy, Colville-Nash, & Willoughby, 2001). As

preventing NF-xB signaling, and the subsequent infiltration of neutrophils, is beneficial for S.
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aureus survival, it makes sense that this selective pressure has resulted in several different NF-xB
mechanisms, with others likely still to be discovered.
| present these considerations as there have been many papers published on the subject of
S. aureus SSL3 and SSL4 proteins repressing the NF-kB pathway in neutrophils. As I move into
the hypothesis and chapters of this thesis, keep in mind the caveats | have mentioned as they are

likely the source of any discrepancies between the previously published studies, and my work.

Hypothesis

S. aureus is a ubiquitous colonizer and pathogen among the human population. The duality
of how this bacterium can both live in harmony with a human host and be the cause of fatal
infection is of great scientific interest. The work of this dissertation focuses on host-pathogen
interactions. Specifically, experiments on early interactions of S. aureus and neutrophils are
conducted, in order to better understand how initial recognition of the pathogen influences
inflammatory outcomes. Many studies have described S. aureus manipulation of inflammation in
the host, although these studies describing NF-«xB repression often do not identify a mechanism of
inhibition. As described earlier, it is possible to see inhibitory effects from supernatant alone,
potent enough to mask the presence of S. aureus in a polymicrobial infection model (Chekabab et
al., 2015). It has also been shown that in the presence of live USA300, the repressive effects are
controlled by the SaeR/S two component system (Zurek et al., 2015). Chapter Two will highlight
the overarching methodology for how neutrophils are extracted from whole human blood, and
describe the use of an assay to quantify neutrophil cytotoxicity. These methodologies set the stage
for the experiments described in Chapter Three. The overarching hypothesis for this work is that

S. aureus modulates NF-kB to impact neutrophil function and promote pathogen survival. Data
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indicate that S. aureus represses NF-kB expression in neutrophils through a secreted protein,
30kDa to 50kDa in size that is regulated primarily by the SaeR/S system. These studies pave the
way for future studies, described in Chapter 4, to identify the exact SaeR/S-regulated proteins
responsible for repression of NF-kB and for examining the molecular mechanisms of NF-xB

modulation and how this impacts neutrophil cell fate.
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Staphylococcus aureus is capable of secreting a wide range of leukocidins that target and disrupt the membrane integrity of polymorphonuclear
leukocytes (PMNs or neutrophils). This protocol describes both the purification of human PMNs and the quantification of S. aureus cytotoxicity
against PMNs in three different sections. Section 1 details the isolation of PMNs and serum from human blood using density centrifugation.
Section 2 tests the cytotoxicity of extracellular proteins produced by S. aureus against these purified human PMNs. Section 3 measures the
cytotoxicity against human PMNs following the phagocytosis of live S. aureus. These procedures measure disruption of PMN plasma membrane
integrity by S. aureus leukocidins using flow cytometry analysis of PMNs treated with propidium iodide, a DNA binding fluorophore that is cell
membrane impermeable. Collectively, these methods have the advantage of rapidly testing S. aureus cytotoxicity against primary human PMNs
and can be easily adapted to study other aspects of host-pathogen interactions.

Video Link

The video component of this article can be found at https://www.jove.com/video/60681/

Introduction

Staphylococcus aureus is a Gram-positive bacterium that causes a wide spectrum of diseases in humans. This prominent pathogen produces
numerous virulence factors that contribute to different aspects of infection. These include surface molecules that allow S. aureus to adhere to
different types of host tissue ', extracellular proteins that interfere with the host immune response®, and an array of secreted toxins that target
different types of host cells®. In this report, we describe a method that quantifies the cytotoxicity of extracellular proteins produced by S. aureus
against human polymorphonuclear leukocytes (PMNs or neutrophils), primary effector cells of the host innate immune response.

PMNs are the most abundant leukocytes in mammals. These circulating immune cells are rapidly recruited to the site of host tissue insult

in response to danger signals produced by resident cells or by compounds unique to invading microbes. The extracellular input from these
molecules and from direct contacts with activated resident host cells during extravasation increase the activation state of PMNs in a process
known as priming™~. Primed PMNs that have reached distressed tissue then execute important innate immune responses designed to prevent
the establishment of infection. These include the binding and internalization, or phagocytosis, of invading microorganisms that triggers a cascade
of intracellular events cumulating in microbe destruction by a battery of potent antimicrobial compounds”.

PMNs play an essential role protecting humans from invading pathogens and are particularly important for preventing S. aureus infection®.
However, this bacterium produces a wide range of virulence genes that impede different PMN functions. These include extracellular proteins
that block recognition of signaling molecules, prevent adhesion to host tissue, inhibit production of antimicrobial compounds, and compromise
plasma membrane integrity‘A S. aureus orchestrates the temporal expression of these virulence genes through the collective input from multiple
two-component sensory systems that recognize specific environmental cues. The SaeR/S two-component system is a major up-regulator of

S. aureus virulence gene transcription during infection®”#®'%"" |n particular, this two-component system has been shown to be critical for the
production of bi-component leukocidins that specifically target human PMNs “.

This protocol is broken into three different sections. The first section describes the purification of PMNs from human blood using density gradient
centrifugation using a protocol that has been adapted from methods established by Bayum ® and Nauseef'*. The second and third sections
detail two different techniques to examine S. aureus cytotoxicity; one intoxicates PMNs with extracellular proteins produced by S. aureus while
the other examines the ability of living bacteria to damage PMNs following phagocytosis. These procedures use propidium iodide to measure the
loss of PMN plasma membrane integrity caused by S. aureus pore-forming toxins. Propidium iodide is a DNA-binding fluorophore that is normally
cell membrane impermeable but can cross plasma membranes that have been disrupted by S. aureus toxins. Flow cytometry analysis allows

the rapid quantification of propidium iodide-positive PMNs to measure the relative cytotoxicity of S. aureus strains. Methicillin-resistant S. aureus

Copyright © 2020 Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported January 2020 | 155 | 60681 | Page 1 of 7
License



40

lee Journal of Visualized Experiments www.jove.com

(MRSA) identified as pulsed-field gel electrophoresis type USA300 and an isogenic deletion mutant of saeR/S in this strain (USA300AsaeR/S)
have been used as models to demonstrate how these procedures can quantify the cytotoxicity of S. aureus against human PMNs.

Heparinized venous blood from healthy donors was collected in accordance with protocol approved by the Institutional Review Board for Human
Subjects at Montana State University. All donors provided written consent to participate in this study.

1. Purification of human polymorphonuclear leukocytes and isolation of human serum

NOTE: All reagents should be routinely checked for the presence of endotoxin using a commercially available endotoxin detection kit and should
contain <25.0 pg/mL endotoxin to prevent unwanted priming of PMNs.

1.

2

10.
11.

12.

1

w

14.

15.

Bring 50 mL of 3% dextran-0.9% NaCl (w/v), 35 mL of 0.9% NaCl (w/v), 20 mL of 1.8% NaCl (w/v), 12 mL of 1.077 g/mL density gradient
solution, and 20 mL of injection- or irrigation-grade water to room temperature.

To isolate human serum, incubate 4 mL of freshly drawn human blood without anti-coagulant at 37 °C in a 15 mL glass tube for 30 min. After
incubation, centrifuge sample at 2,000-3,000 x g for 10 min at room temperature. Transfer the upper serum layer into a fresh 15 mL conical
centrifuge tube and place on ice.

Combine 25 mL of freshly drawn heparinized (1000 units/mL) whole human blood with 25 mL of room temperature 3% dextran-0.9% NacCl
(1:1 ratio) in two replicate 50 mL conical centrifuge tubes (50 mL total volume per tube). Mix by gently rocking each 50 mL conical tube and
then let stand at room temperature for 30 min.

After incubation at room temperature, two separate layers will appear. Transfer the top layer of each dextran-blood mixture into new 50 mL
conical tubes and centrifuge at 450 x g for 10 min at room temperature with low or no brakes.

Carefully aspirate both supernatants and discard without disturbing the cell pellets. Gently resuspend each cell pellet in 2 mL of room
temperature 0.9% NaCl, combine the resuspended pellets in a single 50 mL conical tube, then add the remaining 0.9% NaCl (final volume of
35 mL).

Carefully underlay 10 mL of room temperature of 1.077 g/mL density gradient solution beneath the cell suspension using a hand pipette.
Spin at 450 x g for 30 min at room temperature with low or no brakes. Gently aspirate the supernatant without disturbing the cell pellet.
Supernatant will contain peripheral blood mononuclear cells that can be collected as previously described'.

Lyse the red blood cells by resuspending the cell pellet in 20 mL of room temperature water. Mix gently by rocking the tube for 30 s. The lysis
of red blood cells will be accompanied by a distinct decrease in turbidity.

Immediately add 20 mL of 1.8% NacCl (at room temperature [RT]) and centrifuge sample at 450 x g for 10 min at room temperature.

NOTE: It is important to minimize the time that PMNs are left in water alone following red blood cell lysis to maximize PMN yield and prevent
PMN lysis and/or activation.

Carefully aspirate the supernatant without disturbing the cell pellet. Gently resuspend the cell pellet in 2 mL of RT RPMI 1640 medium and
place on ice.

Count cells using a hemocytometer. Resuspend purified PMNs at a concentration of 1 x 107 cells/mL with ice-cold RPMI and keep on ice.
Combine 100 pL of purified PMNs (1 x 10° cells) with 300 pL of ice-cold Dulbecco's phosphate-buffered saline (DPBS) containing 1 pL of
propidium iodide stain in two replicate flow cytometry tubes. For a positive control for plasma membrane damage, add 40 pL of 0.5% Triton
X-100 solution into one of the flow cytometry tubes and mix thoroughly.

Use flow cytometry to measure the forward scatter, side scatter, and propidium iodide staining (excitation/emission maxima at 535/617 nm) of
purified cells (Figure 1).

NOTE: Forward and side scatter analysis will identify unwanted populations of lymphocytes and monocytes. Propidium iodide will only stain
cells with a compromised plasma membrane and purified PMNs that have pronounced populations of propidium iodide positive cells should
not be used. For these studies, purified PMNs were only used if they comprised >98% of purified cells and <5% stained positive for propidium
iodide.

. Prepare a 96-well plate for PMN cytotoxicity assays by coating individual wells that will be used in this assay with 100 pL of 20% isolated

human serum that has been diluted with DPBS.

NOTE: Plating PMNs directly on plastic or glass will cause activation of the cells. Be sure to include at least one negative control well that will
only receive media and at least one positive control well that will receive 0.05% Triton X-100.

Incubate the plate at 37 °C for 30 min. Following incubation, wash the coated wells twice with ice-cold DPBS to remove any excess serum.
Gently tap the plate upside down to remove any residual DPBS and place on ice.

Gently add 100 pL of purified human PMNs at 1 x 107 cells/mL to each coated well (1 x 10° PMNs/well). Allow PMNss to settle in wells by
incubating the plate on ice for at least 5 min. Keep the plate level to allow even distribution of cells in each well and leave on ice to avoid
unwanted activation of PMNs.

2. Cytotoxicity assay of S. aureus extracellular proteins against human polymorphonuclear
leukocytes

1

Culture S. aureus overnight in tryptic soy broth (TSB) using a shaking incubator set at 37 °C. For these studies, 20 mL of TSB in
separate 150 mL Erlenmeyer flasks were inoculated with frozen cultures of S. aureus strains USA300 or USA300AsaeR/S and grown for
approximately 14 h with shaking at 250 rpm.

2. Subculture S. aureus by performing a 1:100 dilution of overnight bacterial culture with fresh media. Incubate at 37 °C with shaking until the
bacteria reach early stationary growth phase.
NOTE: For these experiments, 20 mL of tryptic soy broth in 150 mL Erlenmeyer flasks were inoculated with 200 pL of overnight cultured
USA300 or USA300AsaeR/S and incubated at 37 °C with shaking at 250 rpm for 5 h.
Copyright © 2020 Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported January 2020 | 155 | 60681 | Page 2 of 7
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3. When bacteria have reached early stationary growth phase, transfer 1 mL of subcultured S. aureus into a 1.5 mL microcentrifuge tube and
centrifuge at 5,000 x g for 5 min at room temperature.

4. Following centrifugation, transfer supernatant into a 3 mL syringe. Pass supernatants through a 0.22 pym filter and into a new 1.5 mL
microcentrifuge tube on ice.

5. Perform serial dilutions of supernatants with ice-cold media used to culture S. aureus.
NOTE: For the experiments shown, supernatants from USA300 and USA300AsaeR/S underwent four consecutive 1/2 log dilutions with ice-
cold TSB.

6. Gently add supernatant samples or media alone (for negative and positive controls) to individual wells of 96-well plate containing PMNs on

ice from step 1.15. For these experiments, 10 pL of USA300 or USA300AsaeR/S supernatant samples were added to each well. Gently rock

plate to distribute supernatants in wells and incubate at 37 °C.

At desired times, remove the plate from incubator and place on ice. Add 40 pL of 0.5% Triton X-100 to the positive control well.

Gently pipette the samples up and down in each well to completely pull off all PMNs adhered to plate, then transfer the samples to flow

cytometry tubes on ice that contain 300 pL of ice-cold DPBS with 1 pL of propidium iodide.

9. Measure the proportion of propidium iodide-positive PMNs using flow cytometry (Figure 2A). When bound to DNA, propidium iodide has
excitation/emission at 535/617 nm.

007

3. S. aureus cytotoxicity assay against human polymorphonuclear leukocytes following
phagocytosis

NOTE: Growth curves defined by the optical density at 600 nm (ODggp) and concentration of bacteria must be determined empirically for the S.
aureus strains to be tested before beginning this assay. Success of these experiments requires the consistent harvest of equal concentrations of
each S. aureus strain tested at mid-exponential growth phase using the ODggg of sub-cultured bacteria.

1. Start overnight cultures of S. aureus strains and subculture bacteria as described in steps 2.1.1 and 2.1.2.

2. Harvest subcultured S. aureus when it has reached mid-exponential growth by transferring 1 mL of cultured bacteriato a 1.5 mL
microcentrifuge tube and centrifuging at 5,000 x g for 5 min at room temperature.

NOTE: Unger our growth conditions, USA300 and USA300AsaeR/S reached mid-exponential growth phase after approximately 135 min of
incubation”.

3. Wash S. aureus following centrifugation by aspirating the supernatant, resuspending the pelleted bacteria in 1 mL of DPBS, vortexing the
sample for 30 s, and centrifuging at 5,000 x g for 5 min at room temperature.

4. Opsonize S. aureus by resuspending the bacterial pellet in 1 mL of 20% human serum diluted with DPBS and incubating at 37 °C with
agitation for 15 min.

5. Centrifuge opsonized bacteria at 5,000 x g for 5 minutes at room temperature. Wash S. aureus following centrifugation by aspirating the
supernatant, resuspending the pelleted bacteria in 1 mL DPBS, then vortex the sample until the bacterial pellet is completely broken apart
plus an additional 30 seconds. Centrifuge bacteria at 5,000 x g for 5 min at room temperature.

6. Resuspend opsonized S. aureus strains in 1 mL RPMI, vortex the sample until bacterial pellet is completely broken apart, and then for an

additional 30 s. Place bacteria on ice.

Dilute opsonized S. aureus strains to the desired concentration with ice-cold RPMI. Vortex for 30 s and place on ice.

Confirm the concentration of opsonized S. aureus by plating 1:10 serial dilutions of bacteria on tryptic soy agar.

NOTE: Because differences in the concentration of bacteria used in this assay can have a major impact on subsequent PMN plasma

membrane permeability (Figure 3A), it is very important that the concentration of each strain tested is determined for every experiment and is

equivalent between strains.

9. Gently add 100 pL/well of each S. aureus strain or RPMI (for positive and negative controls) to PMNs in the 96-well plate on ice from step
1.14. Gently rock plate to distribute S. aureus in wells.

10. Synchronize phagocytosis by centrifuging the plate at 500 x g for 8 min at 4 °C'. Incubate plate at 37 °C immediately following centrifugation
(T=0).

11. At desired times, remove plate from incubator and place on ice. Add 40 pL of 0.5% Triton X-100 to the positive control well.

12. Gently pipette the samples up and down in each well to completely pull off all PMNs adhered to plate, then transfer the samples to flow
cytometry tubes on ice containing 200 pL of ice-cold DPBS with 1 pL of propidium iodide.

13. Analyze samples for propidium iodide staining using flow cytometry as described in step 2.9.

Representative Results

We have demonstrated how the procedures described above can be used to relatively quantify the cytotoxicity of S. aureus against human
PMNs using MRSA PFGE-type USA300 and an isogenic deletion mutant of saeR/S in this strain (USA300AsaeR/S) generated in previous
studies®. PMNs isolated using the procedures described in section 1 of this protocol were stained with propidium iodide and examined using
flow cytometry. Forward and side scatter plots were used to illustrate contamination of purified PMNs by monocytes or lymphocytes (Figure
1A,B) and PMN integrity was determined using propidium iodide staining (Figure 1C). The described method of human PMN purification can
consistently yield 0.5 x 10" to 1 x 10° PMNs that are >98% pure and are >95% propidium iodide negative.

o™

The cytotoxicity of extracellular proteins produced by USA300 and USA300AsaeR/S were tested against purified PMNs (Figure 2) following

the procedures described in section 2 of this protocol. These experiments demonstrate a concentration dependent increase in the propidium
iodide staining of purified PMNs following 30 min of intoxication with extracellular proteins produced by USA300 (Figure 2B). Previous studies
have demonstrated that the SaeR/S two-component system is important for expression of numerous bi-component leukocidins that target
human PMNs®'®""'®_Congruent with these previous findings, very few propidium iodide-positive PMNs were detected following exposure to
extracellular proteins produced by USA300AsaeR/S (Figure 2B). Further experiments demonstrated a steady increase in the proportion of lysed
PMNs following intoxication by USA300 extracellular proteins that plateaued after approximately 30 min (Figure 2C). Minimal lysis of human
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PMNs was noted at all timepoints following exposure to extracellular proteins produced by USA300AsaeR/S. These results illustrate the utility of
this assay for the relative quantification of cytotoxicity by extracellular S. aureus proteins against human PMNs.

We tested USA300 and USA300AsaeR/S using the S. aureus cytotoxicity assay against human PMNs following phagocytosis that is described
in section 3 of this protocol (Figure 3). A concentration dependent increase in the proportion of propidium iodide positive PMNs was observed
90 min after the phagocytosis of USA300 (Figure 3A). A significant decrease was observed in the proportion of PMNSs that were propidium
iodide positive following the phagocytosis of USA300AsaeR/S (Figure 3A), supporting other results that indicate the SaeR/S two-component
system is important for the cytotoxicity of S. aureus against human PMNs (Figure 2)"'". As previously mentioned and demonstrated in Figure
3A, differences in S. aureus concentration have a pronounced impact on PMN lysis following phagocytosis. Enumeration of the USA300 and
USA300AsaeR/S inoculum used in each of these experiments demonstrated that the contrast in cytotoxicity between these strains was not due
to differences in the concentration of bacteria used (Figure 3B). These findings show how the S. aureus cytotoxicity assay against human PMNs
following phagocytosis can be used to assess the ability of different S. aureus strains to compromise human PMN plasma membrane integrity.
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Figure 1: Flow cytometry analysis of purified PMNs. Representative flow cytometry dot plots of (A) purified human PMNs and (B) PMNs that
have been purposely contaminated with peripheral blood mononuclear cells. (C) Representative flow cytometry histogram demonstrating minimal
propidium iodide staining (<1%) of purified PMNs (shaded grey) as compared to PMNs treated with 0.05% Triton X-100 (shaded red). Please
click here to view a larger version of this figure.
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Figure 2: Flow cytometry analysis of PMNs intoxicated with extracellular proteins produced by S. aureus. (A) Representative flow
cytometry histogram of PMNs stained with propidium iodide after 30 min of incubation with media control (shaded blue), filtered USA300
supernatant at a final concentration of 1:110 (shaded grey), or 0.05% Triton X-100 (shaded red). (B) The proportion of propidium iodide positive
PMNs after 30 min of incubation with different concentrations of USA300 or USA300AsaeR/S supernatants. (C) The proportion of propidium
iodide positive PMNs over time following incubation with USA300 or USA300AsaeR/S supernatant at a final concentration of 1:110. Data are
presented as mean + SEM of at least 3 separate experiments with * p < 0.05 and ** p < 0.005 as determined by two-tailed t-test. Please click
here to view a larger version of this figure.
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Figure 3: Flow cytometry analysis of PMNs following phagocytosis of S. aureus. (A) The proportion of propidium iodide positive PMNs 90
min after the phagocytosis of different concentrations of USA300 or USA300AsaeR/S. (B) Concentration of opsonized S. aureus strains used for
the experiments shown in panel A. Data are presented as mean + SEM of 4 separate experiments with * p < 0.01 as determined by two-tailed t-
test. Please click here to view a larger version of this figure.
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This protocol describes the purification of PMNs from human blood and two distinct assays that use propidium iodide for quantifying the
cytotoxicity of S. aureus against these important innate immune cells. The success of these procedures will depend upon the quality of purified
PMNs and the appropriate preparation of S. aureus and extracellular proteins produced by this pathogen. For the isolation of PMNs, it is
important to minimize PMN activation during and after purification by using reagents free of endotoxin contamination, treating cell preparations
gently, and keeping cells at the appropriate temperature. Signs that indicate activation of PMNs include clumping of cells during purification and
when more than 5% of isolated cells stain positive for propidium iodide. Because of the relatively short life span of PMNs, these cells must be
isolated from human blood and tested in the same day. PMNs will begin to exhibit signs of spontaneous apoptosis if left on ice for more than 3
h after purification. As mentioned earlier, it is very important that every PMN preparation is carefully evaluated using flow cytometry analysis of
forward and side scatter as well as propidium iodide staining to ensure the purity and integrity of isolated cells.

The expression of bi-component leukocidins by S. aureus is responsible for the majority of compromised PMN plasma membrane integrity that
is observed using the assays described in this protocol. Variation in the expression of these toxins and other pore-forming peptides, such as
phenol-soluble modulins, between strains of S. aureus will produce differences in cytotoxicity against human PMNs. Significant deviations during
in vitro growth between S. aureus strains will also influence expression of pore-forming toxins and subsequent cytotoxicity. In addition, the ratio
of S. aureus to PMNs in phagocytosis assays has a major impact on subsequent PMN plasma membrane permeability (Figure 3A) and these
experiments require the consistent harvest of equal concentrations of each S. aureus strain tested at mid-exponential growth phase using the
ODgqp of subcultured bacteria. Given these considerations, it is very important to define growth curves for all strains that will be examined before
beginning cytotoxicity assays. We do not recommend these methods for analyzing S. aureus cytotoxicity with strains that exhibit significant
growth differences in vitro.

USA300 is a virulent MRSA isolate that is known to be highly cytotoxic against human PMNs'® and the loss of SaeR/S in this strain dramatically
reduces transcription of numerous bi-component leukocidins that target human PMNs®'?, making these strains ideal models for comparing
cytotoxicity using the assays described. However, there is extensive genetic variation between different S. aureus isolates and the parameters
detailed in these protocols may not result in substantial changes in cytotoxicity against human PMNs when testing other S. aureus strains.
Tailoring the growth conditions, volumes of supernatants added, or ratio of bacteria to PMNs may be required for success with these methods
using other strains of S. aureus.
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Abstract

Staphylococcus aureus (S. aureus) is a ubiquitous bacterium that induces a spectrum of
disease, from existing as a commensal microbe to being the causative agent of necrotic lung
infections. The ability of S. aureus to exist on this spectrum can be largely attributed to the
exquisite regulation of numerous adhesins, immunomodulatory proteins, and toxins. In this study,
we examined the ability of S. aureus to inhibit NF-kB signaling, and subsequent IL-8 production,
in human neutrophils. Through a combination of techniques, we show that NF-kB repression is
caused by secreted proteins regulated by both the SaeR/S and Agr systems. The factor(s) that
decrease NF-kB-p65 is between 30kDa and 50kDa in size. The ability of secreted proteins to
decrease NF-kB was maintained in the presence of the canonical NF-xB trigger,
lipopolysaccharide (LPS). Surprisingly, this observation was only observed in S. aureus PFGE-
type USA300 strain LAC but was not conserved in PFGE-type USA400 strain MW?2. Collectively,
these data identify another mechanism used by S. aureus to modulate inflammation by reducing

NF-«B-p65.

Importance

The relationship between initial Staphylococcus aureus (S. aureus) infections and
inflammation triggered by the innate immune system is an understudied area with conflicting
publications. Here we show that the S. aureus PFGE type USA300 strain LAC secretes proteins
that reduces NF-xB-p65. Although the mechanism behind this repression needs to be further
defined, our study adds to previous observations and highlight that S. aureus targets NF-«xB to

impact the host inflammatory response to infection.
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Introduction

Staphylococcus aureus (S. aureus) colonizes the anterior nares of approximately 30-50%
of the population (Gorwitz et al., 2008; Wertheim et al., 2005). Although S. aureus generally exists
as a commensal organism, this bacterium can cause disease ranging from benign soft-tissue
abscesses to lethal infections such as necrotizing fasciitis. Through the acquisition of antibiotic
resistance, S. aureus is increasingly more difficult to treat in community and hospital settings. The
front line of defense against S. aureus infections is the human neutrophil, a highly inflammatory
leukocyte that produces different antimicrobial proteins, peptides, and reactive oxygen species
(ROS) when activated (Guerra et al., 2017; Rigby & Deleo, 2011). Neutrophils are also capable
of producing cytokines, such as IL-8, that prime and attract more neutrophils as well as prevent
premature apoptosis (Kettritz et al., 1998; Wozniak, Betts, Murphy, & Rokicinski, 1993). This
ability is critical for controlling early bacterial infections (Yoshio Hirao, Tsugiyasu Kanda,
Yoshimasa Aso, Masato Mitsuhashi, & Isao Kobayashi, 2000). In turn, S. aureus produces
cytolytic toxins, superantigens, and immunomodulatory proteins that manipulate the host immune
response (Guerra et al., 2017). Manipulation of the inflammatory environment likely gives S.
aureus an edge when establishing infection in a new host.

The cornerstone of neutrophil inflammation is the pro-inflammatory transcription factor,
nuclear factor kappa-light chain enhancer of activated B cells (NF-kB). NF-«B is activated through
the recognition of pathogen-associated molecular patterns (PAMPSs), often through toll-like
receptors (TLRs). This recognition starts a signaling cascade that results in the activation of NF-
kB, translocation into the nucleus, and the transcription of anti-apoptosis and pro-inflammatory

products including IL-8 (Hayden & Ghosh, 2011). These inflammatory responses, although
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potentially damaging to the host if uncontrolled, are necessary to summon other immunological
factors and control infections. We have previously demonstrated that S. aureus, through the action
of the S. aureus exoprotein secretion system SaeR/S, represses NF-kB expression and subsequent
cytokine production (Zurek et al., 2015). In this study, we advanced our previous observations and
those made by others (Zurek, Ji, Bolhuis, and Watson 2019a; Koymans et al. 2017; Chekabab et
al. 2015) to demonstrate that the prominent S. aureus isolate identified as PFGE type USA300
strain LAC can repress NF-kB-p65 expression by a SaeR/S-regulated secreted protein between
30kDa and 50kDa. To our surprise, this mechanism was not observed in the clinically relevant
isolate PFGE-type USA400 strain MW2, suggesting that this mechanism of NF-kB repression is

not conserved across clinically relevant strains.

Results

Secretion of a S. aureus Factor Represses NF-kB and Cytokine Expression

It is advantageous to S. aureus to repress an inflammatory response while establishing its
microenvironment. It has been previously shown that S. aureus can suppress NF-xB and
subsequent IL-8 production in both neutrophils and airway epithelial cells (Chekabab et al., 2015;
Zurek et al., 2015). We previously demonstrated that type USA300 could repress NF-kB (Zurek
et al., 2015) and that this repression was regulated by the SaeR/S two-component gene regulatory
system in S. aureus. Inthe current study we investigated if secreted factors from overnight cultures
reduced NF-kB compared to unstimulated neutrophils (Figure 3.1). By stimulating neutrophils
with sterile filtered supernatants from the wild type USA300, USA300AsaeR/S, and USA300Aagr
mutant strains, the overall amount of p65 protein was seen to be reduced by wild type supernatant,

but not the USA300AsaeR/S, and USA300Aagr mutant strain supernatant (supplemental Figures
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3.1A-B). Next, an ELISA was used to compare the amount of NF-kB phosphorylated, and
therefore active, S536 of the P65 subunit (Figure 3.1A) produced in neutrophils exposed to either
the USA300 supernatant, or the USA300AsaeR/S and USA300Aagr supernatant. Neutrophils
exposed to USA300AsaeR/S and USA300Aagr produced NF-xkB similar to unstimulated
neutrophils while wildtype USA300 significantly reduced activated NF-kB below the resting state
(Figure 3.1A). We previously demonstrated that the SaeR/S two component system mediated a
reduction of NF-kB phosphorylation which corresponded to reduced IL-8 production (Zurek et al.,
2015). To determine if USA300 supernatant could reduce IL-8 transcription, neutrophils were
exposed to S. aureus supernatant and 1L-8 transcript abundance was assessed at two-hours post-
exposure (Figure 3.1B). Neutrophils exposed to AsaeR/S and Aagr supernatants had increases in
IL-8 expression relative to resting and wild-type exposed cells. Exposure to USA300AsaeR/S
supernatant significantly activated NF-«xB relative to neutrophils treated with wild type USA300
supernatant and above a base line of NF-xB activation for neutrophils in a resting state. The
secreted factor that influences NF-xB expression is also regulated by agr, however, the Aagr
supernatant exposed neutrophils did not demonstrate statistically significant differences when
compared to USA300. To investigate if the secreted factor was conserved in another clinically
relevant strain, we exposed human neutrophils to USA400 supernatant and corresponding isogenic
mutants of SaeR/S or Agr in this strain. Surprisingly, USA400 supernatant did not significantly

alter total amounts of NF-kB between the different mutant supernatant groups (Figure 3.1C).
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Reduction of NF-xB Expression is Caused by a Secreted Protein and
Ocecurs in both Neutrophils and Monocytes

Proteinase K digestion was used to demonstrate that the factor of interest is a protein.
Following treatment with proteinase K no significant differences in NF-xB phosphorylation were
observed between WT, AsaeR/S, and Aagr supernatant stimulation (Figure 3.2A). To further
characterize our protein of interest, size exclusion filters of 0.2uM, 50kDa, or 30kDa were used.
Reduced NF-kB phosphorylation was seen in WT supernatants following filtration with 0.2uM,
and 50kDa. Interestingly, the differences in NF-xB phosphorylation was absent in neutrophils
exposed to supernatants following filtration at 30kDa (Figure 3.2B). This indicates that the protein
controlled by SaeR/S (and to some degree, Agr), is likely between 30kDa and 50kDa in size.
Reduced NF-kB phosphorylation was independent of cell death since lysis was significantly
reduced in neutrophils incubated with supernatants from the 30kDa and 50kDa filters
(Supplemental Figure 3.2A).

We next utilized THP1-Blue™ NF-kB monocyte to confirm our observations from Figure
3.1 and to determine if the S. aureus factor could reduce NF-«xB expression following stimulation
with the canonical NF-kB trigger LPS. We used supernatant that was filtered with the 50kDa filter
to retain viability at this long time point. When THP1-Blue™ NF-«B monocytes were incubated
with a combination of WT supernatants and LPS, the WT supernatants were seen to suppress the

LPS induced activation in a dose dependent manner (Figure 3.2C).
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Reduced Expression of NF-kB is not Caused by SSL3 or SSL4

Previous studies have shown that SSL3 and SSL4 are able to bind to TLR2, which could
inhibit NF-xB signaling (Koymans, Feitsma, Brondijk, et al., 2015; Koymans et al., 2017). As
shown previously, USA300 can repress NF-kB signaling, both through live pathogen interaction
(Zurek et al., 2015), and as shown here through a secreted protein(s) (Figure 3.1). This is in contrast
to USA400, that did not produce a secreted factor that reduces total amount of NF-kB protein
(Figure 3.1E). These observations led us to believe there may be significant differences between
the SSLs of the strains, but when aligned by BLAST, SSL3 in USA300 and USA400 are shown
to be 98% identical, with 12 gaps between the two strains (Supplemental Figure 3.2A). Structural
analysis demonstrates that a DVID insertion in USA4Q00 is located on the other side of the protein
from the TLR1/2 binding site and likely does not interfere with binding (data not shown). When
comparing SSL4 by BLAST, these two strains are 93% identical, with 31 gaps (data not shown).
To investigate if ssI3 and ssl4 contributed to the reduced NF-«B phosphorylation in neutrophils,
we first measured ssI3 and ssl4 transcript abundance during S. aureus growth in culture and
following phagocytosis. ssl3 and ssl4 transcripts were expressed in USA300, USA400 and
corresponding isogenic AsaeR/S strains from overnight (stationary phase) and exponential cultures
(Figure 3.3A). There was increased expression in ssl3 and ssl4 transcripts during stationary growth
compared to expression during exponential growth. These data imply that SSL3 and SSL4 are
likely present in supernatants from both USA300 and USA400 strains and are not responsible for
the reduced NF-kB phosphorylation observed. When examining USA300 ssI3 and ssl4 following
phagocytosis by neutrophils, we did observe an increase in transcript abundance of ssl3 and ssl4

in USA300 that had been phagocytosed by neutrophils that was not observed for USA300AsaeR/S



56

(Figure 3.3B), suggesting these genes are under the regulatory control of this two-component
system. When examining ssl3 and ssl4 expression during exponential growth versus stationary
growth, it was seen that both of these transcripts were made in abundance in both the wild type
and AsaeR/S strains, indicating that they would be present in the supernatant used for the
experiment in Figure 3.1C. For phagocytosed USA400, we observed a similar increase ssl4
transcript abundance but not for ssI3 transcript abundance when USA400 was stimulated by PMNs
(Figure 3.3D).

As a first attempt to identify the secreted factors responsible for the reduction in NF-«xB
expression we screened S. aureus supernatants from isogenic mutant strains of genes coding
proteins within the 30-50kDa range. This included knockouts in the genes ssl3, ssl4, hla, LUkGH,
and pvl, with a ssl11 knockout included which was slightly below 30kDa at 24.98kDa (Table 2).
These isogenic deletion mutants were selected based on published data demonstrating the
expression of these genes is regulated by both SaeR/S and Agr (Alonzo, Ill, & Torres, 2014;
Benson et al., 2012; Li & Cheung, 2008). The hla mutant strain has been characterized in previous
studies as indicated in Materials and Methods. The ssl3/4 and ssl11 strains were generated for this
study and had no significant defects in growth compared to the parental USA300 strain
(Supplemental Figure 3.4). The ssL11 mutant has a predicted protein size of 24.98kDa and was
used as both a size control, and to explore a possible link to PMN migration which is explained in
the discussion section. None of the mutant strains investigated demonstrated significant
differences in phosphorylation state from WT USA300 (Figure 3.4), implying that the proteins

knocked-out were not responsible for the repression of NF-«xB activation.
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Discussion

NF-kB and cytokine repression by S. aureus has been described before, but results in this
study indicate a mechanism that is distinct from these reports (Chekabab et al., 2015; Ji et al.,
2019; Koymans et al., 2017). We previously showed that S. aureus can repress IL-8 production
through inhibition of NF-kB activity when neutrophils are exposed to live USA300 (Zurek et al.,
2015). Here we show that this effect is mediated by both the SaeR/S and the Agr two-component
systems and can be induced by proteins in diluted overnight supernatant (Figure 3.1A). These
potent secreted factors also repressed IL-8 transcription (Figure 3.1B). In addition, we
demonstrated that this repression is caused by one or more proteins that are between 30kDa to
50kDa in size (Figure 3.2B). Furthermore, we show that this repressive ability is not conserved in
the clinically relevant strain, USA400 (Figure 3.1C). This concurs with a previous study showing
non-significant differences in IL-8 production in 16HBE cells when stimulated by USA400 versus
resting, although the IL-8 repressive agent they examined was non-proteinaceous and determined
to be less than 3kDa in size (Ji et al., 2019).

Based on previous observations by Bardoel et al, and Koymans et al., we originally
anticipated that SSL3 and/or SSL4 proteins would be responsible for the inhibited phosphorylation
of the transcription factor NF-xB. However, we found that SSL3 and SSL4 were not responsible
for the measured decrease in NF-kB- p65 in our studies. Both the AsaeR/S and Aagr mutants
produced ssl3 and ssl4 in overnight culture (Figure 3.3A) (Benson et al., 2012), but supernatants
from these cultures where not able to repress NF-kB activation. In addition, we demonstrate that
the deletion of ssI3 and ssl4 in USA300 had no influence on NF-kB activation under the conditions

tested. Previous studies have demonstrated that SSL11 from USA300 disrupts motility in the
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neutrophil-like cells, dHL60 by locking the cell into an adhesive state (Chen, Yang, & Barbieri,
2019). When p65 is lacking in mice, neutrophil migration into infected tissues is attenuated
(Alcamo et al., 2001), suggesting a potential link between the observed NF-xB inhibition,
neutrophil migration, and SSL11. However, supernatant produced by USA300 lacking ssl11 did
not influence NF-«B activation relative to supernatant produced by wild-type USA300, suggesting
SSL11 is not responsible for the repression of NF-kB phosphorylation observed in these studies.
None of the individual toxin knockouts screened, i.e., Ahla, AlukGH, nor Apvl, showed a
difference from the WT suppression (Figure 3.4), which agrees with a previous study showing that
Hla from USA300 does not influence IL-8 production in whole blood (T. K. Nygaard, Pallister,
Zurek, & Voyich, 2013). We decided to screen leukotoxins, based on their sizes, regulation by
SaeR/S and Agr and also because it is not unheard of for Staphylococcal toxins to have secondary
effects, as shown by several studies demonstrating that leukotoxins induce neutrophil cell death
via NETosis (Bhattacharya et al., 2018; Mazzoleni, Zimmermann-Meisse, Smirnova, Tarassov, &
Prévost, 2021).

The identity of the repressive proteins and the mechanism of this repression is beyond the
scope of this paper, although this method may be linked to the overall reduction in total p65
protein, as seen in Figure 3.1C. Future studies will investigate additional virulence factors between
30-50 kD and also generate double and triple knockout strains since we anticipate more than one
protein is responsible for the significant reduction in NF-xB-p65. Although the physiologic
relevance of NF- xB-p65 reduction is currently unknown, it is possible S. aureus uses the ability
to stay hidden during early colonization or to reduce inflammation while the pathogen establishes

a biofilm. Regardless, our findings add to previous studies by us and others that indicate NF- kB
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modulation is a virulence mechanism used by S. aureus. Given the major axis point of NF-kB in
both cell survival and the entry point for various modes of neutrophil cell death, defining the
mechanism behind this S. aureus modulation will further illuminate the intricacies of this host and

pathogen interaction.
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Materials and Methods

Bacterial Strains and Culture

CA-MRSA strains USA300 or USA400 and corresponding isogenic mutants were used in
this study. Unless otherwise indicated, overnight media consisted of tryptic soy broth (TSB) (EMD
Millipore; Darmstadt, Germany), with the subculture supplemented with 0.5% (w/v) glucose (as
described Voyich 2005). When needed, spectinomycin was included in the medium ata 0.5 mg/mL
concentration. Subcultures were created by inoculating a 1:100 dilution of the overnight culture.
Overnight cultures had CFUs/mL between 4-15x10° CFUs/mL. Bacteria were harvested by
centrifugation for 5 minutes at 8,000xg. Supernatants were sterile-filtered and diluted with 1:30
DPBS. This dilution was empirically determined to maintain the phenotype of reduced NF-«xB
without complete lysis of cells (data not shown).

Construction of the Assl3 and Assl4 double mutant, and Assl11 deletion mutant was
preformed using allelic exchange with the plasmid pKOR1 as described previously (Bae &
Schneewind, 2006; T. K. Nygaard et al., 2018). The primers used to generate these mutants are
listed in Table 1. Primers containing attb sites were used to amplify proteins of interest from the
USA300 genome for BP Clonase 11 (ThermoFisher Scientific) mediated insertion into the pKOR1
plasmid. For growth curves ODeoo reading were measured every half hour by a Nanodrop 2000C
UV-Vis Spectrophotometer (ThermoFischer Scientific; Wilmington, DE, United States). Colony
forming units (CFUs) of serially diluted samples were enumerated on TSA after incubation
overnight at 37°C with 5% CO- as described (Collins et al., 2020; Dankoff et al., 2020; J. M.

Voyich et al., 2005). Growth curves for AlukGH not shown. The Apvl mutant was kindly provided
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by Michael Otto and all other mutants used in this study were generated in previous studies(T. K.

K. Nygaard et al., 2010; T. K. Nygaard et al., 2012).

Neutrophil Isolation

Heparinized venous blood from healthy donors was collected in accordance with a protocol
approved by the Institutional Review Board for Human Subjects at Montana State University. All
donors provided written consent to participate in the study. Human neutrophils
(polymorphonuclear leukocytes, PMNSs) were isolated under endotoxin-free conditions (<25 pg
ml ) as previously described (Dankoff et al., 2020; J. M. Voyich et al., 2005; J. M. M. Voyich et
al., 2009). Purity (<1% PBMC contamination) and viability (<2% propidium iodide positivity) of
neutrophil preparations were assessed by flow cytometry on a FACS Calibur instrument and BD

Biosciences Cell Quest Pro software (version 0.3.3flb).

Plasma Membrane Damage

Propidium iodide (PI) uptake was used as a measure of plasma membrane permeability to
assess damage of neutrophils by secreted S. aureus proteins as described (Dankoff et al., 2020; T.
K. Nygaard et al., 2012). Briefly, bacterial strains were cultured overnight at 37°C with shaking
(250 RPM) in TSB. After, 1mL of bacteria were collected, and centrifuged for 5 minutes at
8,000xg. Supernatants were sterile-filtered as described above and diluted with DPBS. Neutrophils
were exposed to supernatants for 1 hour at 37°C with 5% CO,. After incubation, cells were stained
with 0.5 uL PI (1 mg mL ! Life Technologies) and analyzed by flow cytometry on a FACS Calibur

flow cytometer (BD Biosciences; Franklin Lakes, New Jersey).
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Phosphorylated and Total Protein P65 NF-kB ELISA

Plates (96-well,Cellstar®, Greiner Bio-one) were prepared by coating the wells with 20%
normal human serum, and incubated for at least 30 minutes at 37°C. These wells were then flushed
twice with DPBS. Neutrophils, at a concentration of 10° cells per well, were incubated with
supernatants (as described above), or E. coli derived lipopolysaccharide (LPS, used as a positive
control), at indicated concentrations, for two hours. The cells were then processed and analyzed in
accordance to manufacturer recommendations for the NFxB-p65 (Total/Phospho) Human

InstantOne™ ELISA Kit (ThermoFisher Scientific; Waltham, MA).

Western Blot Analysis

Supernatants from overnight cultures in TSB without glucose were harvested as described
above. Plates (96-well,Cellstar®, Greiner Bio-one) were prepared by coating the wells with 20%
normal human serum, and incubated for at least 30 minutes at 37°C. These wells were then flushed
twice with DPBS. Neutrophils, 1 million cells per well, were stimulated by supernatants for 2
hours, at 37°C, before being collected and lysed with RIPA Buffer. Samples (20 uL) were resolved
using 10% SDS-PAGE gels, (150 V for 50 minutes), and transferred onto nitrocellulose (at
10mAmps overnight). Membranes were washed and blocked in DPBS containing 5% (w/v) milk
solution for 10 minutes followed by incubation with either rabbit anti-GAPDH primary antibody
(Cellular Technologies, D16H11), or mouse anti-p65-NF-kB (Santa Cruz Antibodies, sc-8008) at
the recommended dilution of 1:1,000. The membranes were incubated overnight, with rocking at
4°C. GAPDH and p65 NF-kB were detected after a 2 hour incubation with goat anti-mouse 1gG
coupled to horseradish peroxidase (at 1:10,000 dilution) (Jackson ImmunoResearch; West Grove,

PA, United States), or goat anti-rabbit IgG coupled to horseradish peroxidase (at 10,000 dilution)
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(Jackson ImmunoResearch; West Grove, PA, United States), and then developed using 5 mL
3,3”,5,5’-tetramethylbenzidine (TMB) substrate. Images were taken with a Gel Doc Imager
(ProteinSimple; San Jose, CA, United States) and analyzed by ImageJ densitometry software

(Schindelin et al., 2012), with amounts of p65 NF-kB normalized to amounts of GAPDH per well.

THP1-Blue™ NF-xB Assay

THP1-Blue™ NF-kB Monocyte Cells (InvivoGen; San Diego, CA), were cultured in
accordance to manufacturer recommendations. Supernatants from S. aureus strains were collected
as described above. THP1-Blue™ cells were suspended in manufacturer provided growth media
at a concentration of 100,000 cells/well, and were incubated with supernatants for 24 hours at
37°C. After incubation, samples were incubated with QUANTI-Blue™ Solution, in accordance to
manufacturer recommendations, and quantified by a 450nm well scan with an Epoch2 Microplate
Spectrophotometer (BioTek; Winooski, VT). Individual experiments were done in duplicate, with
averages taken between technical repeats. LPS from E. coli, was used at a concentration of 10ng

or 1ng per well.

gRT-PCR

TagMan® gene expression experiments were performed as previously described (T. K. K.
Nygaard et al., 2010; J. M. Voyich et al., 2005). For experiments measuring S. aureus transcription,
S. aureus strains were cultured as above and grown to an OD600 of 1.5 (mid-exponential) and
exposed to media only or neutrophils at an MOI of 10:1. After 30 minutes RNA was extracted as
described (T. K. K. Nygaard et al., 2010). Relative quantification of S. aureus target genes was
determined using the 2724 method and change in expression of target transcripts were normalized

to that of the housekeeping gene gyrase B (gryB) and relative to either USA300 (strain LAC)
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transcript levels or USA400 (strain MW2) grown in TSB only. The gyrB forward sequence is
CAAATGATCACAGCTTTGGTACAG and the reverse sequence is
CGGCATCAGTCATAATGACGAT with the probe sequence of 5° 6FAM
AATCGGTGGCGACTTTGATCTAGCGAAAG. For experiments measuring human gene
transcripts, neutrophils were isolated, prepared, and exposed to S. aureus supernatants as described
above. At a 2 hour timepoint, they underwent an RNA extraction (RNeasy® Mini Kit, QIAGEN),
as done previously (Kobayashi et al., 2002). Relative quantification of neutrophil gene targets were
determined using the 2724 method and change in expression of target transcripts were normalized
to that of the housekeeping gene GAPDH, and relative to neutrophil only transcript levels.
Primer/probe sequences generated for this study are described in Table 1, and on demand primer
and probe set included the TagMan® Gene Expression Assays for GAPDH (Hs02758991 g1) (T.

K. K. Nygaard et al., 2010; J. M. Voyich et al., 2005).

Statistics

Statistical analyses were performed using GraphPad Prism version 8.0 (GraphPad
Software, La Jolla, CA, United States) with t-tests and ANOVA as indicated. Error bars represent

the standard error of the mean (SEM).
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Figure 3.1. A USAB300, secreted factor, is a potent NF-«B inhibitor. A) Concentrations of
phosphorylated p65 (P+ S536) as determined by ELISA for 1x10° PMNs incubated with
supernatant for two hours, and analyzed at OD 450nm. Data are mean + SEM of four independent
experiments. B) TagMan® RT-PCR data of relative IL-8 expression normalized to GAPDH of
resting human PMNs after a two-hour incubation with supernatant. Data are mean £ SEM of two
independent experiments. C) Relative concentrations of total p65 in USA300 and USA400 strains
as measured by ELISA for 1x106 PMNs incubated with supernatant for two hours and analyzed
at 450nm. Data are mean £ SEM of five independent experiments. —, negative control and +,
positive control. *p<0.05 and **p<0.001 as determined by one-way repeated-measures ANOVA

with Tukey’s post-test.
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Figure 3.2. NF-xB expression in PMNs is reduced by a SaeR-regulated protein ~30k to 50kDa in
size. A) Relative concentrations of phosphorylated p65 (P* S536) as determined by ELISA for
1x10°% PMNs incubated with supernatant for two hours (A and B). A) following proteinase K
treatment (PK). Data is a mean £ SEM of five independent experiments. B) Relative concentrations
of phosphorylated p65 (P+ S536) as determined by ELISA WT and AsaeR/S supernatant was
filtered with either the standard 0.2uM filter, a 50kDa filter, or a 30kDa filter, as described in
Materials and Methods. Data is a mean + SEM of six independent experiments. C) THP1-Blue™
NF-xB cells were incubated with 50kDa filtered1:30 WT supernatant, LPS 10ng, LPS 1ng, or a
combination thereof, for 24 hours, then developed at OD 620nm. Data is a mean + SEM of six
independent experiments. -, negative control, +, positive control, *p<0.05, **p<0.01, *** p<0.001,
**%*¥p<0.0001, ns, not significant, as determined by one-way repeated-measures ANOVA with
Tukey’s post-test.
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Figure 3.3. ssl3 and ssl4 relative transcript abundance in USA300 and USA400 strains. TagMan®
RT-PCR data shown is normalized to gyrB and relative to USA300 WT (A, B) or USA400 WT
(C, D) at exponential growth (E). A) ssI3 and ssl4 transcript abundance in USA300 during
exponential growth (E) and stationary growth (S). B) USA300 ssI3 and ssl4 expression during
exponential growth (E) only or following challenge with 1 x 108 PMNSs. C) ssI3 and ssl4 transcript
abundance in USA400 during exponential growth (E) and stationary growth (S). D) Transcript
abundance of USA400 ssl3 and ssl4 during exponential growth (E) only or following challenge
with 1 x 10° PMNs. Samples were analyzed in triplicate and results are from two biological
replicates, error bars represent mean + SEM.
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OD 450nm

Figure 3.4. Comparison of USA300 NF-kB phosphorylation in USA300 isogenic mutant strains.
Total amounts of phosphorylated p65 (P* S536) as determined by ELISA for 1x10® PMNs
incubated with supernatant for two hours. Data are mean + SEM of nine independent experiments.
-, negative control, and +, positive control. *p<0.05 as determined by one-way repeated-measures
ANOVA with Tukey’s post-test.
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Supplemental Figure 3.1. Wild type supernatants deduce the amount of NF-xB protein. A)
Representative Western blot of p65 protein from data collected in B. B) Representative Western
blot of p65 protein from data collected in A. Diluted supernatant (1:30) from late exponential
cultures from WT USA300 significantly reduces the p65 protein compared to USA300AsaeR/S.
Quantification of p65 using densitometry analysis after 1x10® PMNs were stimulated with diluted
supernatant for two hours. Data shown are amounts relative to resting PMNs, normalized to
GAPDH density, and is presented as mean £ SEM of three independent experiments.
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Supplemental Figure 3.2. Plasma membrane damage in either PMNs or THP1-Blue™ NF-«B cells
after exposure to S. aureus supernatants. A) PMNs were incubated for two hours with supernatants
following filtration as described previously. PMNs were then incubated with propidium iodide
(PI), and examined for plasma membrane permeability via flow cytometry. Data is a mean £ SEM
of two independent experiments. B) THP1-Blue™ NF-«B cells were incubated for 24 hours with
supernatants following filtration with, 0.2u M or 50kDa, or 30kDa then incubated with PI, and
examined for cell death via flow cytometry. Data is a mean + SEM of two independent

experiments.
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USA300 and USA400 S5SL3 Protein Alignments

87.8% identity in 356 residues overlap; Score: 1744.0; Gap fregquency: 1.1%
T5A300 1 MEMRTIARTSLALGLLTTGATITVITOSVEAEEIQSTEVDEVET LEAERLAMINITAGANS
T5A400 1 MEMRTIARTSLALGLLTTGATITVITOSVEAEEIQSTEVDEVET LEAERLAMINITAGANS

o e e e o e o o R o o R o R R R R RRRRRDRRRRRRRRRRRRDRDR R R R R R R

054300 6l ATTOAANTROERTPELEFAPNTHEERT SASKIEKISOPEQEECKTLNISATPAFEQEQSC
054400 6l ATTOAANTROERTPELEFAPNTHEERT SASKIEKISOPEQEECKTLNISATPAFEQEQSC
e e T T e

054300 121 TTTESTTPETEVITPPSTHTPOPMOSTESDTPOSPTIEQAQTDMIPEYEDLEAYYTEFSE
054400 121 TTTESTTOQOQTEMITPPSTHTPOPMOSTESDTPOSPTIEQAQTDMT PEYEDLEAYYTEFSE

o w e e o o e e o o o o R R o R R R RRRRRRRRRRRDRRRRRRDRR R R R R

T5A300 1531 EFERQFGFMLEPWITIVEFMNVIPHNRFIYEIALVGEDEEEKYEDGEYDNIDVEIVLEDNEYQ
T5A400 1531 EFERQFGFLLEPWITVREFMNVIPHNRFIYEIALVGEDEEKYEDGEYDNIDVEIVLEDNEYQ

e e R R R R R R R R R R R R R R o R R R RR R RR RO R R R R RO R R R R ROR R ORI R R R OR R R R
T5A300 241 SVGGITETHSEEVHHEVELSITEEDNOGMISREDVSEYMITKEETSLEELDFELREQ

LEEY
054400 241 LEEYSVGGITETHSEEVHHEVELSITEREDNOGHISRDVSEYMITEEEISLEELDFELREDQ
# e e
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T54300 301 LIEEHNLYGHMGSGTIVIEMENGGEYTIFELHEELOEHRMA-——-GTHIDNIEVHNIE
054400 301 LIEEHNLYGHMGSGTIVIEMENGGEYT FELHEELOEHRMADVIDGTNIDNIEVHIE
EEEEEEEEEE R R AR AR R E R R R R R R R R R R R R R R R R R R R R R R R R R R R R R

Supplemental Figure 3.3. SSL3 in USA300 and USA400, when aligned by BLAST, are 98%
identical. Yellow indicates the 12 differences between the two stains.
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Supplemental Figure 3.4. USA300, USA300AssI3Assl4, and USA300AssI11 demonstrate no
difference in growth. A) The three aforementioned strains showed no significant difference in
growth as shown by OD600 measurements taken every half hour for six hours. B) The three
aforementioned strains showed no significant difference in growth as calculated by CFUs/mL
every half hour for six hours. Data is a mean = SEM of three independent experiments.
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Table 1. Primers and probes used in this study.

R R

Construction of USA300Ass/3Assl4, USA300Ass/11, and USA300A/UkGH.

Forward, Top

Reverse, Top

Forward, Bottom

Reverse, Bottom

Forward, Top

Reverse, Top
Forward, Bottom

Reverse, Bottom

Forward, Top

Reverse, Top

Forward, Bottom

Reverse, Bottom

5'c-
GGGGACAAGTTTGTACAAAAAAGCAGGCcagticatgccgaaaagaa
acc -3’

5'- GGTGGTGCATGCgttaaaagccctagtgetaaactg -3°
5'- GGTGGTGCATGCgcagatgtcatagatggcac -3’

5-
GGGGACCACTTTGTACAAGAAAGCTGGGTetaccgtcaatgacgtcac
7

5'- GGG GAC AAG TTT GTA CAA AAA AGC AGG C ctc
acaggaactg cgattc -3"

5'- GGTGGTGCATGCccctagtgctaaacttgetttag -3
5'- GGT GGT GCA TGC gggtga tgttattgat ggcag -3’
5.

GGGGACCACTTTGTACAAGAAAGCTGGGTcttcaatgecteatcttcgte
&

5'- AAA CTG AAG GgA GCT cCT CAT CAA C -3

5- AGT GTA TGg ATC cTG TTT GAG TGT AGA G -3'

5'- TGA TAT GTg TCG ACA TGT GAA TAA TAT CAC -3'

5- TAA TCT AAG CTT TCC ATG AGG CAA TTC -3'

Tagman® primer/probe sequences

Forward
Reverse
Probe

Forward
Reverse
Probe

Forward
Reverse
Probe

Forward
Reverse
Probe

Forward
Reverse

Probe

CTTGGCAGCCTTCCTGATTT

GGGTGGAAAGGTTTGGAGTATG

BFAMCAGCTCTGTGTGAAGGTGCAGTTTTAMRA

CGCTTAAAGCAGAGCGATTAG

GTGCGTTCTTGTCTTGTGTTAG

AGCAGGTGCAAATTCAGCGACAAC

CAACACCGCCCTCAACTAAA

TGTTGTCGCATTTGCTGTTTG

CGACAACACCGCCCTCAACTAAAGT

CGCTTAAAGCAGAGCGATTAG

GTGCGTTCTTGTCTTGTGTTAG

AGCAGGTGCAAATTCAGCGACAAC

GCAACAACACCATCTTCAACTAA

TGATTGCGGTGCTTCTACTT

CAGCAAACGCGACAACACCATCTT

USA300, ssl3

USA300, ssi3

USA300, ssi4

USA300, ssl4

USA300, ssi11

USA300, ss/11
USA300, ss/11
USA300, ss/11

USA300, lukGH

USA300, lukGH
USA300, lukGH

USA300, lukGH

Human, il-8

Human, il-8

Human, il-8

USA300, ss/3
USA300, ss/3
USA300, ss/3
USA300, ss/4
USA300, ssi4
USA300, ss/4
USA400, ssi3
USA400, ssi3
USA400, ssi3
USA400, ssi4
USA400, ssli4
USA400, ssi4
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Table 2. Approximate sizes of proteins knocked out in the strains seen in Figure 3.4.

L

ssi3

ssl4

ssi11

hla

lukGH

pvl

39kDa

34kDa

24.98kDa

Each monomer is 33.2 kDa

LukG 37kDa, LukH 35kDa

LukS 33kDa, LukF 34kDa

WP_000784024.1 size converter AA to kDa

WP_000705644.1 size converter AA to kDa

WP_000769163.1 size converter AA to kDa

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6110284/ Du
et al., 2018

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3958006/
DuMont et al., 2014

hitps://pubmed.ncbi.nim.nih.gov/15170101/ Kaneko et al.,
2004
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CHAPTER FOUR

CONCLUSIONS AND FUTURE STUDIES

S. aureus is a ubiquitous bacteria known for its role as a pervasive pathogen, and as a
member of the normal microbiota of the anterior nares and skin. Its ability to incorporate new
antibiotic resistance mechanisms, and its ability to kill immune cells make it a formidable foe, one
which, despite ongoing efforts still have not resulted in a vaccine. It is critical to understand how
S. aureus interacts with its human host, both in colonization and pathogenic contexts in order to
better understand what is needed to give the human immune system an ‘edge’ and avoid
pathogenicity.

Chapter Two of this dissertation described a method for isolating neutrophils from whole
human blood (Dankoff et al., 2020). This methods manuscript included the description of two
neutrophil and S. aureus interaction assays. One of the methods described how to evaluate the
cytotoxicity of S. aureus after phagocytosis by neutrophils. Cytotoxicity is measured by flow
cytometry examining cell death through propidium iodide uptake. The other method, which is the
basis for most of the experiments in Chapter Three, also uses neutrophils, but examines S. aureus
cytotoxicity of extracellular proteins found in S. aureus supernatant. Once again, cell death is
evaluated by flow cytometry and propidium iodide uptake.

Chapter Three included data that indicated a SaeR/S-regulated protein inhibits NF-xB
activation, the findings are summarized in Figure 4.1. The basis of Chapter Three was that of a
follow up study to Zurek et al., a previous publication from this lab (Zurek et al., 2015). This
previous study documented a USA300 SaeR/S mediated mechanism of NF-«kB repression, which

led to accelerated apoptosis, along with reduced IL-8 production (Zurek et al., 2015). The main
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objective of Chapter Three was to further characterize this repressive ability, with the goal of
identifying the S. aureus factors responsible and to examine the mechanisms NF-xB mediated cell
death. We hypothesized that the NF-xB mediated repression was caused by a secreted protein, and
that this repressive activity was independent of the S. aureus mediated cytotoxicity described in
Chapter Two. To test this, | did a simple experiment incubating neutrophils with diluted S. aureus
supernatant, then did a Western blot to assess levels of overall NF-kB protein. This showed a
reduction in overall NF-kB protein in the conditions incubated with wild type supernatant
compared to the AsaeR/S or Aagr supernatant. These data demonstrated that NF-kB repression is
mediated by SaeR/S, and to some degree Agr. To investigate if a reduction in NF-xB protein
reduces the overall amount of activated NF-kB, we used the same setup as before, but assessed
phosphorylated NF-kB with an ELISA, which confirmed that neutrophils incubated with wild type
supernatant compared to resting, AsaeR/S, or Aagr supernatant had less activated NF-«xB. To add
to the findings of Zurek et al., we looked at the ability of wild type supernatant to impede IL-8
production via gRT-PCR, and saw that the neutrophils incubated with wild type S. aureus had IL-
8 transcript levels at two hours similar to resting, while the AsaeR/S and Aagr groups had a twenty
fold increase in IL-8 transcript abundance over resting neutrophils. The observed phenotype was
not conserved in the USA400 S. aureus. Additional experiments identified the S. aureus factor to
be a secreted protein, approximately 30-50kDa in size. In addition, we saw that the repressive
ablitity of this factor is very potent and a 1:30 dilution of supernatant could inhibit LPS induced
NF-«B activation in a human monocyte line.

As discussed in Chapter 1 it is difficult to compare our results with previously published

observations due to the differences in experimental designs. For example, time points analyzed
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strongly influence NF-kB expression. Shorter stimulatory time periods, here which would be
reflective of initial host pathogen interactions, typically result in activation and then suppression
of NF-kB behaviors, while longer time points reflect robust inflammatory response, increases in
NF-kB, and extended life spans of neutrophils (Hayden & Ghosh, 2011; Mitchell et al., 2016).
Other differences in outcomes of experiments reflect cell lines, human donor variation (Janesch et
al., 2017), or mice strains used to measure an outcome. Many papers, for example, utilize
C57BL/6J mice, and according to Opdenbosch et al., 2019, they have a ‘differential inflammasome
response’ due to a mutated Nlrplb allele (Opdenbosch et al., 2019), therefore potentially skewing
inflammation results. Additionally, mouse and rat species do not have caspase-10, which plays a
part in apoptosis (Opdenbosch & Lamkanfi, 2019) and also respond differently to S. aureus toxins
due to differences in receptors between human and mouse cells.

Much like how the differences between lab strain K12 E. coli and enterohemorrhagic
0157:H7 E. coli make them not interchangeable for experiments, S. aureus strains cover such a
breadth of differences that results from one strain do not necessarily apply to another. The history
of evolution for hospital-associated (HA) MRSA and community-associated (CA) MRSA is
covered extensively in a review by Uhlemann et al., but in brief, HA-MRSA infections historically
were obtained in the hospital by immuno-compromised individuals. Over the last 20 years, there
have been the emergence of more virulent CA-MRSA strains that infect otherwise healthy
individuals (Uhlemanne et al., 2014). These CA-MRSA strains are commonly classified by pulsed
field gel electrophoresis types, into groups such as and not limited to USA400, EMRSA-15,
MRSA252, and the most common, USA300 (Uhlemann et al., 2014). Common laboratory strains

include SH1000, and RN4220. Strain Newman is often utilized in assays and it has a mutation in
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SaeS making the SaeR/S TCS perpetually turned ‘on’. Differences between these strains are vast,
from phenotypes seen in infections, to prophage encoded virulence factors, preference for host
species, eccentricities concerning individual regulation of virulence factors, and truncation of
prominent virulence factors (reviewed in greater depth in (Alonzo et al., 2014; Guerra et al., 2017,
Turner et al., 2019; Uhlemann et al., 2014)). In addition to strain variability, the media the S.
aureus is grown in can affect the production of virulence factors. Additionally, growth phase and
MOI, are factors that can influence how host cells respond to this multifaceted pathogen. It is

important to keep these considerations in mind when reviewing conflicting studies.

Identifying the Protein(s) Involved in NF-kB Suppression

Many previous studies had described the S. aureus proteins of SSL3 and SSL4 as inhibitors
of the NF-xB pathway by binding to TLR1/2 (Koymans, Feitsma, Harma Brondijk, et al., 2015;
Koymans et al., 2017; Yokoyama et al., 2012). When analyzing SSL3 and SSL4 production under
a variety of conditions, from overnight growth to S. aureus activation by neutrophils, we did show
SaeR/S mediated control of ssI3 and ssl4 transcript when exposed to neutrophils. What we did not
see, was SaeR/S mediated production of ssI3 and ssl4 transcript in overnight growth, which was
the source of the supernatant used in our studies. Additionally, we had not seen the suppressive
activity conserved in USA400 a strain that also produces ssI3 and ssl4 transcript. Together, this
evidence indicates that SSL3 and SSL4 are not the primary factors repressing NF-«xB in the context
of our experiments. Additionally, in ELISA experiments using a ASSI3Assl4 isogenic mutant strain
NF-xB was not restored to the levels observed in the AsaeR/S mutant strain. Other isogenic
knockout strains tested included Asslll, Ahla, AlukGH, and Apvl. SSL11 has a history of

repression neutrophil migration (Chen et al., 2019), which is known to be partially controlled by
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NF-kB. Additionally, the individual toxins tested have sizes between 30-50kDa. Unfortunately,
none of the strains tested caused an activation of NF-«xB activity, and therefore I did not find the
mystery SaeR/S mediated repressive protein. Therefore, although we did not identify the protein
responsible for repressing NF-kB activation and subsequent IL-8 production we demonstrated that
the NF-kB repression is caused by a secreted protein, 30-50kDa in size, and that it is not conserved
in the clinically relevant strain USA400. Together, these hints will pave the way for future studies

to define the mechanism of SaeR/S mediated NF-«xB repression.

Future Studies: Cell Death, Imagestream Work, NETosis:

The overarching theme of my research was always about how the context of neutrophil
interactions with S. aureus leads to different modes of cell death. As briefly discussed in the
introduction, neutrophils are well-known for their ability to undergo cell death in a variety of
dramatic ways. There are a number of great reviews available on cell death, and neutrophil cell
death in specific (Fox, Leitch, Duffin, Haslett, & Rossi, 2010; Grootjans et al., 2017; Kobayashi
etal., 2017; X. Wang et al., 2018; Yipp & Kubes, 2013), but here | wanted to highlight three mode
of cell death. These are apoptosis, necroptosis, and NETosis. Apoptosis, or spontaneous cell death,
can occur after either phagocytosis and killing of a pathogen (PICD), or as a result of the neutrophil
reaching the end of its short life (Kobayashi et al., 2017). This process is critical to maintaining
homeostasis in the host as it prevents leakage of inflammatory products into the host tissue. Early
studies defined apoptosis by several hallmarks, including condensation of chromatin, membrane
blebbing, phosphatidylserine (PS) on the outer plasma membrane, and gradual disruption in
membrane integrity (Krysko, Vanden Berghe, D’Herde, & Vandenabeele, 2008; Savill et al.,

1989). Membrane integrity can readily be examined with propidium iodide uptake via flow
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cytometry (Dankoff et al., 2020), and nuclear condensation can be observed through microscopy
(Fox et al., 2010; Savill et al., 1989). Another infamous mode of cell death is necroptosis, or
regulated necrosis, which is dependent on MLKL, RIPK1, and many other mediators (reviewed in
(Pasparakis & Vandenabeele, 2015)). Hallmarks include rapid swelling of the cytoplasm, intact
nuclei, and after membrane rupture, secretion of intracellular components {reviewed in (Krysko
et al., 2008)}. The differences between apoptosis and necroptosis can be leveraged, and examined
to some degree by traditional flow cytometry, but the differences are even more clear cut when
using imaging flow cytometry (Krysko et al., 2008; Pietkiewicz, Schmidt, & Lavrik, 2015).

The majority of this dissertation examined neutrophil cell death in the context of apoptosis,
and these studies are setting the stage for an investigation into necrosis. The pathways of apoptosis
and necroptosis intersect at NF-xB. In a closed conformation, RIPK1 activates NF-xB and is
therefore anti-apoptotic, but in an open conformation, promotes apoptosis and necroptosis
{reviewed in (Grootjans et al., 2017)}. This relationship is summarized in Figure 4.2, and future
studies will be geared towards better understanding how host-pathogen interactions influence cell
death. My research described a mechanism by which S. aureus USA300 uses a secreted SaeR/S
mediated protein to suppress NF-«kB activity in human neutrophils and monocytes, thereby
inhibiting the production of IL-8. To understand which protein is responsible for the phenotype
described and how repression of NF-kB affects ultimate cell death, several follow up experiments
are necessary.

The original goal of the study was to determine how NF-«B repression is linked to altered
cell death in neutrophils. Upon confirmation of the identity of the protein and creation of an

isogenic mutant strain, experiments could then be done to confirm how the factor influences cell
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death. While a previous study in our lab demonstrated the link between NF-xB repression and
accelerated apoptosis (Zurek et al., 2015), other papers have demonstrated a link between USA300
activity and neutrophil necroptosis (Greenlee-Wacker et al., 2017, 2014). There are observations
by others that support NF-kB repression as a starting point for a necrotic outcome (X. Wang et al.,
2018). Cell death could be assessed using an assay described by Pietkiewicz et al., where apoptosis
and necroptosis can be distinguished from each other on the single cell level by use of annexin V
and propidium iodide staining with an Imaging Flow Cytometer (Pietkiewicz et al., 2015). By
leveraging the differences between the apoptotic and necroptotic cell death pathways, gates
distinguishing between different nuclear morphologies and key features of the cell membrane can
differentiate between these different kinds of cell death. Different isogenic S. aureus mutants could
be screened, to better understand the protein players in inducing necrosis.

The way in which S. aureus modulates cell death is incompletely understood. By further
exploring how S. aureus inhibits NF-kB activity, and how this is related to subsequent cell death,

we will have a better understanding of how the host and this iconic pathogen coexist.

Role of NETosis in S. aureus Neutrophil Interactions

As part of my dissertation, | performed preliminary studies on how S. aureus induces
NETosis in neutrophils. There are several different types of NETosis, all stimuli dependent. These
include canonical or suicidal NETosis, vital NETosis, and a form of NETosis where only
mitochondrial DNA is extruded from the cell. These different types of NETosis and their hallmarks
are reviewed in detail (Delgado-Rizo et al., 2017). S. aureus is able to induce the rapid and ROS-
independent version of NETosis called vital NETosis (Pilsczek et al., 2010), although the

mechanism of how this is done is still unknown. Additionally, bicomponent leukotoxins, have
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been linked to NET formation (Bhattacharya et al., 2018; Malachowa, Kobayashi, Freedman,
Dorward, & Deleo, 2013). The SaeR/S mediated protein EAP has been implicated in NET
formation, although the mechanism behind this is unclear (Eisenbeis et al., 2018). To examine
NETosis | developed a method to differentiate between normal neutrophils and pre-vital
neutrophils by examining cell morphology through imaging flow cytometry. Much like the cell
death types above could be differentiated by key differences, the differences between NETOosis
types can be leveraged to investigate this understudied cell death pathway (Figure 4.3). By utilizing
this novel screening method, and through the use of various NET-centric quantification assays, |
began to examine how S. aureus reprograms neutrophils to induce vital NETosis over suicidal
NETosis. Specifically, | investigated the hypothesis that the SaeR/S mediated virulence factors
induced vital NETosis through leukotoxin mediation of ROS and prevent suicidal NETosis
through SPIN and EAP which may be inhibiting the translocation of MPO and NE, respectively
(de Jong et al., 2017; Eisenbeis et al., 2018; Nauseef & Kubes, 2016; Pilsczek et al., 2010; Yipp
etal., 2012). My preliminary studies were inconclusive and additional studies are needed to resolve
the key players in S. aureus induced NETosis. However, these experiments did identify a technique
that might be utilized in future experiments to measure translocation and colocalization of
neutrophil elastase and MPO in response to specific S. aureus virulence factors (Figure 4.4).
Additional experiments could be designed to examine Vital NETosis phenotypes, both through
imaging flow cytometry and NET Quantification Assays (PicoGreen reagent Quant-iT™
PicoGreen® dsDNA Detection kit, Invitrogen) and histone citrullination (Citrullinated Histone H3

ELISA Kit™, Cayman Chemical).
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Figure 4.1. S. aureus USA300 inhibits NF-kB activation through an unknown secreted protein. In
this model, TLR1/2 is activated by various S. aureus membrane proteins, such as peptidoglycan.
This activation of TLR1/2 results in the activation of NF-xB and inflammatory responses like IL-
8 production. Top Panel: When neutrophils are exposed to USA300 supernatants, NF-kB
activation is inhibited by an unknown protein (Protein X). This protein was determined to be 30-
50kDa in mass, and is secreted by USA300 S. aureus. Bottom Panel: USA300AsaeR/S does not
exhibit NF-xB inhibitory properties, and neutrophil exposure to USA300AsaeR/S supernatant
results in robust I1L-8 production through NF-«xB activation, indicating that Protein X is regulated



TNF

<+

-
""""""
»

*.
....
.
‘.

IAP inhibition | Caspase-8 inhibition I

FADD RIPK3

=
..
o

Y

Apoptosis Necroptosis

Regulated
necrosis

NF-kB
Activation

Figure 4.2. Models of cell death through apoptosis or necroptosis dependent on inhibition of
the NF-xB pathway. A. As a well studied pathway, TNF-a recognition starts off a signaling
pathway triggering NF-xB activation, resulting in an anti-apoptotic state. Through the
inhibition of this pathway, the apoptotic pathway begins, involving caspases such as Caspase-
8. Upon inhibition of Caspase-8, the necroptotic pathway is activated, involving proteins like
RIPK3. B. USA300 has been shown to induce regulated necrosis, along with accelerated
apoptosis, although the mechanisms behind these altered neutrophil cell death pathways
remain unknown. We have shown a mechanism by which USA300 can inhibit NF-«xB
activation, which may be the starting point for inducing accelerated apoptosis or regulated
necrosis described by others (Zurek and Greenlee-Wacker).
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Figure 4.3. Imaging Flow Cytometry can leverage differences in human neutrophil cell
morphology to quantify pre-NETosis behavior. A) Representative images demonstrating a
healthy neutrophil, a pre-vital neutrophil, and a pre-suicidal neutrophil (as indicated). Red
arrows indicate the main morphological differences between pre-vital and pre-suicidal NETosis.
B) Morphological differences from A quantified via image analysis indicate neutrophils exposed
to USA300 S. aureus induce high levels of polarization, indicative of vital NETosis, while
neutrophils exposed to the USA300AsaeR/S S. aureus strain do not.



©
oo

A. Nuclear Translocation of MPO B. Nuclear Translocation of Elastase
%’ 1.0- 2 19
© =
£ = &
& 05 E 051
O U)
: :
0.0 0.0 )
p- T 200
© 3]
=~ 05 S
g § 05
o Q
- -
Z -1.0- Z 40

= USA300 = USA300AsaeR/S = USA300Aspin = USA300Anuc = No Staphylococcus
C. Representative Pictures with similarity scores at180 minutes:
Brightfield MPO Nucleus  Nucleus/MPO Nucleus/NE

-1.123 -1.733
o v

. -0.428 7008
USA300 : & ﬂ&

. E

+0.6056 +0.556
) ey ™

No Staphylococcus

USA300AsaeR/S

Figure 4.4. SaeR/S mediated factors inhibit pre-suicidal NETosis behavior in human
neutrophils. A and B) By 180 minutes, neutrophils exposed to USA300AsaeR/S has higher
translocation scores for both MPO and elastase migration into the nucleus compared to

USA300. C) Representative images used to generate the translocation scores shown in A and
B.



99

References

Alcamo, E., Mizgerd, J. P., Horwitz, B. H., Bronson, R., Beg, A. A., Scott, M., ... Baltimore, D.
(2001). Targeted Mutation of TNF Receptor | Rescues the RelA-Deficient Mouse and
Reveals a Critical Role for NF-kB in Leukocyte Recruitment. The Journal of Immunology,
167(3), 1592-1600. https://doi.org/10.4049/jimmunol.167.3.1592

Alonzo, F., Ill, & Torres, V. J. (2014). The Bicomponent Pore-Forming Leucocidins of
Staphylococcus aureus. Microbiology and Molecular Biology Reviews : MMBR, 78(2), 199.
https://doi.org/10.1128/MMBR.00055-13

Askarian, F., van Sorge, N. M., Sangvik, M., Beasley, F. C., Henriksen, J. R., Sollid, J. U. E., ...
Johannessen, M. (2014). A Staphylococcus aureus TIR Domain Protein Virulence Factor
Blocks TLR2-Mediated NF-kB Signaling. Journal of Innate Immunity, 6(4), 485-498.
https://doi.org/10.1159/000357618

Bae, T., & Schneewind, O. (2006). Allelic replacement in Staphylococcus aureus with inducible
counter-selection. Plasmid, 55(1), 58-63. https://doi.org/10.1016/J.PLASMID.2005.05.005

Bai, X., Feldman, N. E., Chmura, K., Ovrutsky, A. R., & Su, W.-L. (2013). Inhibition of Nuclear
Factor-Kappa B Activation Decreases Survival of Mycobacterium tuberculosis in Human
Macrophages. PLoS ONE, 8(4), 61925. https://doi.org/10.1371/journal.pone.0061925

Bardoel, B. W., Vos, R., Bouman, T., Aerts, P. C., Bestebroer, J., Huizinga, E. G., ... De Haas,
C. J. C. (2012). Evasion of Toll-like receptor 2 activation by staphylococcal superantigen-
like protein 3. Journal of Molecular Medicine, 90(10), 1109-1120.
https://doi.org/10.1007/s00109-012-0926-8

Behar, S. M., & Briken, V. (2019). Apoptosis inhibition by intracellular bacteria and its
consequence on host immunity. Current Opinion in Immunology, 60, 103-110.
https://doi.org/10.1016/j.c0i.2019.05.007

Benson, M. A., Lilo, S., Nygaard, T., Voyich, J. M., & Torres, V. J. (2012). Rot and SaeRS
Cooperate To Activate Expression of the Staphylococcal Superantigen-Like Exoproteins.
https://doi.org/10.1128/JB.00706-12

Bernthal, N. M., Pribaz, J. R., Stavrakis, A. 1., Billi, F., Cho, J. S., Ramos, R. 1., ... Miller, L. S.
(2011). Protective role of IL-1p against post-arthroplasty Staphylococcus aureus infection.
Journal of Orthopaedic Research, 29(10), 1621-1626. https://doi.org/10.1002/jor.21414



100

Bhattacharya, M., Berends, E. T. M., Chan, R., Schwab, E., Roy, S., Sen, C. K., ... Wozniak, D.
J. (2018). Staphylococcus aureus biofilms release leukocidins to elicit extracellular trap
formation and evade neutrophil-mediated killing. Proceedings of the National Academy of
Sciences of the United States of America, 115(28), 7416-7421.
https://doi.org/10.1073/pnas.1721949115

Brinkmann, V., Reichard, U., Goosmann, C., Fauler, B., Uhlemann, Y., Weiss, D. S., ...
Zychlinsky, A. (2004). Neutrophil extracellular traps kill bacteria. Science (New York,
N.Y.), 303(5663), 1532-1535. https://doi.org/10.1126/science.1092385

Chekabab, S. M., Silverman, R. J., Lafayette, S. L., Luo, Y., Rousseau, S., & Nguyen, D. (2015).
Staphylococcus aureus Inhibits IL-8 Responses Induced by Pseudomonas aeruginosa in
Airway Epithelial Cells. PLOS ONE, 10(9), e0137753.
https://doi.org/10.1371/journal.pone.0137753

Chen, C., Yang, C., & Barbieri, J. T. (2019). Staphylococcal Superantigen-like protein 11
mediates neutrophil adhesion and motility arrest, a unique bacterial toxin action. Scientific
Reports, 9(1). https://doi.org/10.1038/s41598-019-40817-x

Cho, J. S., Guo, Y., Ramos, R. 1., Hebroni, F., Plaisier, S. B., Xuan, C., ... Miller, L. S. (2012).
Neutrophil-derived IL-1p Is Sufficient for Abscess Formation in Immunity against
Staphylococcus aureus in Mice. PLoS Pathogens, 8(11).
https://doi.org/10.1371/journal.ppat.1003047

Coeshott, C., Ohnemus, C., Pilyavskaya, A., Ross, S., Wieczorek, M., Kroona, H., ... Cheronis,
J. (1999). Converting enzyme-independent release of tumor necrosis factor o and IL-1p
from a stimulated human monocytic cell line in the presence of activated neutrophils or
purified proteinase 3. Proceedings of the National Academy of Sciences of the United States
of America, 96(11), 6261-6266. https://doi.org/10.1073/pnas.96.11.6261

Collins, M. M., Behera, R. K., Pallister, K. B., Evans, T. J., Burroughs, O., Flack, C., ... Voyich,
J. M. (2020). The Accessory Gene saeP of the SaeR/S Two-Component Gene Regulatory
System Impacts Staphylococcus aureus Virulence During Neutrophil Interaction. Frontiers
in Microbiology, 11. https://doi.org/10.3389/fmich.2020.00561

Dankoff, J. G., Pallister, K. B., Guerra, F. E., Parks, A. J., Gorham, K., Mastandrea, S., ...
Nygaard, T. K. (2020). Quantifying the cytotoxicity of Staphyloccus aureus against human
polymorphonuclear leukocytes. Journal of Visualized Experiments, 2020(155).
https://doi.org/10.3791/60681

de Jong, N. W. M., Ramyar, K. X., Guerra, F. E., Nijland, R., Fevre, C., Voyich, J. M., ... Haas,
P.-J. A. (2017). Immune evasion by a staphylococcal inhibitor of myeloperoxidase.
Proceedings of the National Academy of Sciences of the United States of America, 114(35),
9439-9444. https://doi.org/10.1073/pnas.1707032114



101

DelLeo, F. R., Lee-Ann, A., Michael, A., & Nauseef, W. M. (1999). NADPH oxidase activation
and assembly during phagocytosis. Journal of Immunology (Baltimore, Md. : 1950),
163(12), 6732-6740. Retrieved from https://pubmed.ncbi.nlm.nih.gov/10586071/

Delgado-Rizo, V., Martinez-Guzman, M. A., Ifiguez-Gutierrez, L., Garcia-Orozco, A.,
Alvarado-Navarro, A., & Fafutis-Morris, M. (2017). Neutrophil Extracellular Traps and Its
Implications in Inflammation: An Overview. Frontiers in Immunology, 8, 81.
https://doi.org/10.3389/fimmu.2017.00081

Deng, W., Li, W., Zeng, J., Zhao, Q., Li, C., Zhao, Y., & Xie, J. (2014). Mycobacterium
tuberculosis PPE family protein rv1808 manipulates cytokines profile via co-activation of
MAPK and NF-«B signaling pathways. Cellular Physiology and Biochemistry, 33(2), 273—
288. https://doi.org/10.1159/000356668

Dragneva, Y., Anuradha, C. D., Valeva, A., Hoffmann, A., Bhakdi, S., & Husmann, M. (2001).
Subcytocidal attack by staphylococcal alpha-toxin activates NF-«B and induces interleukin-
8 production. Infection and Immunity, 69(4), 2630-2635.
https://doi.org/10.1128/1A1.69.4.2630-2635.2001

Dutta, J., Fan, Y., Gupta, N., Fan, G., & Gélinas, C. (2006). Current insights into the regulation
of programmed cell death by NF-xB. Oncogene 2006 25:51, 25(51), 6800-6816.
https://doi.org/10.1038/sj.0nc.1209938

Eisenbeis, J., Saffarzadeh, M., Peisker, H., Jung, P., Thewes, N., Preissner, K. T., ... Bischoff,
M. (2018). The Staphylococcus aureus Extracellular Adherence Protein Eap Is a DNA
Binding Protein Capable of Blocking Neutrophil Extracellular Trap Formation. Frontiers in
Cellular and Infection Microbiology, 8, 235. https://doi.org/10.3389/fcimb.2018.00235

Elmore, S. (2007). Apoptosis: A Review of Programmed Cell Death. Toxicologic Pathology,
35(4), 495. https://doi.org/10.1080/01926230701320337

Fadok, V. A., Bratton, D. L., Konowal, A., Freed, P. W., Westcott, J. Y., & Henson, P. M.
(1998). Macrophages that have ingested apoptotic cells in vitro inhibit proinflammatory
cytokine production through autocrine/paracrine mechanisms involving TGF-beta, PGE2,
and PAF. Journal of Clinical Investigation, 101(4), 890. https://doi.org/10.1172/JCI1112

Faridgohar, M., & Nikoueinejad, H. (2017, July 4). New findings of Toll-like receptors involved
in Mycobacterium tuberculosis infection. Pathogens and Global Health. Taylor and Francis
Ltd. https://doi.org/10.1080/20477724.2017.1351080

Foster, T. J. (2017). Antibiotic resistance in Staphylococcus aureus. Current status and future
prospects. FEMS Microbiology Reviews, 41(3), 430-449.
https://doi.org/10.1093/FEMSRE/FUX007



102

Fox, S., Leitch, A. E., Duffin, R., Haslett, C., & Rossi, A. G. (2010). Neutrophil Apoptosis:
Relevance to the Innate Immune Response and Inflammatory Disease. Journal of Innate
Immunity, 2(3), 216. https://doi.org/10.1159/000284367

Fraser, J. D., & Proft, T. (2008, October). The bacterial superantigen and superantigen-like
proteins. Immunological Reviews. Immunol Rev. https://doi.org/10.1111/j.1600-
065X.2008.00681.x

Fuchs, T. A., Ulrike Abed, Christian Goosmann, R. H., llka Schulze, Volker Wahn, Yvette
Weinrauch, Volker Brinkmann, & Zychlinsky, and A. (2007). Novel cell death program
leads to neutrophil extracellular traps. The Journal of Cell Biology, 176(2), 231-241.
https://doi.org/10.1083/jch.200606027

Gonzélez-Zorn, B., Senna, J. P. M., Fiette, L., Shorte, S., Testard, A., Chignard, M., ... Grillot-
Courvalin, C. (2005). Bacterial and host factors implicated in nasal carriage of methicillin-
resistant Staphylococcus aureus in mice. Infection and Immunity, 73(3), 1847-1851.
https://doi.org/10.1128/1A1.73.3.1847-1851.2005

Gorwitz, R. J., Kruszon-Moran, D., McAllister, S. K., McQuillan, G., McDougal, L. K.,
Fosheim, G. E., ... Kuehnert, M. J. (2008). Changes in the Prevalence of Nasal
Colonization with Staphylococcus aureus in the United States, 2001-2004. The Journal of
Infectious Diseases, 197(9), 1226-1234. https://doi.org/10.1086/533494

Greenlee-Wacker, M. C., Kremserova, S., & Nauseef, W. M. (2017). Lysis of human neutrophils
by community-associated methicillin-resistant Staphylococcus aureus. Blood, 129(24),
3237-3244. https://doi.org/10.1182/blood-2017-02-766253

Greenlee-Wacker, M. C., Rigby, K. M., Kobayashi, S. D., Porter, A. R., DeLeo, F.R., &
Nauseef, W. M. (2014). Phagocytosis of Staphylococcus aureus by human neutrophils
prevents macrophage efferocytosis and induces programmed necrosis. Journal of
Immunology (Baltimore, Md. : 1950), 192(10), 4709-4717.
https://doi.org/10.4049/jimmunol.1302692

Greten, F. R., Arkan, M. C., Bollrath, J., Hsu, L. C., Goode, J., Miething, C., ... Karin, M.
(2007). NF-«B Is a Negative Regulator of IL-1p Secretion as Revealed by Genetic and
Pharmacological Inhibition of IKKp. Cell, 130(5), 918-931.
https://doi.org/10.1016/j.cell.2007.07.009

Grootjans, S., Vanden Berghe, T., & Vandenabeele, P. (2017, July 1). Initiation and execution
mechanisms of necroptosis: An overview. Cell Death and Differentiation. Nature
Publishing Group. https://doi.org/10.1038/cdd.2017.65



103

Guerra, F. E., Borgogna, T. R., Patel, D. M., Sward, E. W., & Voyich, J. M. (2017). Epic
Immune Battles of History: Neutrophils vs. Staphylococcus aureus. Frontiers in Cellular
and Infection Microbiology, 7, 286. https://doi.org/10.3389/fcimb.2017.00286

Guma, M., Ronacher, L., Liu-Bryan, R., Takai, S., Karin, M., & Maripat Corr. (2010). Caspase-1
Independent IL-1  Activation in Neutrophil Dependent Inflammation. Arthritis Rheum,
60(12), 3642—-3650. https://doi.org/10.1002/art.24959.Caspase-1

Hayden, M. S., & Ghosh, S. (2011, February). NF-kB in immunobiology. Cell Research.
https://doi.org/10.1038/cr.2011.13

Hoffmann, A., Natoli, G., & Ghosh, G. (2006, October 30). Transcriptional regulation via the
NF-xB signaling module. Oncogene. Nature Publishing Group.
https://doi.org/10.1038/sj.0nc.1209933

Hoffmann, Alexander, Levchenko, A., Scott, M. L., & Baltimore, D. (2002). The IkB-NF-xB
signaling module: Temporal control and selective gene activation. Science, 298(5596),
1241-1245. https://doi.org/10.1126/science.1071914

Hoffmann, E., Dittrich-Breiholz, O., Holtmann, H., & Kracht, M. (2002). Multiple control of
interleukin-8 gene expression. Journal of Leukocyte Biology, 72(5), 847—855.
https://doi.org/10.1189/JLB.72.5.847

Holzinger, D., Gieldon, L., Mysore, V., Nippe, N., Taxman, D. J., Duncan, J. A., ... Loffler, B.
(2012). Staphylococcus aureus Panton-Valentine leukocidin induces an inflammatory
response in human phagocytes via the NLRP3 inflammasome . Journal of Leukocyte
Biology, 92(5), 1069-1081. https://doi.org/10.1189/j1b.0112014

Huang, K. H., Wang, C. H., Lin, C. H., & Kuo, H. P. (2014). NF-«B repressing factor
downregulates basal expression and mycobacterium tuberculosis induced I1P-10 and IL-8
synthesis via interference with NF-xB in monocytes. Journal of Biomedical Science, 21(1),
71. https://doi.org/10.1186/s12929-014-0071-5

Jan, R., & Chaudhry, G. e. S. (2019). Understanding Apoptosis and Apoptotic Pathways
Targeted Cancer Therapeutics. Advanced Pharmaceutical Bulletin, 9(2), 205.
https://doi.org/10.15171/APB.2019.024

Janesch, P., Rouha, H., Weber, S., Malafa, S., Gross, K., Maierhofer, B., ... Nagy, E. (2017).
Selective sensitization of human neutrophils to LUkGH mediated cytotoxicity by
Staphylococcus aureus and 1L-8. Journal of Infection, 74(5), 473-483.
https://doi.org/10.1016/j.jinf.2017.02.004



104

Ji, Y., Bolhuis, A., & Watson, M. L. (2019). Staphylococcus aureus products subvert the
Burkholderia cenocepacia-induced inflammatory response in airway epithelial cells.
Journal of Medical Microbiology, 68(12), 1813-1822.
https://doi.org/10.1099/jmm.0.001100

Kebir, D. El, & Filep, J. G. (2013). Targeting Neutrophil Apoptosis for Enhancing the
Resolution of Inflammation. Cells, 2(2), 330. https://doi.org/10.3390/CELLS2020330

Kettritz, R., Gaido, M. L., Haller, H., Luft, F. C., Jennette, C. J., & Falk, R. J. (1998).
Interleukin-8 delays spontaneous and tumor necrosis factor-a-mediated apoptosis of human
neutrophils. Kidney International, 53(1), 84-91. https://doi.org/10.1046/].1523-
1755.1998.00741.x

Kitur, K., Wachtel, S., Brown, A., Wickersham, M., Paulino, F., Pefialoza, H. F., ... Prince, A.
(2016). Necroptosis Promotes Staphylococcus aureus Clearance by Inhibiting Excessive
Inflammatory Signaling. Cell Reports, 16(8), 2219-2230.
https://doi.org/10.1016/j.celrep.2016.07.039

Kobayashi, S. D., Malachowa, N., & DelLeo, F. R. (2017). Influence of Microbes on Neutrophil
Life and Death. Frontiers in Cellular and Infection Microbiology, 7, 159.
https://doi.org/10.3389/fcimb.2017.00159

Kobayashi, S. D., Voyich, J. M., Buhl, C. L., Stahl, R. M., Deleo, F. R., & Babior, B. M. Global
changes in gene expression by human polymorphonuclear leukocytes during receptor-
mediated phagocytosis: Cell fate is regulated at the level of gene expression, 99 Proceedings
of the National Academy of Sciences § (2002). https://doi.org/10.1073/pnas.092148299

Kobayashi, S. D., Voyich, J. M., Somerville, G. A., Braughton, K. R., Malech, H. L., Musser, J.
M., & DeLeo, F. R. (2003). An apoptosis-differentiation program in human
polymorphonuclear leukocytes facilitates resolution of inflammation. Journal of Leukocyte
Biology, 73(2). https://doi.org/10.1189/JLB.1002481

Konig, B., Prévost, G., Piémont, Y., & Konig, W. (1995). Effects of staphylococcus aureus
leukocidins on inflammatory mediator release from human granulocytes. Journal of
Infectious Diseases, 171(3), 607-613. https://doi.org/10.1093/infdis/171.3.607

Kourtis, A. P. (2019). Vital Signs: Epidemiology and Recent Trends in Methicillin-Resistant and
in Methicillin-Susceptible Staphylococcus aureus Bloodstream Infections — United States.
MMWR. Morbidity and Mortality Weekly Report, 68(9), 214-219.
https://doi.org/10.15585/MMWR.MM6809E 1



105

Koymans, K. J., Feitsma, L. J., Brondijk, T. H. C., Aerts, P. C., Lukkien, E., Lossl, P., ...
Huizinga, E. G. (2015). Structural basis for inhibition of TLR2 by staphylococcal
superantigen-like protein 3 (SSL3). Proceedings of the National Academy of Sciences,
112(35), 11018-11023. https://doi.org/10.1073/pnas.1502026112

Koymans, K. J., Feitsma, L. J., Harma Brondijk, T. C., Aerts, P. C., Lukkien, E., Lossl, P., ...
Huizinga, E. G. (2015). Structural basis for inhibition of TLR2 by staphylococcal
superantigen-like protein 3 (SSL3). Proceedings of the National Academy of Sciences,
112(35), 11018-11023. https://doi.org/10.1073/pnas.1502026112

Koymans, K. J., Goldmann, O., Karlsson, C. A. Q., Sital, W., Thénert, R., Bisschop, A, ...
Medina, E. (2017). The TLR2 Antagonist Staphylococcal Superantigen-Like Protein 3 Acts
as a Virulence Factor to Promote Bacterial Pathogenicity in vivo. Journal of Innate
Immunity, 9(6), 561-573. https://doi.org/10.1159/000479100

Krysko, D., Vanden Berghe, T., D’Herde, K., & Vandenabeele, P. (2008). Apoptosis and
necrosis: detection, discrimination and phagocytosis. Methods, 44(3), 205-221.
https://doi.org/10.1016/).YMETH.2007.12.001

Lawrence, T., Gilroy, D. W., Colville-Nash, P. R., & Willoughby, D. A. (2001). Possible new
role for NF-«B in the resolution of inflammation. Nature Medicine, 7(12), 1291-1297.
https://doi.org/10.1038/nm1201-1291

Li, D., & Cheung, A. (2008). Repression of hla by rot Is Dependent on sae in Staphylococcus
aureus. Infection and Immunity, 76(3), 1068. https://doi.org/10.1128/1A1.01069-07

Lowy, F. D. (1998). Staphylococcus aureus Infections. New England Journal of Medicine,
339(8), 520-532. https://doi.org/10.1056/NEJM199808203390806

Ma, X., Guo, S., Jiang, K., Wang, X., Yin, N., Yang, Y., ... Deng, G. (2019). MiR-128 mediates
negative regulation in Staphylococcus aureus induced inflammation by targeting MyD88.
International Immunopharmacology, 70, 135-146.
https://doi.org/10.1016/j.intimp.2018.11.024

Makarov, S. S. (2001). NF-kappaB in rheumatoid arthritis: a pivotal regulator of inflammation,
hyperplasia, and tissue destruction. Arthritis Research, 3(4), 200.
https://doi.org/10.1186/AR300

Malachowa, N., Kobayashi, S. D., Freedman, B., Dorward, D. W., & DelLeo, F. R. (2013).
Staphylococcus aureus leukotoxin GH promotes formation of neutrophil extracellular traps.
Journal of Immunology (Baltimore, Md. : 1950), 191(12), 6022—6029.
https://doi.org/10.4049/jimmunol.1301821



106

Mandell, G. L. (1975). Catalase, superoxide dismutase, and virulence of Staphylococcus aureus.
In vitro and in vivo studies with emphasis on staphylococcal--leukocyte interaction. Journal
of Clinical Investigation, 55(3), 561. https://doi.org/10.1172/JC1107963

Mankan, A. K., Dau, T., Jenne, D., & Hornung, V. (2012). The NLRP3/ASC/Caspase-1 axis
regulates IL-1p processing in neutrophils. European Journal of Immunology, 42(3), 710-
715. https://doi.org/10.1002/eji.201141921

Martinez, F. O., Sironi, M., Vecchi, A., Colotta, F., Mantovani, A., & Locati, M. (2004). IL-8
induces a specific transcriptional profile in human neutrophils: synergism with LPS for I1L-1
production. European Journal of Immunology, 34(8), 2286-2292.
https://doi.org/10.1002/EJ1.200324481

Matsukawa, A., Yoshimura, T., Maeda, T., Takahashi, T., Ohkawara, S., & Yoshinaga, M.
(1998). Analysis of the cytokine network among tumor necrosis factor alpha, interleukin-
1beta, interleukin-8, and interleukin-1 receptor antagonist in monosodium urate crystal-
induced rabbit arthritis. Laboratory Investigation; a Journal of Technical Methods and
Pathology, 78(5), 559-569. Retrieved from https://pubmed.ncbi.nim.nih.gov/9605181/

Mazzoleni, V., Zimmermann-Meisse, G., Smirnova, A., Tarassov, l., & Prévost, G. (2021).
Staphylococcus aureus Panton-Valentine Leukocidin triggers an alternative NETosis
process targeting mitochondria. The FASEB Journal, fj.201902981R.
https://doi.org/10.1096/j.201902981R

McDonald, P. P., Bald, A., & Cassatella, M. A. (1997). Activation of the NF-kappaB pathway by
inflammatory stimuli in human neutrophils. Blood.

McGuinness, W. A., Malachowa, N., & DelLeo, F. R. (2017). Vancomycin Resistance in
Staphylococcus aureus. YALE JOURNAL OF BIOLOGY AND MEDICINE, 90, 269-281.

Melehani, J. H., James, D. B. A., DuMont, A. L., Torres, V. J., & Duncan, J. A. (2015).
Staphylococcus aureus Leukocidin A/B (LukAB) Kills Human Monocytes via Host NLRP3
and ASC when Extracellular, but Not Intracellular. PLOS Pathogens, 11(6), e€1004970.
https://doi.org/10.1371/journal.ppat.1004970

Mendy, A., Vieira, E. R., Albatineh, A. N., & Gasana, J. (2016). Staphylococcus aureus
Colonization and Long-Term Risk for Death, United States. Emerging Infectious Diseases,
22(11), 1966. https://doi.org/10.3201/E1D2211.160220

Miller, L. S., O’Connell, R. M., Gutierrez, M. A., Pietras, E. M., Shahangian, A., Gross, C. E.,
... Modlin, R. L. (2006). MyD88 mediates neutrophil recruitment initiated by IL-1R but not
TLR2 activation in immunity against Staphylococcus aureus. Immunity, 24(1), 79-91.
https://doi.org/10.1016/j.immuni.2005.11.011



107

Miller, L. S., Pietras, E. M., Uricchio, L. H., Hirano, K., Rao, S., Lin, H., ... Modlin, R. L.
(2007). Inflammasome-Mediated Production of IL-1p Is Required for Neutrophil
Recruitment against Staphylococcus aureus In Vivo . The Journal of Immunology, 179(10),
6933-6942. https://doi.org/10.4049/jimmunol.179.10.6933

Mitchell, S., Vargas, J., & Hoffmann, A. (2016, May 1). Signaling via the NFkB system. Wiley
Interdisciplinary Reviews: Systems Biology and Medicine. Wiley-Blackwell.
https://doi.org/10.1002/wsbm.1331

Modlne, L., Verdrengh, M., & Tarkowski, A. (2000). Role of Neutrophil Leukocytes in Cutaneous
Infection Caused by Staphylococcus aureus. INFECTION AND IMMUNITY, 68(11), 6162—
6167.

Nauseef, W. M. (2014). Myeloperoxidase in human neutrophil host defence. Cellular
Microbiology, 16(8), 1146-1155. https://doi.org/10.1111/cmi.12312

Nauseef, W. M., & Kubes, P. (2016). Pondering neutrophil extracellular traps with healthy
skepticism. Cellular Microbiology, 18(10), 1349-1357. https://doi.org/10.1111/cmi.12652

Novick, R. P. (2003, June 1). Autoinduction and signal transduction in the regulation of
staphylococcal virulence. Molecular Microbiology. John Wiley & Sons, Ltd.
https://doi.org/10.1046/j.1365-2958.2003.03526.x

Nygaard, T. K., Borgogna, T. R., Sward, E. W., Guerra, F. E., Dankoff, J. G., Collins, M. M., ...
Voyich, J. M. (2018). Aspartic Acid Residue 51 of SaeR is Essential for Staphylococcus
aureus Virulence. Frontiers in Microbiology, 9, 3085.
https://doi.org/10.3389/FMICB.2018.03085

Nygaard, T. K. K., Pallister, K. B. B., Ruzevich, P., Griffith, S., Vuong, C., & Voyich, J. M. M.
(2010). SaeR Binds a Consensus Sequence within Virulence Gene Promoters to Advance
USA300 Pathogenesis. The Journal of Infectious Diseases, 201(2), 241-254.
https://doi.org/10.1086/649570

Nygaard, T. K., Pallister, K. B., DuMont, A. L., DeWald, M., Watkins, R. L., Pallister, E. Q., ...
Voyich, J. M. (2012). Alpha-toxin induces programmed cell death of human T cells, B cells,
and monocytes during USA300 infection. PLoS ONE, 7(5).
https://doi.org/10.1371/journal.pone.0036532

Nygaard, T. K., Pallister, K. B., Zurek, O. W., & Voyich, J. M. (2013). The impact of a-toxin on
host cell plasma membrane permeability and cytokine expression during human blood
infection by CA-MRSA USA300. Journal of Leukocyte Biology, 94(5), 971.
https://doi.org/10.1189/JLB.0213080



108

Opdenbosch, N. Van, & Lamkanfi, M. (2019). Review Caspases in Cell Death, Inflammation,
and Disease. https://doi.org/10.1016/j.immuni.2019.05.020

Othman, A., Sekheri, M., & Filep, J. G. (2021). Roles of neutrophil granule proteins in
orchestrating inflammation and immunity. The FEBS Journal.
https://doi.org/10.1111/FEBS.15803

Otto, M. (2010). Basis of Virulence in Community-Associated Methicillin-Resistant
Staphylococcus aureus *. https://doi.org/10.1146/annurev.micro.112408.134309

Pahl, H. L. (1999). Activators and target genes of Rel/NF-kB transcription factors. Retrieved
from http://www.stockton-press.co.uk/onc

Pandey, S., Kawai, T., & Akira, S. (2015). Microbial sensing by toll-like receptors and
intracellular nucleic acid sensors. Cold Spring Harbor Perspectives in Biology, 7(1).
https://doi.org/10.1101/cshperspect.a016246

Pasparakis, M. (2009, November). Regulation of tissue homeostasis by NF-B signalling:
Implications for inflammatory diseases. Nature Reviews Immunology. Nature Publishing
Group. https://doi.org/10.1038/nri2655

Pasparakis, M., & Vandenabeele, P. (2015, January 15). Necroptosis and its role in
inflammation. Nature. Nature Publishing Group. https://doi.org/10.1038/nature14191

Pathak, S. K., Basu, S., Basu, K. K., Banerjee, A., Pathak, S., Bhattacharyya, A., ... Basu, J.
(2007). Direct extracellular interaction between the early secreted antigen ESAT-6 of
Mycobacterium tuberculosis and TLR2 inhibits TLR signaling in macrophages. Nature
Immunology, 8(6), 610-618. https://doi.org/10.1038/ni1468

Peterson, L. W., Philip, N. H., DeLaney, A., Wynosky-Dolfi, M. A., Asklof, K., Gray, F., ...
Brodsky, I. E. (2017). RIPK1-dependent apoptosis bypasses pathogen blockade of innate
signaling to promote immune defense. Journal of Experimental Medicine, 214(11), 3171-
3182. https://doi.org/10.1084/jem.20170347

Pietkiewicz, S., Schmidt, J. H., & Lavrik, 1. N. (2015). Quantification of apoptosis and
necroptosis at the single cell level by a combination of Imaging Flow Cytometry with
classical Annexin V/propidium iodide staining. Journal of Immunological Methods, 423,
99-103. https://doi.org/10.1016/J.JIM.2015.04.025

Pilsczek, F. H., Salina, D., Poon, K. K. H., Fahey, C., Yipp, B. G., Sibley, C. D., ... Kubes, P.
(2010). A novel mechanism of rapid nuclear neutrophil extracellular trap formation in
response to Staphylococcus aureus. Journal of Immunology (Baltimore, Md. : 1950),
185(12), 7413-7425. https://doi.org/10.4049/jimmunol.1000675



109

Rigby, K. M., & Deleo, F. R. (2011). Neutrophils in innate host defense against Staphylococcus
aureus infections. https://doi.org/10.1007/s00281-011-0295-3

Savill, J. S., Wyllie, A. H., Henson, J. E., Walport, M. J., Henson, P. M., & Haslett, C. (1989).
Macrophage Phagocytosis of Aging Neutrophils in Inflammation Programmed Cell Death
in the Neutrophil Leads to its Recognition by Macrophages. Journal of Clinical
Investigation, 83(3), 865-875. https://doi.org/10.1172/JC1113970

Schindelin, J., Arganda-Carreras, 1., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., ... Cardona,
A. (2012, July). Fiji: An open-source platform for biological-image analysis. Nature
Methods. Nat Methods. https://doi.org/10.1038/nmeth.2019

Selders, G. S., Fetz, A. E., Radic, M. Z., & Bowlin, G. L. (2017). An overview of the role of
neutrophils in innate immunity, inflammation and host-biomaterial integration.
Regenerative Biomaterials, 4(1), 55. https://doi.org/10.1093/RB/RBW041

Sward, E. W., Fones, E. M., Spaan, R. R., Pallister, K. B., Haller, B. L., Guerra, F. E., ...
Voyich, J. M. (2018). Staphylococcus aureus SaeR/S-Regulated Factors Decrease
Monocyte-Derived Tumor Necrosis Factor—a to Reduce Neutrophil Bactericidal Activity.
The Journal of Infectious Diseases, 217(6), 943-952. https://doi.org/10.1093/infdis/jix652

Sweet, C. R., Conlon, J., Golenbock, D. T., Goguen, J., & Silverman, N. (2007). YopJ targets
TRAF proteins to inhibit TLR-mediated NF-kB, MAPK and IRF3 signal transduction.
Cellular Microbiology, 9(11), 2700-2715. https://doi.org/10.1111/j.1462-
5822.2007.00990.x

Tajima, A., Seki, K., Shinji, H., & Masuda, S. (2007). Inhibition of interleukin-8 production in
human endothelial cells by Staphylococcus aureus supernatant. Clinical and Experimental
Immunology, 147(1), 148-154. https://doi.org/10.1111/].1365-2249.2006.03254.x

Tuffs, S. W., James, D. B. A., Bestebroer, J., Richards, A. C., Goncheva, M. 1., O’Shea, M., ...
Fitzgerald, J. R. (2017). The Staphylococcus aureus superantigen SEIX is a bifunctional
toxin that inhibits neutrophil function. PLOS Pathogens, 13(9), e1006461.
https://doi.org/10.1371/journal.ppat.1006461

Turner, N. A., Sharma-Kuinkel, B. K., Maskarinec, S. A., Eichenberger, E. M., Shah, P. P.,
Carugati, M., ... Fowler, V. G. (2019). Methicillin-resistant Staphylococcus aureus: an
overview of basic and clinical research. Nature Reviews Microbiology 2019 17:4, 17(4),
203-218. https://doi.org/10.1038/s41579-018-0147-4

Uhlemann, A.-C., Otto, M., Lowy, F. D., & DeLeo, F. R. (2014). Evolution of community- and
healthcare-associated methicillin-resistant Staphylococcus aureus. Infection, Genetics and

Evolution : Journal of Molecular Epidemiology and Evolutionary Genetics in Infectious
Diseases, 21, 563-574. https://doi.org/10.1016/j.meegid.2013.04.030



110

Vagima, Y., Zauberman, A., Levy, Y., Gur, D., Tidhar, A., Aftalion, M., ... Mamroud, E.
(2015). Circumventing Y. pestis Virulence by Early Recruitment of Neutrophils to the
Lungs during Pneumonic Plague. PLoS Pathogens, 11(5).
https://doi.org/10.1371/journal.ppat.1004893

Verstrepen, L., Bekaert, T., Chau, T. L., Tavernier, J., Chariot, A., & Beyaert, R. (2008,
October). TLR-4, IL-1R and TNF-R signaling to NF-xB: Variations on a common theme.
Cellular and Molecular Life Sciences. Cell Mol Life Sci. https://doi.org/10.1007/s00018-
008-8064-8

Vince, J. E., Wong, W.-L., Gentle, 1., Lawlor, K. E., Allam, R., O’reilly, L., ... Rg Tschopp, J.
(2012). Article Inhibitor of Apoptosis Proteins Limit RIP3 Kinase-Dependent Interleukin-1
Activation. Immunity, 36, 215-227. https://doi.org/10.1016/j.immuni.2012.01.012

Voyich, J. M., Braughton, K. R., Sturdevant, D. E., Whitney, A. R., Said-Salim, B., Porcella, S.
F., ... DeLeo, F. R. (2005). Insights into mechanisms used by Staphylococcus aureus to
avoid destruction by human neutrophils. Journal of Immunology (Baltimore, Md. : 1950),
175(6), 3907-3919. https://doi.org/10.4049/jimmunol.175.6.3907

Voyich, J. M. M., Vuong, C., DeWald, M., Nygaard, T. K. K., Kocianova, S., Griffith, S., ...
Deleo, F. R. R. (2009). The SaeR/S Gene Regulatory System is Essential for Innate Immune
Evasion by Staphylococcus aureus. Journal of Infectious Diseases, 199(11), 1698-1706.
https://doi.org/10.1086/598967

Wang, X., Yousefi, S., & Simon, H.-U. (2018). Necroptosis and neutrophil-associated disorders.
Cell Death & Disease, 9(2), 111. https://doi.org/10.1038/s41419-017-0058-8

Wang, Y., & Jonsson, F. (2019). Expression, Role, and Regulation of Neutrophil Fcy Receptors.
Frontiers in Immunology, 0(AUG), 1958. https://doi.org/10.3389/FIMMU.2019.01958

Watkins, R. L., Pallister, K. B., & Voyich, J. M. (2011). The SaeR/S Gene Regulatory System
Induces a Pro-Inflammatory Cytokine Response during Staphylococcus aureus Infection.
PLoS ONE, 6(5), €19939. https://doi.org/10.1371/journal.pone.0019939

Wertheim, H. F., Melles, D. C., Vos, M. C., van Leeuwen, W., van Belkum, A., Verbrugh, H. A.,
& Nouwen, J. L. (2005). The role of nasal carriage in Staphylococcus aureus infections. The
Lancet Infectious Diseases, 5(12), 751-762. https://doi.org/10.1016/51473-3099(05)70295-
4

Wicki, S., Gurzeler, U., Wei-Lynn Wong, W., Jost, P. J., Bachmann, D., & Kaufmann, T. (2016).
Loss of XIAP facilitates switch to TNFa-induced necroptosis in mouse neutrophils. Cell
Death & Disease, 7(10), e2422—e2422. https://doi.org/10.1038/cddis.2016.311



111

Wozniak, A., Betts, W. H., Murphy, G. A., & Rokicinski, M. (1993). Interleukin-8 primes
human neutrophils for enhanced superoxide anion production. Immunology, 79, 608-615.

Yipp, B. G., & Kubes, P. (2013). NETosis: how vital is it? Blood, 122(16), 2784-2794.
https://doi.org/10.1182/blood-2013-04-457671

Yipp, B. G., Petri, B., Salina, D., Jenne, C. N., Scott, B. N. V, Zbytnuik, L. D., ... Kubes, P.
(2012). Dynamic NETosis is Carried Out by Live Neutrophils in Human and Mouse
Bacterial Abscesses and During Severe Gram- Positive Infection. Nat Med, 18(9), 1386—
1393. https://doi.org/10.1038/nm.2847

Yokoyama, R., Itoh, S., Kamoshida, G., Takii, T., Fujii, S., Tsuji, T., & Onozaki, K. (2012).
Staphylococcal superantigen-like protein 3 binds to the toll-like receptor 2 extracellular
domain and inhibits cytokine production induced by Staphylococcus aureus, cell wall
component, or lipopeptides in murine macrophages. Infection and Immunity, 80(8), 2816—
2825. https://doi.org/10.1128/1A1.00399-12

Yoshio Hirao, Tsugiyasu Kanda, Yoshimasa Aso, Masato Mitsuhashi, & Isao Kobayashi. (2000).
Interleukin-8—An Early Marker for Bacterial Infection. Laboratory Medicine, 31(1), 39—
44. Retrieved from https://academic.oup.com/labmed/article/31/1/39/2657022

Zhou, H., Monack, D. M., Kayagaki, N., Wertz, 1., Yin, J., Wolf, B., & Dixit, V. M. (2005).
Yersinia virulence factor YopJ acts as a deubiquitinase to inhibit NF-xB activation. Journal
of Experimental Medicine, 202(10), 1327-1332. https://doi.org/10.1084/jem.20051194

Zurek, O. W., Pallister, K. B., Voyich, J. M., FC, L., CJ, J., & RJ, F. (2015). Staphylococcus
aureus Inhibits Neutrophil-derived IL-8 to Promote Cell Death. Journal of Infectious
Diseases, 212(6), 934-938. https://doi.org/10.1093/infdis/jiv124



112

REFERENCES CITED



113

Alcamo, E., Mizgerd, J. P., Horwitz, B. H., Bronson, R., Beg, A. A., Scott, M., ... Baltimore, D.
(2001). Targeted Mutation of TNF Receptor | Rescues the Rel A-Deficient Mouse and
Reveals a Critical Role for NF-kB in Leukocyte Recruitment. The Journal of Immunology,
167(3), 1592-1600. https://doi.org/10.4049/jimmunol.167.3.1592

Alonzo, F., Ill, & Torres, V. J. (2014). The Bicomponent Pore-Forming Leucocidins of
Staphylococcus aureus. Microbiology and Molecular Biology Reviews : MMBR, 78(2), 199.
https://doi.org/10.1128/MMBR.00055-13

Askarian, F., van Sorge, N. M., Sangvik, M., Beasley, F. C., Henriksen, J. R., Sollid, J. U. E., ...
Johannessen, M. (2014). A Staphylococcus aureus TIR Domain Protein Virulence Factor
Blocks TLR2-Mediated NF-kB Signaling. Journal of Innate Immunity, 6(4), 485-498.
https://doi.org/10.1159/000357618

Bae, T., & Schneewind, O. (2006). Allelic replacement in Staphylococcus aureus with inducible
counter-selection. Plasmid, 55(1), 58-63. https://doi.org/10.1016/J.PLASMID.2005.05.005

Bai, X., Feldman, N. E., Chmura, K., Ovrutsky, A. R., & Su, W.-L. (2013). Inhibition of Nuclear
Factor-Kappa B Activation Decreases Survival of Mycobacterium tuberculosis in Human
Macrophages. PLoS ONE, 8(4), 61925. https://doi.org/10.1371/journal.pone.0061925

Bardoel, B. W., Vos, R., Bouman, T., Aerts, P. C., Bestebroer, J., Huizinga, E. G., ... De Haas,
C. J. C. (2012). Evasion of Toll-like receptor 2 activation by staphylococcal superantigen-
like protein 3. Journal of Molecular Medicine, 90(10), 1109-1120.
https://doi.org/10.1007/s00109-012-0926-8

Behar, S. M., & Briken, V. (2019). Apoptosis inhibition by intracellular bacteria and its
consequence on host immunity. Current Opinion in Immunology, 60, 103-110.
https://doi.org/10.1016/j.c0i.2019.05.007

Benson, M. A, Lilo, S., Nygaard, T., Voyich, J. M., & Torres, V. J. (2012). Rot and SaeRS
Cooperate To Activate Expression of the Staphylococcal Superantigen-Like Exoproteins.
https://doi.org/10.1128/JB.00706-12

Bernthal, N. M., Pribaz, J. R., Stavrakis, A. 1., Billi, F., Cho, J. S., Ramos, R. 1., ... Miller, L. S.
(2011). Protective role of IL-1p against post-arthroplasty Staphylococcus aureus infection.
Journal of Orthopaedic Research, 29(10), 1621-1626. https://doi.org/10.1002/jor.21414

Bhattacharya, M., Berends, E. T. M., Chan, R., Schwab, E., Roy, S., Sen, C. K., ... Wozniak, D.
J. (2018). Staphylococcus aureus biofilms release leukocidins to elicit extracellular trap
formation and evade neutrophil-mediated killing. Proceedings of the National Academy of
Sciences of the United States of America, 115(28), 7416-7421.
https://doi.org/10.1073/pnas.1721949115

Brinkmann, V., Reichard, U., Goosmann, C., Fauler, B., Uhlemann, Y., Weiss, D. S., ...
Zychlinsky, A. (2004). Neutrophil extracellular traps kill bacteria. Science (New York,
N.Y.), 303(5663), 1532—-1535. https://doi.org/10.1126/science.1092385



114

Chekabab, S. M., Silverman, R. J., Lafayette, S. L., Luo, Y., Rousseau, S., & Nguyen, D. (2015).
Staphylococcus aureus Inhibits 1L-8 Responses Induced by Pseudomonas aeruginosa in
Airway Epithelial Cells. PLOS ONE, 10(9), e0137753.
https://doi.org/10.1371/journal.pone.0137753

Chen, C., Yang, C., & Barbieri, J. T. (2019). Staphylococcal Superantigen-like protein 11
mediates neutrophil adhesion and motility arrest, a unique bacterial toxin action. Scientific
Reports, 9(1). https://doi.org/10.1038/s41598-019-40817-x

Cho, J. S., Guo, Y., Ramos, R. 1., Hebroni, F., Plaisier, S. B., Xuan, C., ... Miller, L. S. (2012).
Neutrophil-derived IL-1p Is Sufficient for Abscess Formation in Immunity against
Staphylococcus aureus in Mice. PLoS Pathogens, 8(11).
https://doi.org/10.1371/journal.ppat.1003047

Coeshott, C., Ohnemus, C., Pilyavskaya, A., Ross, S., Wieczorek, M., Kroona, H., ... Cheronis,
J. (1999). Converting enzyme-independent release of tumor necrosis factor o and IL-1f3
from a stimulated human monocytic cell line in the presence of activated neutrophils or
purified proteinase 3. Proceedings of the National Academy of Sciences of the United States
of America, 96(11), 6261-6266. https://doi.org/10.1073/pnas.96.11.6261

Collins, M. M., Behera, R. K., Pallister, K. B., Evans, T. J., Burroughs, O., Flack, C., ... Voyich,
J. M. (2020). The Accessory Gene saeP of the SaeR/S Two-Component Gene Regulatory
System Impacts Staphylococcus aureus Virulence During Neutrophil Interaction. Frontiers
in Microbiology, 11. https://doi.org/10.3389/fmich.2020.00561

Dankoff, J. G., Pallister, K. B., Guerra, F. E., Parks, A. J., Gorham, K., Mastandrea, S., ...
Nygaard, T. K. (2020). Quantifying the cytotoxicity of Staphyloccus aureus against human
polymorphonuclear leukocytes. Journal of Visualized Experiments, 2020(155).
https://doi.org/10.3791/60681

de Jong, N. W. M., Ramyar, K. X., Guerra, F. E., Nijland, R., Fevre, C., Voyich, J. M., ... Haas,
P.-J. A. (2017). Immune evasion by a staphylococcal inhibitor of myeloperoxidase.
Proceedings of the National Academy of Sciences of the United States of America, 114(35),
9439-9444. https://doi.org/10.1073/pnas.1707032114

DelLeo, F. R., Lee-Ann, A., Michael, A., & Nauseef, W. M. (1999). NADPH oxidase activation
and assembly during phagocytosis. Journal of Immunology (Baltimore, Md. : 1950),
163(12), 6732-6740. Retrieved from https://pubmed.ncbi.nlm.nih.gov/10586071/

Delgado-Rizo, V., Martinez-Guzman, M. A., Ifiguez-Gutierrez, L., Garcia-Orozco, A.,
Alvarado-Navarro, A., & Fafutis-Morris, M. (2017). Neutrophil Extracellular Traps and Its
Implications in Inflammation: An Overview. Frontiers in Immunology, 8, 81.
https://doi.org/10.3389/fimmu.2017.00081

Deng, W., Li, W., Zeng, J., Zhao, Q., Li, C., Zhao, Y., & Xie, J. (2014). Mycobacterium
tuberculosis PPE family protein rv1808 manipulates cytokines profile via co-activation of
MAPK and NF-«B signaling pathways. Cellular Physiology and Biochemistry, 33(2), 273—
288. https://doi.org/10.1159/000356668



115

Dragneva, Y., Anuradha, C. D., Valeva, A., Hoffmann, A., Bhakdi, S., & Husmann, M. (2001).
Subcytocidal attack by staphylococcal alpha-toxin activates NF-«B and induces interleukin-
8 production. Infection and Immunity, 69(4), 2630-2635.
https://doi.org/10.1128/1A1.69.4.2630-2635.2001

Dutta, J., Fan, Y., Gupta, N., Fan, G., & Gélinas, C. (2006). Current insights into the regulation
of programmed cell death by NF-xB. Oncogene 2006 25:51, 25(51), 6800-6816.
https://doi.org/10.1038/sj.0nc.1209938

Eisenbeis, J., Saffarzadeh, M., Peisker, H., Jung, P., Thewes, N., Preissner, K. T., ... Bischoff,
M. (2018). The Staphylococcus aureus Extracellular Adherence Protein Eap Is a DNA
Binding Protein Capable of Blocking Neutrophil Extracellular Trap Formation. Frontiers in
Cellular and Infection Microbiology, 8, 235. https://doi.org/10.3389/fcimb.2018.00235

Elmore, S. (2007). Apoptosis: A Review of Programmed Cell Death. Toxicologic Pathology,
35(4), 495. https://doi.org/10.1080/01926230701320337

Fadok, V. A., Bratton, D. L., Konowal, A., Freed, P. W., Westcott, J. Y., & Henson, P. M.
(1998). Macrophages that have ingested apoptotic cells in vitro inhibit proinflammatory
cytokine production through autocrine/paracrine mechanisms involving TGF-beta, PGE2,
and PAF. Journal of Clinical Investigation, 101(4), 890. https://doi.org/10.1172/JCI1112

Faridgohar, M., & Nikoueinejad, H. (2017, July 4). New findings of Toll-like receptors involved
in Mycobacterium tuberculosis infection. Pathogens and Global Health. Taylor and Francis
Ltd. https://doi.org/10.1080/20477724.2017.1351080

Foster, T. J. (2017). Antibiotic resistance in Staphylococcus aureus. Current status and future
prospects. FEMS Microbiology Reviews, 41(3), 430-449.
https://doi.org/10.1093/FEMSRE/FUX007

Fox, S., Leitch, A. E., Duffin, R., Haslett, C., & Rossi, A. G. (2010). Neutrophil Apoptosis:
Relevance to the Innate Immune Response and Inflammatory Disease. Journal of Innate
Immunity, 2(3), 216. https://doi.org/10.1159/000284367

Fraser, J. D., & Proft, T. (2008, October). The bacterial superantigen and superantigen-like
proteins. Immunological Reviews. Immunol Rev. https://doi.org/10.1111/j.1600-
065X.2008.00681.x

Fuchs, T. A., Ulrike Abed, Christian Goosmann, R. H., llka Schulze, VVolker Wahn, Y vette
Weinrauch, Volker Brinkmann, & Zychlinsky, and A. (2007). Novel cell death program
leads to neutrophil extracellular traps. The Journal of Cell Biology, 176(2), 231-241.
https://doi.org/10.1083/jch.200606027

Gonzalez-Zorn, B., Senna, J. P. M., Fiette, L., Shorte, S., Testard, A., Chignard, M., ... Grillot-
Courvalin, C. (2005). Bacterial and host factors implicated in nasal carriage of methicillin-
resistant Staphylococcus aureus in mice. Infection and Immunity, 73(3), 1847-1851.
https://doi.org/10.1128/1A1.73.3.1847-1851.2005



116

Gorwitz, R. J., Kruszon-Moran, D., McAllister, S. K., McQuillan, G., McDougal, L. K.,
Fosheim, G. E., ... Kuehnert, M. J. (2008). Changes in the Prevalence of Nasal
Colonization with Staphylococcus aureus in the United States, 2001-2004. The Journal of
Infectious Diseases, 197(9), 1226-1234. https://doi.org/10.1086/533494

Greenlee-Wacker, M. C., Kremserova, S., & Nauseef, W. M. (2017). Lysis of human neutrophils
by community-associated methicillin-resistant Staphylococcus aureus. Blood, 129(24),
3237-3244. https://doi.org/10.1182/blood-2017-02-766253

Greenlee-Wacker, M. C., Righy, K. M., Kobayashi, S. D., Porter, A. R., DeLeo, F.R., &
Nauseef, W. M. (2014). Phagocytosis of Staphylococcus aureus by human neutrophils
prevents macrophage efferocytosis and induces programmed necrosis. Journal of
Immunology (Baltimore, Md. : 1950), 192(10), 4709-4717.
https://doi.org/10.4049/jimmunol.1302692

Greten, F. R., Arkan, M. C., Bollrath, J., Hsu, L. C., Goode, J., Miething, C., ... Karin, M.
(2007). NF-«xB Is a Negative Regulator of IL-1 Secretion as Revealed by Genetic and
Pharmacological Inhibition of IKK. Cell, 130(5), 918-931.
https://doi.org/10.1016/j.cell.2007.07.009

Grootjans, S., Vanden Berghe, T., & Vandenabeele, P. (2017, July 1). Initiation and execution
mechanisms of necroptosis: An overview. Cell Death and Differentiation. Nature
Publishing Group. https://doi.org/10.1038/cdd.2017.65

Guerra, F. E., Borgogna, T. R., Patel, D. M., Sward, E. W., & Voyich, J. M. (2017). Epic
Immune Battles of History: Neutrophils vs. Staphylococcus aureus. Frontiers in Cellular
and Infection Microbiology, 7, 286. https://doi.org/10.3389/fcimb.2017.00286

Guma, M., Ronacher, L., Liu-Bryan, R., Takai, S., Karin, M., & Maripat Corr. (2010). Caspase-1
Independent IL-1 B Activation in Neutrophil Dependent Inflammation. Arthritis Rheum,
60(12), 3642-3650. https://doi.org/10.1002/art.24959.Caspase-1

Hayden, M. S., & Ghosh, S. (2011, February). NF-kB in immunobiology. Cell Research.
https://doi.org/10.1038/cr.2011.13

Hoffmann, A., Natoli, G., & Ghosh, G. (2006, October 30). Transcriptional regulation via the
NF-kB signaling module. Oncogene. Nature Publishing Group.
https://doi.org/10.1038/sj.0nc.1209933

Hoffmann, Alexander, Levchenko, A., Scott, M. L., & Baltimore, D. (2002). The IxkB-NF-xB
signaling module: Temporal control and selective gene activation. Science, 298(5596),
1241-1245. https://doi.org/10.1126/science.1071914

Hoftmann, E., Dittrich-Breiholz, O., Holtmann, H., & Kracht, M. (2002). Multiple control of
interleukin-8 gene expression. Journal of Leukocyte Biology, 72(5), 847-855.
https://doi.org/10.1189/JLB.72.5.847



117

Holzinger, D., Gieldon, L., Mysore, V., Nippe, N., Taxman, D. J., Duncan, J. A., ... Loffler, B.
(2012). Staphylococcus aureus Panton-Valentine leukocidin induces an inflammatory
response in human phagocytes via the NLRP3 inflammasome . Journal of Leukocyte
Biology, 92(5), 1069-1081. https://doi.org/10.1189/j1b.0112014

Huang, K. H., Wang, C. H., Lin, C. H., & Kuo, H. P. (2014). NF-«B repressing factor
downregulates basal expression and mycobacterium tuberculosis induced I1P-10 and IL-8
synthesis via interference with NF-«B in monocytes. Journal of Biomedical Science, 21(1),
71. https://doi.org/10.1186/s12929-014-0071-5

Jan, R., & Chaudhry, G. e. S. (2019). Understanding Apoptosis and Apoptotic Pathways
Targeted Cancer Therapeutics. Advanced Pharmaceutical Bulletin, 9(2), 205.
https://doi.org/10.15171/APB.2019.024

Janesch, P., Rouha, H., Weber, S., Malafa, S., Gross, K., Maierhofer, B., ... Nagy, E. (2017).
Selective sensitization of human neutrophils to LUKGH mediated cytotoxicity by
Staphylococcus aureus and 1L-8. Journal of Infection, 74(5), 473-483.
https://doi.org/10.1016/j.jinf.2017.02.004

Ji, Y., Bolhuis, A., & Watson, M. L. (2019). Staphylococcus aureus products subvert the
Burkholderia cenocepacia-induced inflammatory response in airway epithelial cells.
Journal of Medical Microbiology, 68(12), 1813-1822.
https://doi.org/10.1099/jmm.0.001100

Kebir, D. El, & Filep, J. G. (2013). Targeting Neutrophil Apoptosis for Enhancing the
Resolution of Inflammation. Cells, 2(2), 330. https://doi.org/10.3390/CELLS2020330

Kettritz, R., Gaido, M. L., Haller, H., Luft, F. C., Jennette, C. J., & Falk, R. J. (1998).
Interleukin-8 delays spontaneous and tumor necrosis factor-a-mediated apoptosis of human
neutrophils. Kidney International, 53(1), 84-91. https://doi.org/10.1046/j.1523-
1755.1998.00741.x

Kitur, K., Wachtel, S., Brown, A., Wickersham, M., Paulino, F., Pefialoza, H. F., ... Prince, A.
(2016). Necroptosis Promotes Staphylococcus aureus Clearance by Inhibiting Excessive
Inflammatory Signaling. Cell Reports, 16(8), 2219-2230.
https://doi.org/10.1016/j.celrep.2016.07.039

Kobayashi, S. D., Malachowa, N., & DeLeo, F. R. (2017). Influence of Microbes on Neutrophil
Life and Death. Frontiers in Cellular and Infection Microbiology, 7, 159.
https://doi.org/10.3389/fcimb.2017.00159

Kobayashi, S. D., Voyich, J. M., Buhl, C. L., Stahl, R. M., Deleo, F. R., & Babior, B. M. Global
changes in gene expression by human polymorphonuclear leukocytes during receptor-
mediated phagocytosis: Cell fate is regulated at the level of gene expression, 99 Proceedings
of the National Academy of Sciences § (2002). https://doi.org/10.1073/pnas.092148299



118

Kobayashi, S. D., Voyich, J. M., Somerville, G. A., Braughton, K. R., Malech, H. L., Musser, J.
M., & DeLeo, F. R. (2003). An apoptosis-differentiation program in human
polymorphonuclear leukocytes facilitates resolution of inflammation. Journal of Leukocyte
Biology, 73(2). https://doi.org/10.1189/JLB.1002481

Kdnig, B., Prévost, G., Piémont, Y., & Konig, W. (1995). Effects of staphylococcus aureus
leukocidins on inflammatory mediator release from human granulocytes. Journal of
Infectious Diseases, 171(3), 607-613. https://doi.org/10.1093/infdis/171.3.607

Kourtis, A. P. (2019). Vital Signs: Epidemiology and Recent Trends in Methicillin-Resistant and
in Methicillin-Susceptible Staphylococcus aureus Bloodstream Infections — United States.
MMWR. Morbidity and Mortality Weekly Report, 68(9), 214-219.
https://doi.org/10.15585/MMWR.MMG6809E 1

Koymans, K. J., Feitsma, L. J., Brondijk, T. H. C., Aerts, P. C., Lukkien, E., Lossl, P., ...
Huizinga, E. G. (2015). Structural basis for inhibition of TLR2 by staphylococcal
superantigen-like protein 3 (SSL3). Proceedings of the National Academy of Sciences,
112(35), 11018-11023. https://doi.org/10.1073/pnas.1502026112

Koymans, K. J., Feitsma, L. J., Harma Brondijk, T. C., Aerts, P. C., Lukkien, E., Lossl, P., ...
Huizinga, E. G. (2015). Structural basis for inhibition of TLR2 by staphylococcal
superantigen-like protein 3 (SSL3). Proceedings of the National Academy of Sciences,
112(35), 11018-11023. https://doi.org/10.1073/pnas.1502026112

Koymans, K. J., Goldmann, O., Karlsson, C. A. Q., Sital, W., Thénert, R., Bisschop, A., ...
Medina, E. (2017). The TLR2 Antagonist Staphylococcal Superantigen-Like Protein 3 Acts
as a Virulence Factor to Promote Bacterial Pathogenicity in vivo. Journal of Innate
Immunity, 9(6), 561-573. https://doi.org/10.1159/000479100

Krysko, D., Vanden Berghe, T., D’Herde, K., & Vandenabeele, P. (2008). Apoptosis and
necrosis: detection, discrimination and phagocytosis. Methods, 44(3), 205-221.
https://doi.org/10.1016/).YMETH.2007.12.001

Lawrence, T., Gilroy, D. W., Colville-Nash, P. R., & Willoughby, D. A. (2001). Possible new
role for NF-«B in the resolution of inflammation. Nature Medicine, 7(12), 1291-1297.
https://doi.org/10.1038/nm1201-1291

Li, D., & Cheung, A. (2008). Repression of hla by rot Is Dependent on sae in Staphylococcus
aureus. Infection and Immunity, 76(3), 1068. https://doi.org/10.1128/1A1.01069-07

Lowy, F. D. (1998). Staphylococcus aureus Infections. New England Journal of Medicine,
339(8), 520-532. https://doi.org/10.1056/NEJM199808203390806

Ma, X., Guo, S., Jiang, K., Wang, X., Yin, N, Yang, Y., ... Deng, G. (2019). MiR-128 mediates
negative regulation in Staphylococcus aureus induced inflammation by targeting MyD88.
International Immunopharmacology, 70, 135-146.
https://doi.org/10.1016/j.intimp.2018.11.024



119

Makarov, S. S. (2001). NF-kappaB in rheumatoid arthritis: a pivotal regulator of inflammation,
hyperplasia, and tissue destruction. Arthritis Research, 3(4), 200.
https://doi.org/10.1186/AR300

Malachowa, N., Kobayashi, S. D., Freedman, B., Dorward, D. W., & DeLeo, F. R. (2013).
Staphylococcus aureus leukotoxin GH promotes formation of neutrophil extracellular traps.
Journal of Immunology (Baltimore, Md. : 1950), 191(12), 6022—6029.
https://doi.org/10.4049/jimmunol.1301821

Mandell, G. L. (1975). Catalase, superoxide dismutase, and virulence of Staphylococcus aureus.
In vitro and in vivo studies with emphasis on staphylococcal--leukocyte interaction. Journal
of Clinical Investigation, 55(3), 561. https://doi.org/10.1172/JC1107963

Mankan, A. K., Dau, T., Jenne, D., & Hornung, V. (2012). The NLRP3/ASC/Caspase-1 axis
regulates IL-1p processing in neutrophils. European Journal of Immunology, 42(3), 710-
715. https://doi.org/10.1002/eji.201141921

Martinez, F. O., Sironi, M., Vecchi, A., Colotta, F., Mantovani, A., & Locati, M. (2004). IL-8
induces a specific transcriptional profile in human neutrophils: synergism with LPS for I1L-1
production. European Journal of Immunology, 34(8), 2286-2292.
https://doi.org/10.1002/EJ1.200324481

Matsukawa, A., Yoshimura, T., Maeda, T., Takahashi, T., Ohkawara, S., & Yoshinaga, M.
(1998). Analysis of the cytokine network among tumor necrosis factor alpha, interleukin-
1beta, interleukin-8, and interleukin-1 receptor antagonist in monosodium urate crystal-
induced rabbit arthritis. Laboratory Investigation; a Journal of Technical Methods and
Pathology, 78(5), 559-569. Retrieved from https://pubmed.ncbi.nim.nih.gov/9605181/

Mazzoleni, V., Zimmermann-Meisse, G., Smirnova, A., Tarassov, I., & Prévost, G. (2021).
Staphylococcus aureus Panton-Valentine Leukocidin triggers an alternative NETosis
process targeting mitochondria. The FASEB Journal, fj.201902981R.
https://doi.org/10.1096/j.201902981R

McDonald, P. P., Bald, A., & Cassatella, M. A. (1997). Activation of the NF-kappaB pathway by
inflammatory stimuli in human neutrophils. Blood.

McGuinness, W. A., Malachowa, N., & DeLeo, F. R. (2017). Vancomycin Resistance in
Staphylococcus aureus. YALE JOURNAL OF BIOLOGY AND MEDICINE, 90, 269-281.

Melehani, J. H., James, D. B. A., DuMont, A. L., Torres, V. J., & Duncan, J. A. (2015).
Staphylococcus aureus Leukocidin A/B (LukAB) Kills Human Monocytes via Host NLRP3
and ASC when Extracellular, but Not Intracellular. PLOS Pathogens, 11(6), e1004970.
https://doi.org/10.1371/journal.ppat.1004970

Mendy, A., Vieira, E. R., Albatineh, A. N., & Gasana, J. (2016). Staphylococcus aureus
Colonization and Long-Term Risk for Death, United States. Emerging Infectious Diseases,
22(11), 1966. https://doi.org/10.3201/E1D2211.160220



120

Miller, L. S., O’Connell, R. M., Gutierrez, M. A., Pietras, E. M., Shahangian, A., Gross, C. E.,
... Modlin, R. L. (2006). MyD88 mediates neutrophil recruitment initiated by IL-1R but not
TLR2 activation in immunity against Staphylococcus aureus. Immunity, 24(1), 79-91.
https://doi.org/10.1016/j.immuni.2005.11.011

Miller, L. S., Pietras, E. M., Uricchio, L. H., Hirano, K., Rao, S., Lin, H., ... Modlin, R. L.
(2007). Inflammasome-Mediated Production of IL-1p Is Required for Neutrophil
Recruitment against Staphylococcus aureus In Vivo . The Journal of Immunology, 179(10),
6933-6942. https://doi.org/10.4049/jimmunol.179.10.6933

Mitchell, S., Vargas, J., & Hoffmann, A. (2016, May 1). Signaling via the NFkB system. Wiley
Interdisciplinary Reviews: Systems Biology and Medicine. Wiley-Blackwell.
https://doi.org/10.1002/wsbm.1331

Modlne, L., Verdrengh, M., & Tarkowski, A. (2000). Role of Neutrophil Leukocytes in Cutaneous
Infection Caused by Staphylococcus aureus. INFECTION AND IMMUNITY, 68(11), 6162—
6167.

Nauseef, W. M. (2014). Myeloperoxidase in human neutrophil host defence. Cellular
Microbiology, 16(8), 1146-1155. https://doi.org/10.1111/cmi.12312

Nauseef, W. M., & Kubes, P. (2016). Pondering neutrophil extracellular traps with healthy
skepticism. Cellular Microbiology, 18(10), 1349-1357. https://doi.org/10.1111/cmi.12652

Novick, R. P. (2003, June 1). Autoinduction and signal transduction in the regulation of
staphylococcal virulence. Molecular Microbiology. John Wiley & Sons, Ltd.
https://doi.org/10.1046/j.1365-2958.2003.03526.x

Nygaard, T. K., Borgogna, T. R., Sward, E. W., Guerra, F. E., Dankoff, J. G., Collins, M. M., ...
Voyich, J. M. (2018). Aspartic Acid Residue 51 of SaeR is Essential for Staphylococcus
aureus Virulence. Frontiers in Microbiology, 9, 3085.
https://doi.org/10.3389/FMICB.2018.03085

Nygaard, T. K. K., Pallister, K. B. B., Ruzevich, P., Griffith, S., Vuong, C., & Voyich, J. M. M.
(2010). SaeR Binds a Consensus Sequence within Virulence Gene Promoters to Advance
USA300 Pathogenesis. The Journal of Infectious Diseases, 201(2), 241-254.
https://doi.org/10.1086/649570

Nygaard, T. K., Pallister, K. B., DuMont, A. L., DeWald, M., Watkins, R. L., Pallister, E. Q., ...
Voyich, J. M. (2012). Alpha-toxin induces programmed cell death of human T cells, B cells,
and monocytes during USA300 infection. PLoS ONE, 7(5).
https://doi.org/10.1371/journal.pone.0036532

Nygaard, T. K., Pallister, K. B., Zurek, O. W., & Voyich, J. M. (2013). The impact of a-toxin on
host cell plasma membrane permeability and cytokine expression during human blood
infection by CA-MRSA USA300. Journal of Leukocyte Biology, 94(5), 971.
https://doi.org/10.1189/JLB.0213080



121

Opdenbosch, N. Van, & Lamkanfi, M. (2019). Review Caspases in Cell Death, Inflammation,
and Disease. https://doi.org/10.1016/j.immuni.2019.05.020

Othman, A., Sekheri, M., & Filep, J. G. (2021). Roles of neutrophil granule proteins in
orchestrating inflammation and immunity. The FEBS Journal.
https://doi.org/10.1111/FEBS.15803

Otto, M. (2010). Basis of Virulence in Community-Associated Methicillin-Resistant
Staphylococcus aureus *. https://doi.org/10.1146/annurev.micro.112408.134309

Pahl, H. L. (1999). Activators and target genes of Rel/NF-kB transcription factors. Retrieved
from http://www.stockton-press.co.uk/onc

Pandey, S., Kawai, T., & Akira, S. (2015). Microbial sensing by toll-like receptors and
intracellular nucleic acid sensors. Cold Spring Harbor Perspectives in Biology, 7(1).
https://doi.org/10.1101/cshperspect.a016246

Pasparakis, M. (2009, November). Regulation of tissue homeostasis by NF-B signalling:
Implications for inflammatory diseases. Nature Reviews Immunology. Nature Publishing
Group. https://doi.org/10.1038/nri2655

Pasparakis, M., & Vandenabeele, P. (2015, January 15). Necroptosis and its role in
inflammation. Nature. Nature Publishing Group. https://doi.org/10.1038/nature14191

Pathak, S. K., Basu, S., Basu, K. K., Banerjee, A., Pathak, S., Bhattacharyya, A., ... Basu, J.
(2007). Direct extracellular interaction between the early secreted antigen ESAT-6 of
Mycobacterium tuberculosis and TLR2 inhibits TLR signaling in macrophages. Nature
Immunology, 8(6), 610-618. https://doi.org/10.1038/ni1468

Peterson, L. W., Philip, N. H., DeLaney, A., Wynosky-Dolfi, M. A., Asklof, K., Gray, F., ...
Brodsky, I. E. (2017). RIPK1-dependent apoptosis bypasses pathogen blockade of innate
signaling to promote immune defense. Journal of Experimental Medicine, 214(11), 3171-
3182. https://doi.org/10.1084/jem.20170347

Pietkiewicz, S., Schmidt, J. H., & Lavrik, 1. N. (2015). Quantification of apoptosis and
necroptosis at the single cell level by a combination of Imaging Flow Cytometry with
classical Annexin V/propidium iodide staining. Journal of Immunological Methods, 423,
99-103. https://doi.org/10.1016/J.JIM.2015.04.025

Pilsczek, F. H., Salina, D., Poon, K. K. H., Fahey, C., Yipp, B. G., Sibley, C. D., ... Kubes, P.
(2010). A novel mechanism of rapid nuclear neutrophil extracellular trap formation in
response to Staphylococcus aureus. Journal of Immunology (Baltimore, Md. : 1950),
185(12), 7413-7425. https://doi.org/10.4049/jimmunol.1000675

Rigby, K. M., & Deleo, F. R. (2011). Neutrophils in innate host defense against Staphylococcus
aureus infections. https://doi.org/10.1007/s00281-011-0295-3



122

Savill, J. S., Wyllie, A. H., Henson, J. E., Walport, M. J., Henson, P. M., & Haslett, C. (1989).
Macrophage Phagocytosis of Aging Neutrophils in Inflammation Programmed Cell Death
in the Neutrophil Leads to its Recognition by Macrophages. Journal of Clinical
Investigation, 83(3), 865-875. https://doi.org/10.1172/JC1113970

Schindelin, J., Arganda-Carreras, 1., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., ... Cardona,
A. (2012, July). Fiji: An open-source platform for biological-image analysis. Nature
Methods. Nat Methods. https://doi.org/10.1038/nmeth.2019

Selders, G. S., Fetz, A. E., Radic, M. Z., & Bowlin, G. L. (2017). An overview of the role of
neutrophils in innate immunity, inflammation and host-biomaterial integration.
Regenerative Biomaterials, 4(1), 55. https://doi.org/10.1093/RB/RBW041

Sward, E. W., Fones, E. M., Spaan, R. R., Pallister, K. B., Haller, B. L., Guerra, F. E., ...
Voyich, J. M. (2018). Staphylococcus aureus SaeR/S-Regulated Factors Decrease
Monocyte-Derived Tumor Necrosis Factor—a to Reduce Neutrophil Bactericidal Activity.
The Journal of Infectious Diseases, 217(6), 943-952. https://doi.org/10.1093/infdis/jix652

Sweet, C. R., Conlon, J., Golenbock, D. T., Goguen, J., & Silverman, N. (2007). YopJ targets
TRAF proteins to inhibit TLR-mediated NF-xB, MAPK and IRF3 signal transduction.
Cellular Microbiology, 9(11), 2700-2715. https://doi.org/10.1111/j.1462-
5822.2007.00990.x

Tajima, A., Seki, K., Shinji, H., & Masuda, S. (2007). Inhibition of interleukin-8 production in
human endothelial cells by Staphylococcus aureus supernatant. Clinical and Experimental
Immunology, 147(1), 148-154. https://doi.org/10.1111/].1365-2249.2006.03254.x

Tuffs, S. W., James, D. B. A., Bestebroer, J., Richards, A. C., Goncheva, M. 1., O’Shea, M., ...
Fitzgerald, J. R. (2017). The Staphylococcus aureus superantigen SEIX is a bifunctional
toxin that inhibits neutrophil function. PLOS Pathogens, 13(9), e1006461.
https://doi.org/10.1371/journal.ppat.1006461

Turner, N. A., Sharma-Kuinkel, B. K., Maskarinec, S. A., Eichenberger, E. M., Shah, P. P.,
Carugati, M., ... Fowler, V. G. (2019). Methicillin-resistant Staphylococcus aureus: an
overview of basic and clinical research. Nature Reviews Microbiology 2019 17:4, 17(4),
203-218. https://doi.org/10.1038/s41579-018-0147-4

Uhlemann, A.-C., Otto, M., Lowy, F. D., & DeLeo, F. R. (2014). Evolution of community- and
healthcare-associated methicillin-resistant Staphylococcus aureus. Infection, Genetics and

Evolution : Journal of Molecular Epidemiology and Evolutionary Genetics in Infectious
Diseases, 21, 563-574. https://doi.org/10.1016/j.meegid.2013.04.030

Vagima, Y., Zauberman, A., Levy, Y., Gur, D., Tidhar, A., Aftalion, M., ... Mamroud, E.
(2015). Circumventing Y. pestis Virulence by Early Recruitment of Neutrophils to the
Lungs during Pneumonic Plague. PLoS Pathogens, 11(5).
https://doi.org/10.1371/journal.ppat.1004893



123

Verstrepen, L., Bekaert, T., Chau, T. L., Tavernier, J., Chariot, A., & Beyaert, R. (2008,
October). TLR-4, IL-1R and TNF-R signaling to NF-kB: Variations on a common theme.
Cellular and Molecular Life Sciences. Cell Mol Life Sci. https://doi.org/10.1007/s00018-
008-8064-8

Vince, J. E., Wong, W.-L., Gentle, 1., Lawlor, K. E., Allam, R., O’reilly, L., ... Rg Tschopp, J.
(2012). Article Inhibitor of Apoptosis Proteins Limit RIP3 Kinase-Dependent Interleukin-1
Activation. Immunity, 36, 215-227. https://doi.org/10.1016/j.immuni.2012.01.012

Voyich, J. M., Braughton, K. R., Sturdevant, D. E., Whitney, A. R., Said-Salim, B., Porcella, S.
F., ... DeLeo, F. R. (2005). Insights into mechanisms used by Staphylococcus aureus to
avoid destruction by human neutrophils. Journal of Immunology (Baltimore, Md. : 1950),
175(6), 3907-3919. https://doi.org/10.4049/jimmunol.175.6.3907

Voyich, J. M. M., Vuong, C., DeWald, M., Nygaard, T. K. K., Kocianova, S., Griffith, S., ...
Deleo, F. R. R. (2009). The SaeR/S Gene Regulatory System is Essential for Innate Immune
Evasion by Staphylococcus aureus. Journal of Infectious Diseases, 199(11), 1698-1706.
https://doi.org/10.1086/598967

Wang, X., Yousefi, S., & Simon, H.-U. (2018). Necroptosis and neutrophil-associated disorders.
Cell Death & Disease, 9(2), 111. https://doi.org/10.1038/s41419-017-0058-8

Wang, Y., & Jonsson, F. (2019). Expression, Role, and Regulation of Neutrophil Fcy Receptors.
Frontiers in Immunology, 0(AUG), 1958. https://doi.org/10.3389/FIMMU.2019.01958

Watkins, R. L., Pallister, K. B., & Voyich, J. M. (2011). The SaeR/S Gene Regulatory System
Induces a Pro-Inflammatory Cytokine Response during Staphylococcus aureus Infection.
PLoS ONE, 6(5), €19939. https://doi.org/10.1371/journal.pone.0019939

Wertheim, H. F., Melles, D. C., Vos, M. C., van Leeuwen, W., van Belkum, A., Verbrugh, H. A.,
& Nouwen, J. L. (2005). The role of nasal carriage in Staphylococcus aureus infections. The
Lancet Infectious Diseases, 5(12), 751-762. https://doi.org/10.1016/S1473-3099(05)70295-
4

Wicki, S., Gurzeler, U., Wei-Lynn Wong, W., Jost, P. J., Bachmann, D., & Kaufmann, T. (2016).
Loss of XIAP facilitates switch to TNFa-induced necroptosis in mouse neutrophils. Cell
Death & Disease, 7(10), e2422—e2422. https://doi.org/10.1038/cddis.2016.311

Wozniak, A., Betts, W. H., Murphy, G. A., & Rokicinski, M. (1993). Interleukin-8 primes
human neutrophils for enhanced superoxide anion production. Immunology, 79, 608-615.

Yipp, B. G., & Kubes, P. (2013). NETosis: how vital is it? Blood, 122(16), 2784-2794.
https://doi.org/10.1182/blood-2013-04-457671

Yipp, B. G., Petri, B., Salina, D., Jenne, C. N., Scott, B. N. V, Zbytnuik, L. D., ... Kubes, P.
(2012). Dynamic NETosis is Carried Out by Live Neutrophils in Human and Mouse
Bacterial Abscesses and During Severe Gram- Positive Infection. Nat Med, 18(9), 1386—
1393. https://doi.org/10.1038/nm.2847



124

Yokoyama, R., Itoh, S., Kamoshida, G., Takii, T., Fujii, S., Tsuji, T., & Onozaki, K. (2012).
Staphylococcal superantigen-like protein 3 binds to the toll-like receptor 2 extracellular
domain and inhibits cytokine production induced by Staphylococcus aureus, cell wall
component, or lipopeptides in murine macrophages. Infection and Immunity, 80(8), 2816—
2825. https://doi.org/10.1128/1A1.00399-12

Yoshio Hirao, Tsugiyasu Kanda, Yoshimasa Aso, Masato Mitsuhashi, & Isao Kobayashi. (2000).
Interleukin-8—An Early Marker for Bacterial Infection. Laboratory Medicine, 31(1), 39—
44. Retrieved from https://academic.oup.com/labmed/article/31/1/39/2657022

Zhou, H., Monack, D. M., Kayagaki, N., Wertz, 1., Yin, J., Wolf, B., & Dixit, V. M. (2005).
Yersinia virulence factor YopJ acts as a deubiquitinase to inhibit NF-xB activation. Journal
of Experimental Medicine, 202(10), 1327-1332. https://doi.org/10.1084/jem.20051194

Zurek, O. W., Pallister, K. B., Voyich, J. M., FC, L., CJ, J., & RJ, F. (2015). Staphylococcus
aureus Inhibits Neutrophil-derived IL-8 to Promote Cell Death. Journal of Infectious
Diseases, 212(6), 934-938. https://doi.org/10.1093/infdis/jiv124



125

APPENDICES



126

APPENDIX A

CO-AUTHORED PUBLICATIONS



<P frontiers

in Immunology

OPEN ACCESS

Edited by:

Eric Cox,

Ghent University, Belgium
Reviewed by:

Yasuko Tsunatsugu Yokots,
Tokyo University of Technalogy, Japan
Mark Travis,
University of Manchestex;
United Kingdom
“Correspondence:

Disne Bimczok

diana bimczok@montana.edu

T These authors have contributed
aqually to this work

This artick was submittad to
Mucoes! inmunity

a saction of the jouna!

Frontiers in immunology

Received: 16 August 2018
Accepted: 04 Decamber 2018
Published: 21 December 2018
Citation:

Swain S, Ace MM, Sebrall TA
Sidar B, Dankoff J, VanAusdol R
Smythies LE, Smith FO and
Bimczok D (2018) CD 103 (aE Integrin)
Undargoas Endosormal Trafficking in
Human Dendritic Calis, but Does Not
Mediate Epithalisl Adhasion

Front. Immunal. 9:2989,

doi: 10.3389/fimmu.2018. 02969

Frontiers in Immunclogy | wwa.frontiersin.org 1

127

ORIGINAL RESEARCH
published: 21 December 2018
doi: 10.3389/fimmu. 2018.02350

®

| S

CD103 («E Integrin) Undergoes
Endosomal Trafficking in Human
Dendritic Cells, but Does Not
Mediate Epithelial Adhesion

Steve Swain'?’, Mandi M. Roe", Thomas A. Sebrell*, Barkan Sidar?, Jennifer Dankoff?,
Rachel VanAusdol’, Lesley E. Smythies?, Phillip D. Smith*® and Diane Bimczok™

'r\ ofla' rKi Agywl
Biclogical Enginsering D M
and Hepatology, School of Medicine, Uni

logy, Montana State University, Bozaman, MT, United States, * Chemical and
State University, S % MT, United States, * Division of Gastroentaralogy
ity of Alabama at Birmingham, Birmingham, AL, United States

Dendritic cell (DC) expression of CD103, the o subunit of «ER7 integrin, is thought to
enable DC interactions with E-cadherin-expressing gastrointestinal epithelia for improved
mucosal immunosurveillance. In the stomach, efficient DC surveillance of the epithelial
barrier is crucial for the induction ofimmune responses to H. pylori, the causative agent of
peptic ulcers and gastric cancer. However, gastric DCs express only low levels of surface
CD103, as we previously showed. We here tested the hypothesis that intracellular pools
of CD108 in human gastric DCs can be redistributed to the cell surface for engagement
of epithelial cell-expressed E-cadherin to promote DC-epithelial cell adhesion. In support
of our hypothesis, immunofluorescence analysis of tissue sections showed that CD103*
gastric DCs were preferentially localized within the gastric epithelial layer. Flow cytometry
and imaging cytometry revealed that human gastric DCs expressed intracellular CD103,
corroborating our previous findings in monocyte-derived DCs (MoDCs). Using confocal
microscopy, we show that CD103 was present in endosomal compartments, where
CD103 partially co-localized with clathrin, early endosome antigen-1 and Rabi1,
suggesting that CD103 undergoes endosomal trafficking similar to p1 integrins. Dynamic
expression of CD103 on human MoDCs was confirmed by intemalization assay. To
analyze whether DC-expressed CD103 promotes adhesion to E-cadherin, we performed
adhesion and spreading assays on E-cadherin-coated glass slides. In MoDCs generated
in the presence of retinoic acid, which express increased CD103, intracellular CD103
significantly redistributed toward the E-cadherin-coated glass surface. However, DCs
spreading and adhesion did not differ between E-cadherin-coated slides and slides
coated with serum alone. In adhesion assays using E-cadherin-positive HT-29 cells, DC
binding was significantly improved by addition of Mn?+ and decreased in the presence
of EGTA, consistent with the dependence of integrin-based interactions on divalent
cations. However, retinoic acid failed to increase DC adhesion, and a CD103 neutralizing
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antibody was unable to inhibit DC binding to the E-cadherin positive cells. In contrast,
a blocking antibody to DC-expressed E-cadherin significantly reduced DC binding to
the epithelium. Overall, these data indicate that CD103 engages in DC-epithelial cell
interactions upon contact with epithelial E-cadherin, but is not a major driver of DC
adhesion to gastrointestinal epithelia.

Keywords: gastrointestinal epithelium, integrin alpha E, antigen-pr

INTRODUCTION

Dendritic cells (DCs) frequently interact with the epithelial
layer of the gastric mucosa, as shown in previous studies
(1-3). As professional antigen-presenting cells, DCs control
the immune response to Helicobacter pylori (H. pylori) (4), a
bacterial pathogen that causes chronic gastritis, peptic ulcer
disease, and gastric cancer (5-7). Specifically, the type of T
cell response induced by the DCs largely determines whether
H. pylori infection causes only mild inflammation or leads to
severe inflammatory pathologies including ulcers or cancer (8-
10). For those DCs that are located immediately beneath or
within the gastric epithelium, their spatial interactions with the
epithelial cells have important functional implications for the
immune response to H. pylori. First, DCs that reside within the
epithelial layer or extend transepithelial dendrites have direct
access to the gastric lumen for H. pylori antigen sampling (1-
3, 11). Second, positioning of gastric DCs immediately below
the epithelium increases the probability for pathogen capture
upon epithelial barrier breach, and third, the close proximity
of DCs to epithelial cells likely enhances the paracrine effects
of epithelial-derived mediators that regulate DC function (12—
14). In spite of the importance of DC-epithelial interactions for
gastrointestinal immune responses, the molecular mechanisms of
these interactions are not well-defined.

Binding of DC-expressed CD103 (xEf7 integrin) to epithelial
E-cadherin was proposed as a potential mechanism for DC
adhesion to epithelial cells (15-17). CD103, the asubunit of «ER7
integrin, is widely recognized as an important DC subset and
lineage marker in humans and mice (18-20). Specifically, CD103
identifies a DC subset termed conventional DC1 that is able to
cross-present exogenous antigens to CD8 T cells and that induces
mucosal tolerance to commensals and dietary antigens (18, 21).
The functional role of CD103 has been extensively studied in
transfected cells lines, where the A-domain of the «E (CD103)
integrin subunit was shown to interact with the top surface of E-
cadherin domain 1, and in intestinal intraepithelial lymphocytes
(IELs), where CD103 anchors the IELs within the epithelial layer
(22-24). Inspite of its frequent use as a DC marker, the function
of CD103 in primary human DCs has received little investigative
attention. Therefore, the goal of our study was to determine
whether CD103 enables DCs in the human stomach to interact
with the epithelium through E-cadherin engagement.

Notably, previous studies from our laboratory and others
have shown that surface CD103 expression of gastric DCs is
low compared to CD103 expression on DCs in other tissue
compartments, such as the small intestine (14, 25-27). This

Frontiers in Immunclogy | wwa frontiersin.ong

ing cell, cell adhesi o

low surface CD103 expression was unexpected, since gastric
DCs have a tolerogenic capacity similar to that of human
intestinal DCs (14, 28) and also are efficient producers of
retinoic acid (RA), properties generally associated with intestinal
CD103% DC subsets (14, 29, 30). However, we also showed that
human monocyte-derived DCs express considerable amounts
of CD103 in intracellular compartments (26). Other integrins
including «5p1, w6p4, and aMP2 are expressed in endosomal
compartments and recirculate through the membrane to enable
dynamic and tightly regulated interactions with their respective
ligands (31-33). Therefore, we hypothesized that intracellular
pools of «E integrin/CD103 present in human gastric DCs can be
redistributed to the cell surface for engagement of epithelial cell-
expressed E-cadherin in the stomach to promote DC-epithelial
cell adhesion. Interestingly, our experiments revealed that CD103
undergoes endosomal trafficking in human DCs and is engaged
upon DC contact with epithelial E-cadherin, but is not the major
adhesion factor that mediates epithelial cell binding.

MATERIALS AND METHODS

Human Blood and Tissue Samples
Heparinized blood samples were obtained with local IRB
approval from healthy adult volunteers in Birmingham, AL
(IRB# X120806005), or Bozeman, MT (IRB #DB082817 and
#DB092614). Gastric tissue specimens were obtained with
Institutional Review Board (IRB) approval and informed consent
from non-H. pylori-infected adult subjects undergoing elective
gastric bypass surgery or sleeve gastrectomy for treatment of
obesity at the University of Alabama at Birmingham (IRB#
F120815005) or were provided as exempt specimens by the
National Disease Research Interchange (Philadelphia, PA; IRB#
DB062615-EX).

Antibodies

The following mouse anti-human monoclonal antibodies were
used for flow cytometry, imaging cytometry and confocal
analysis of MoDCs: HLA-DR (clone L243), CDllc (B-ly6),
CD103/aE (B-Ly7,) CD3 (HIT3a), CD19 (§]25C1), CD45 (2D1),
CDs56 (MY31), E-cadherin (67A4), CD49d (9F10) purchased
from eBioscience, Biolegend, or Tonbo, all San Diego, CA.
Endosomal compartments were labeled with rabbit anti-human
clathrin (D3Ce, Cell Signaling, Danvers, MA), rabbit anti-
human EEA-1 (polyclonal), mouse anti-human Rab7a (Rab7-
117), and rabbit anti-human Rab11 (polyclonal), all from Abcam,
Cambridge, MA. The following monoclonal antibodies were
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used for staining of paraffin-embedded tissue sections: anti-
human HLA-DR (LN-3) and anti-human CD103 [EPR4166(2)],
both Abcam, Cambridge, MA. The following antibodies
were used in neutralization assays: anti-human CD103 (2G5)
(Beckman Coulter, France) and anti-human E-cadherin (SHE78-
7) (Thermo Fisher Scientificc Waltham, MA). Appropriate
isotype-matched control antibodies were used in all experiments.

Dendritic Cells

To obtain human gastric DCs, mucosal tissue was subjected
to three rounds of EDTA treatment and then digested with
collagenase solution to obtain lamina propria mononuclear
cells, as described previously (14, 26). Gastric DCs were then
enriched using MACS sorting for HLA-DR™ cells (Miltenyi
Biotec, Auburn, CA).

To generate monocyte-derived DCs (MoDCs), PBMCs
were isolated using Ficoll density gradient centrifugation, and
MoDCs were differentiated from MACS-isolated CD14™ blood
monocytes by culturing 2 x 10° monocytes per well in 24-
well plates in complete medium (DMEM, 10% heat-inactivated
human AB serum and antibiotics) or serum-free medium (X-
Vivo 10, with HEPES and L-Glutamine) supplemented with
recombinant human GM-CSF (25 ng/mL), and IL-4 (17 ng/mL),
both from R&D Systems, Minneapolis, MN (26, 28). To enhance
DC CD103 expression, 100nM retinoic acid (RA, Sigma, St.
Louis, MO) was added to some MoDC cultures, as described
previously (26). Cytokines and RA were replenished after 3 days,
and after 5-6 days, non-adherent cells were harvested as MoDCs
by vigorous pipetting.

Immunofluorescent Labeling of Tissues

and Cells for Microscopy

We used 4 pm paraffin-embedded sections to analyze CD103
expression by human gastric DCs in sifu. Sections were de-
paraffinized and then incubated in a vegetable steamer for
30 min in pre-heated Unmasking Solution (Vector Laboratories,
Burlingame, CA) for antigen retrieval. Sections were then
blocked in normal goat serum and incubated in the presence
of primary antibodies overnight. Species specific secondary
antibodies labeled with Alexa 488 or Alexa 555 (SouthernBiotech,
Birmingham, AL) were added for 30 min. Finally, nuclei were
stained with DAPI, and sections were mounted in Fluoroshield
(Sigma-Aldrich) and sealed with nail varnish. For microscopic
analysis of MoDCs, cells were stained either directly on glass-
bottom plates or chamber slides (CD103 distribution and
spreading assays) or were stained in suspension and then
spotted onto glass slides (endosomal markers). For intracellular
labeling, DCs were permeabilized with Cytofix/Cytoperm
solution (Becton Dickinson) for 20 min at 4°C, washed with
PermWash buffer (Becton Dickinson) and then were incubated
with antibodies for 30 min at 4°C. Nuclei were labeled with
DRAQS or DAPL

Microscopy and Image Analysis

Immunofluorescence analysis of slides was performed on an
Olympus BX60 upright fluorescence microscope equipped with
a DS-Ril digital camera and with NIS Elements software
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(Nikon, Melville, NY) or on an EVOS FL Cell Imaging system
(Thermo Fisher Scientific). Confocal microscopy images were
acquired using a Zeiss LSM 510 META system, with a 63x
objective and a step size of 0.5pm, or an inverted Leica SP5
Confocal Scanning Laser Microscope (Leica, Wetzlar, Germany)
with a 20x objective or a 63x water immersion objective
with Immersol (W 2010, Zeiss, Oberkochen, Germany). Digital
image analysis was performed using Image] 1.48v software. The
distribution of CD103+ DCs in relation to the epithelium in
gastric tissue sections was determined by manual counting on
digital images, using NIS Elements software. Three-dimensional
co-localization of red (endosomal markers) and green (CD103)
voxels in confocal stacks was determined using the JaCOP plugin
to calculate Mander’s co-localization coefficient (34). Part of
this procedure involved screening 16 algorithms for optimal
exclusion of background staining; the Bernsen method of auto-
thresholding was chosen and applied objectively to all images
(35). In tissue sections, regions of interest were set to exclude
surface and glandular epithelial cells.

FACS Analysis

For flow cytometry, cells were labeled with pre-determined
optimum concentrations of antibodies at 4°C for 15min,
followed by washing in FACS Stain Buffer (BD Biosciences). For
intracellular staining, cells were fixed and permeabilized with
Cytofix/Cytoperm (BD Bioscience), and antibodies we added in
the presence of BD PermWash buffer. Dead cells were labeled
with LIVE/DEAD® vyellow dye (Life Technologies, Carlsbad,
CA). A BD LSR or LSRII was used for flow cytometry; and data
were analyzed using FlowJo V10 software (Treestar, Ashland,
OR). Gastric DCs were gated as live CD45P*/lineage™*¢/HLA-
DRYigh cells, The lineage cocktail contained antibodies to CD3,
CD19, and CD56.

Imaging Cytometry

Imaging cytometry was performed using an ImageStreamX Mark
II (Amnis Corp., Seattle, WA). Cells were prepared as described
for FACS analysis, with 7-AAD or DAPI used to label nuclei in
fixed cells. Data were analyzed with IDEAS software v6.1 (Amnis
Corp.). The following channels were recorded: Ch 1-brightfield,
Ch 2-CD103 FITC, channel 3-CD11c PE, and channel 5-7-AAD
or channel 7-DAPI. DCs were gated as focused cells based on
Gradient RMS Ch 1, single cells based on Aspect Ratio and Area
Ch1, and Intensity of CD11c PE in Ch 3.

Internalization Assay

Relative rates of internalization of CD103 were determined in
MoDCs using a variation of the method from Chen et al
(36). Briefly, aliquots of MoDCs generated in the presence of
retinoic acid (100 nM) were chilled to 4°C, then incubated with
FITC labeled mouse anti-human CD103 for 30 min. Unbound
antibody was then removed by washing in ice cold media.
Time zero samples were left on ice, and internalization was
initiated in the remaining samples by resuspending the samples
in 37°C media and incubating them at that temperature for
the indicated times. At each time point, samples were quickly
washed in ice cold FACS buffer and left on ice to inhibit further
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internalization. After washing, cells were incubated for 30 min
with anti-mouse IgG eFluor660 to label remaining cell surface
anti-CD103 antibodies. Cells were then washed again in cold
FACS buffer and analyzed with a BD LSR flow cytometer. Mean
fluorescent intensities were normalized to the highest value of
that fluorophore in each experiment.

Adhesion and Spreading Assays

Foradhesion and spreading assays with recombinant E-cadherin,
glass bottom 24-well or 96-well plates were coated with goat anti-
human IgG at 5 pg/mL and incubated overnight at 4°C. Non-
adherent IgG was washed off with PBS + Ca®*, and Fc-tagged
recombinant human E-cadherin (Acro Biosystems, Newark, DE)
at 2pg/mL or an equal volume human serum was added to
wells and incubated at room temperature for 1h. Alternatively,
wells were coated directlywith 0.2 p.g/mL recombinant human E-
cadherin (R&D systems, Minneapolis, MN) for 1 h. After coating,
wells were washed, blocked with human serum, and washed
again. MoDCs were incubated for 30 min with an anti-human
CD103 neutralizing antibody (20 pg/mL), an appropriate isotype
control antibody or were left untreated and then were added to
the plates at 5 x 10°/mL. After incubation for 40 min at 37°C,
non-adherent cells were gently washed off and cells were fixed
with Cytofix/Cytoperm (BD biosciences, San Jose, CA). MoDCs
were blocked with 10% goat serum and stained with HLA-DR
FITC, a secondary IgG2a FITC to enhance signal, and DAPI to
label cell nuclei. Wells were then imaged on an EVOS FL Cell
imaging system and analyzed using Image].

To quantify DC adhesion to gastrointestinal epithelial cells,
HT-29 cells were cultured on 48 well plates for 3 days ata starting
concentration of 3 x 10° perwell to obtain a 100% confluency for
co-culture. MoDCs generated in medium alone or in the presence
of RA were harvested and pre-treated with DC culture medium
containing one of the following for 30 min at 37°C: 2 mM Mn>*;
1 mM EGTA; 2 mM Mn?* and 1 mM EGTA; anti-human CD103
(2-20pg/mL); or anti-human E-cadherin (5pg/mL). MoDCs
were next plated with the HT-29 monolayers at 2 x 10° cells
per well and incubated for 2h at 37°C, with antibodies or other
additives remaining in the culture media. Following incubation,
non-adherent cells were gently washed off with media, and
adherent MoDCs and HT-29 cells were harvested using 0.25%
trypsin/l mM EDTA (Millipore, Darmstadt, Germany). Cells
were then stained with HLA-DR FITC antibody, counting beads
were added, and recovered MoDCs were quantified by flow
cytometry. Experiments with <5% DC adhesion were excluded
from the analyses, because it was difficult to interpret minor
changes in adhesion when overall adhesion levels were extremely
low. Experiments with low overall adhesion correlated neither
with low DC CD103 or E-cadherin expression levels nor with a
specific passage number or reduced E-cadherin expression of the
HT-29 cells.

To quantify CD103 expression following MoDC HT-29 co-
culture, a subset of MoDCs were incubated without HT-29 cells
and subjected to the same 0.25% trypsin/l mM EDTA treatment.
MoDCs incubated alone and those co-cultured with HT-29 cells
were then stained for CD103 expression and analyzed by flow

cytometry.
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Statistical Analysis

Data were analyzed using GraphPad Prism 6.05. Results are
presented as mean + SEM. Differences between values were
analyzed for statistical significance by the two-tailed Student’s
t-test or one- or two-way ANOVA with appropriate post-hoc
analysis as indicated. Differences were considered significant at
P < 0.05.

RESULTS

Gastric Intraepithelial DCs Contain a

Significant CD103-Expressing DC Subset
Flow cytometric analyses of gastric DCs have shown that
CD103" DCs are rare in both human and murine stomach
(14, 25-27). Here, we used immunofluorescence analysis of
human gastric tissue sections to analyze CD103 expression
by gastric mononuclear phagocytes in more detail. Mucosal
DCs, and possibly some macrophages, were identified based on
high expression of HLA-DR in conjunction with an irregular
cell morphology. Notably, our previous studies showed that
gastric HLA-DRM#& cells are CD45% leukocytes that express
the DC-specific transcription factor zDC, but not the intestinal
macrophage marker CD13 and that do not include B cells, T
cells, mast cells, or NK cells (2, 14). Our immunofluorescence
analyses confirmed that CD103 expression by HLA-DRb¢! cells
in the gastric mucosa relatively rare (Figure 1a). Likewise, the
majority of CD103% cells, likely T lymphocytes, were negative for
HLA-DR expression (Figure 1a). However, individual CD103%
HLA-DR™ DCs were detected in close association with the gastric
glandular epithelium, either at intraepithelial sites, or directly
below the epithelium (Figures 1b,c). We next performed a
quantitative analysis of the distribution of CD103~ and CD103*
DC subsets in relationship to the gastric epithelium by counting
DCs at intraepithelial, subepithelial (with epithelial contact),
and lamina propria sites (no epithelial contact) (Figures 1d,e).
Although intraepithelial HLA-DR™ DCs represented <2% of
all gastric mucosal DCs, a proportion (P < 0.05) of these cells
expressed CD103. Specifically, 46.1% of intraepithelial gastric
HLA-DRT cells were positive for CD103 compared to only 10.7
and 6.9% of CD103* DCs at subepithelial and lamina propria
sites, respectively (Figure 1e). These observations suggest that, in
spite of an overall low expression of CD103 by human gastric
DCs, CD103 might still contribute to DC interactions with the
gastric epithelium in those DCs that are integrated into the
epithelial cell layer.

Intracellular Expression of CD103 («E
Integrin) in Human Monocyte-Derived and
Gastric DCs

Human monocyte-derived DCs (MoDCs) contain intracellular
as well as surface-expressed CD103 (26). Having shown that
gastric DCs express low levels of surface CD103 overall (14,
26), but that surface CD103 expression is more frequent on
gastric intraepithelial DCs (Figures 1b,e), we hypothesized that
intracellular CD103 pools may be recruited to the cell membrane
to mediate binding to epithelial E-cadherin. Therefore, we next
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FIGURE 1 | Distribution of CO103+ DCe in human gastric mucosa. Paraffin-embedded tizaus sactions from the gastric mucosa of non-H. pylori-infected human
subjects were immuncfiucrescently labeled for HLA-DR (Alexa 488, green) and CO103 (Alexa 555, red). Nuclei were stained with DAPI. (&) High magnification singe
color and merged images of gastric mucosa with multiple cels positive for either CD103 or HLA-DR (arrows). (b) Occasiond intraspitheiial HLA-DR* DCs and (c)
subepithelial DCs with epithelal contact show staining for CO103. Amowheads point out HLA-DR+ DCs that co-express CO103. Bar = 20 pm. (d,e) Quantitative
analysis of HLA-DR* DCe with and wihout CD103 expression at ntraspithelal, subepithelid fwith epithalial contact), and lamina propria sites (no epithelial contact).
Tissue sectiona from 10 human subjects wers analyzed. P < 0,05, ANOVA with Tukey's post-hoc teat.

analyzed whether primary human gastric DCs also express MoDCs when cells were permeabilized prior to immunolabeling,
intracellular CD103. As shown in Figures 2A,C, significant  consistent with intracellular expression. In addition, intracellular
levels of CD103 were detected in both gastric DCs and CD103 expression was confirmed by imaging flow cytometry
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(Figures 2D,E). In contrast, we did not observe significant
intracellular expression of w4 integrin, in spite of high surface
expression (Figure 2B).

Using confocal microscopy, we detected CD103 in vesicular
inclusions with a typical endosomal morphology in immature
MoDCs with and without concurrent surface CD103 expression
(Figure 3A). A similar vesicular staining pattern for CD103
was also seen in DCs isolated from human gastric lamina
propria (Figure 3B). Thus, CD103 expression in endosomal
compartments appears to be a common feature of human DCs.

CD103 Partially Co-localizes With Clathrin
and Early, Recycling, and Late Endosomal

Markers
Previous studies have shown that integrins may undergo
endosomal trafficking to allow dynamic interactions with

CD103 Expression in Dendrtic Cells

their ligands and facilitate cell migration (32, 37, 38). To
characterize the endosomal expression of CD103 in human
DCs in more detail, we analyzed co-localization of CD103 with
markers for endocytic uptake (clathrin), early endosomes (early
endosomal antigen-1, EEA-1), recycling endosomes (Rab11), and
late endosomes (Rab7a) in MoDCs (Figure 4). In untreated
MoDCs, 23.2 & 1.2% of CD103 was co-localized with clathrin,
corresponding to a Manders’ co-localization coefficient of 0.232.
Lower coefficients were detected for CD103 co-localization with
Rabll (16.7 £ 1.6%) and the late endosomal marker Rab7a
(162 £ 1.2%), which targets endosomal cargo for lysosomal
degradation (39). Only 6.6 & 0.7% of CD103 co-localized with the
early endosomal marker EEA-1. In control slides without primary
antibodies, a co-localization co-efficient of 0.71 + 0.69% was
measured (data not shown). Interestingly, MoDCs treated with
retinoic acid (RA) showed increased co-localization with clathrin
(29.6 £+ 1.3%; P < 0.01), but lower co-localization with Rabl1
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FIGURE 2 | Human gastric and McDCe contain intraceluler CD103 poole. Humnan gastric DCe gated as ive/HLA-DR™"/C045P% incage™? calls or MoDCs were
labeled with (A) an anti-CD103 antibody or (B) an anti-a4 integrin antibody using extracelldar or intracelluar staining protocols. (A,B) representative histograms and
(C) individud vakes from 4 (gastric DCs) or 9 (McDCs) independent experments. **P < 0.01, ***P < 0.001, ANOVA with Tukey's post-hoc teet. (D) Gating strategy for
ImageStraam imaging cytometry to salect for focused, single calls with high CD11c expression. (E) Represantative imagse from thres indspendent imaging cytomstry
axpenments show intracelluar CD10G in CD11c+ gastric DCs and MoDCs, 40x objective. BF, brght field; nuclear dye, 7-AAD.
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A MoDCs

CD103 Expreesion in Dendritic Cells

B Gastric DC

FIGURE 3 | Confocd microecopy andysis shows endosomal expression pattern of CD103 in human monocyte-derived and gastric DCs. (A) Confocal mages of
human MoDCs that were pemesbiized and labeled with antibodies to CO103 {Alexad88) and CD11c (Alexab55) Nuclei were labeled with DRAQS. Armowheads point
to intracelldar CD103+ vesicles in DCs without surface CD10G expression, amow indicates a DC with both surface and intracelular CO103 expreesion.
Reprasentative images from one of three similar experments are shown. Bar: 20 pm. (B) Gastric lamina propria csllz wers permeabilzed and labeled with antbodiss
to CO103 (Alexad 88) and HLA-DR (AlexaS55). Image shows a gastric HLA-DR+ DC. Bar: 10 pm.

(12.6 & 1.1%; P < 0.05). The partial co-localization of CD103
with endosomal markers suggests that CD103 undergoes some
endosomal trafficking in human DCs.

CD103 in Human MoDCs Undergoes
Continuous Trafficking Through the Cell
Membrane

To functionally analyze whether DC CD103 undergoes
endosomal recycling, we performed an internalization assay, as
previously described by Chen et al. (36). RA-treated MoDCs
were used to achieve a high initial expression of CD103 on the
DCs. DCs were then incubated for up to 40 min at 37°C and were
kept on ice at all other times to inhibit endosomal trafficking
until all cells were collected, with the 0 min sample incubated on
ice for the entire 40 min of the assay. As shown in Figure 5, the
level of CD103 on the cell surface as detected with the secondary
reagent decreased significantly with prolonged incubation at
37°C (P = 0.01), whereas total CD103 expression detected with
the primary antibody remained constant. These observations

Frontiers in Immunclogy | wav.frontieesin.org

are consistent with internalization of surface expressed CD103
and indicate that CD103 undergoes endosomal recycling, as
previously shown for «5f1 and «2f1 integrins (36, 37). Thus,
CD103 may be involved in dynamic binding of DCs to the
epithelial layer in spite of low surface expression.

Intracellular CD103 Engages in E-cadherin
Binding, but Does Not Mediate DC
Adhesion to Epithelial Cells

Having shown that human DCs contain dynamic pools of
intracellular CD103, we next asked whether intracellular CD103
may be recruited to the DC surface for E-cadherin binding. RA-
treated or untreated DCs were incubated on glass-bottom plates
coated with recombinant E-cadherin (Supplemental Figure 1).
The RA-treated DCs expressed increased levels of surface CD103
(Supplemental Figure 2). We hypothesized that engagement of
E-cadherin by DC CD103 would lead to an accumulation of
CD103 staining close to the E-cadherin-coated glass surface
(Figure6A). Our analysis of CD103 distribution across the
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FIGURE 4 | Partial co-locdization of CO103 with endosomal markers in human MoDCs. MoDCa generated in medium alone or in the presence of retinoic acid (RA,
100nM) were parmeabilzed and atained with antibodies to CO10G (green) and ths following endazsomal markers (red): (a—c) clathrin, (e~g) EEA-1, (i-k) Rab11, and
(m~o) RabT7a. Imagee wers abtained by confoca microscopy. Co-localzation of CO103 with (d) clathrin, (h) EEA-1, (1) Rabi1, and (p) Rab7a was calkulated as the
Manders' colocalzation cosfficient (M2) using ImagsaJ. Mean + SEM of 10 —17 confocal imagee obtained from two independent experiments. Bar = 20pm, P <

0.05; **P = 0.01; unpaired Student's T-test.

vertical axis of the DCs showed a small, but significant shift in
the proportion of CD103 close to the glass surface in RA-treated
MoDCs in wells that were coated with E-cadherin compared to
serum alone (Figure 6B, P < 0.05). However, this trend was not
observed in MoDCs generated in the absence of RA.

On hard surfaces, such as glass slides, adhesion complexes
including integrin-dependent interactions influence cell
spreading by enabling cells to extend actin-based lamellipodia
(40). A previous study had shown that K562 cells transfected
with «E(CD103)p7 formed epithelial protrusions and
migrated on E-cadherin-coated surfaces (41). To determine
whether CD103 promotes spreading and adhesion of human

Frontiers in Immunclogy | wav.frontieesin.org

DCs on E-cadherin-positive surfaces, we used RA-treated
and untreated MoDCs that were blocked with a CD103
neutralizing antibody or an isotype control antibody. As
shown in Figure 6C, RA-treated DCs showed a trend (P
= 0.05) for increased spreading on E-cadherin. However,
DC spreading was not influenced by blocking CD103 on
the DCs with a neutralizing antibody. The total number of
adhered DCs also did not differ between treatments (data
not shown). These results indicate that CD103 may relocate
to the cell surface to engage in E-cadherin binding, but that
overall DC adhesion to E-cadherin is largely independent of
CD103.
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Bivalent Cations Promote DC Adhesion to
E-cadherin-Expressing Gastrointestinal

Epithelial Cells

To analyze the interactions between MoDCs and cell-expressed
E-cadherin, we performed MoDC adhesion assays with HT-29
cells, a colonic epithelial cell line strongly positive for E-cadherin.
Importantly, HT-29 cells have an atypical E-cadherin distribution
that involves E-cadherin expression on the apical cell surface
(Figures 7A,B), but do not have any mutations in the E-cadherin
gene CDHI (42, 43). DCs were incubated on top of HT-29
monolayers, and adherent cells were recovered by trypsinization
after 2 h (Figure 7C). On average, 14.4 & 3.7% of MoDCs were
recovered from the cultures as adherent cells (Figure 7D). To
determine whether integrins including «E integrin (CD103) are
involved in DC adhesion to the HT-29 cells, we added 1 mM
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manganese (Mn?*), a strong activator of integrins that promotes
ligand binding (44, 45). Both in RA-treated and untreated
MoDCs, addition of Mn?*t significantly increased adhesion
to HT-29 cells (P < 0.001 and P < 0.05, respectively). We
also added EGTA, which inactivates bivalent cations, such as
Ca**, Mg?*, and Mn?* that are involved in integrin- and E-
cadherin-dependent interactions. EGTA significantly decreased
the number of both and RA-treated and untreated DCs that
were recovered from the co-cultures (P < 0.05 and P < 0.01,
respectively). Although there was a trend for increased adhesion
in RA-treated MoDCs, RA had no significant effect on DC
binding to HT-29 cells, similar to our observations from the
spreading analysis (Figure 6). Interestingly, co-culture with the
HT-29 slightly increased surface expression of CD103 on the
MoDCs (Figure 7E, P= 0.056).
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FIGURE 7 | CD103 iz not a major mediator of DC adhesion to E-cadherin-exprezsing epithelal cels. To analyze MoDC binding to E-cadherin expressed by epithslid
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by trypsinization, and the number of adherent DCe was determined using counting beads and HLA-DR-labeling of the DCs. (A) Confocal analysis of an HT-29
monolayer shows E-cadherin epression on the lmind surface. Top panel: maximum Z-projection; bottom panel: orthogonal view. Nuckei are labeled with DRAQS
(blus). (B) Representative FACS histogram of E-cadherin expreasion on HT-29 cellz. Gray line: isotype control; dark gray filled: anti-E-cadherin. (C) Gating strategy for
counting adherent MoDCs following co-cuture with HT-29 calls. (D) Percentage of MoDCs adherent to HT-29 calls in the presence of M2+, EGTA, or Mn2+ + EGTA
(n= 6). RA ndicates that cells were derived in the preesnce of 100nM RA. *P < 0.05, **P < 0.01, ***F < 0.001; 2-way ANOVA wih Dunnstt's multiple compariscns.
(E) Normalized CD103 exprezsion on MoDCs after recovery from HT-28 co-cuturee (with Nh""‘}. Data from three independant expariments, pared, one-taied
Student's t-test. (F) MoDCe were ncubated with an isotype control antibody or the indicated concentrations of anti-CO103 antbody befors and during co-cuturs with
HT-29 cells, and the number of adherent DCs was determined. N = 3, *F < 0.05; unpaired, two-tailed T-test. (G,H) reprezentative histogram and pooled data for
E-cadherin expression on human gastric (0 = 5) and MoDCs (0 = 8). (I) MoDCs were treated with anti-E-cadherin antibody before and during co-culture with HT-29
call, and the number of adherent DCe was datarmined. N= 4, *P < 0.05; unpaired, two-tailed Student's t-test.

Neutralization of DC CD103 Does Not the cells to the HT-29 monolayer in the presence of Mn?*. To

Inhibit Adhesion to E-cadherin Expressing avoid loss of blocking activity due to CD103 internalization,
Epithelial Cells excess antibody was left in the cell culture medium during
To specifically assess the involvement of CD103 in the the adhesion assays. However, no decrease in DC adhesion
interactions between DCs and epithelial cells, RA-treated MoDCs 10 the HT.'” cel’ls was seen with a wide range of antibody
were blocked with a CD103 neutralizing antibody prior to adding ~ concentrations (Figure 7F).
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Homotypic E-cadherin Interactions May be
Involved in DC Binding to E-cadherin on

Gastrointestinal Epithelial Cells

To form adherens junctions, E-cadherin undergoes homotypic
interactions with E-cadherin expressed on other cells (46), and
DCs have been shown to express E-cadherin in previous studies
(47-49). Our FACS analysis revealed that subsets of both human
gastric DCs and MoDCs expressed E-cadherin (Figures 7G,H),
independent of RA treatment (Supplemental Figure 2). Thus,
E-cadherin-E-cadherin interactions may contribute to DC-
epithelial cell interactions. Indeed, pre-treatment of the MoDCs
with an E-cadherin neutralizing antibody significantly decreased
DC adhesion to HT-29 monolayers (Figure 7I). However, when
we compared MoDC adhesion to HT-29 cells with adhesion to
AGS cells, which lack E-cadherin expression, we found that a
significantly higher number of DCs adhered to the AGS cells than
the HT-29 cells (Supplemental Figure 3, P < 0.01). Interestingly,
binding to AGS cells decreased when DCs were generated in the
presence of RA. Overall, these data suggest that both E-cadherin-
dependent and integrin-dependent mechanisms contribute to
DC binding to the gastrointestinal epithelium, but that CD103-
E-cadherin interactions are only minor contributors.

DISCUSSION

CD103 («E integrin) is widely used as a maker for DC subsets in
humans and mice (29), but the functional role of CD103 for the
DCs has attracted little investigative attention. We here sought
to elucidate whether CD103 could mediate DC-epithelial cell
interactions in the human gastric mucosa. A number of previous
reports had speculated that CD103 might mediate adhesion of
gastrointestinal DCs to E-cadherin expressed in the epithelial
layer (15-17), similar to the mechanism shown for the retention
of intraepithelial lymphocytes within the epithelial compartment
(22, 50). Studies from our laboratory have shown that DCs in the
gastric mucosa are exposed to RA generated by gastric epithelial
cells, and that RA induces CD103 expression in human MoDCs
(14, 26). Our results from the present study suggest that CD103
is engaged upon binding of primary DCs to gastrointestinal
epithelium, but is not a major mediator of adhesion.

One specific consideration when investigating CD103 in
human gastric DCs was that <10% of the DCs expressed CD103
on their surface, as we have previously shown (14, 26). However,
based on the detection of intracellular CD103 («E integrin), we
hypothesized that these intracellular pools could be recruited
to the cell surface for dynamic interactions with their ligands.
Thus, integrins a5p1, a6f4, aMP1, and a4fl are continuously
recycled through endosomal pathways during cell migration (33).
However, not all integrins participate in the endocytotic cycle,
and some integrins are recycled at only low rates (31). Indeed,
we here confirmed that a4 integrin, which, like «E integrin,
pairs with p7 integrin, was not expressed intracellularly. Our
report is the first to demonstrate that CD103 in human DCs is
expressed in endosomal compartments and recirculates through
the cell membrane, suggesting that «E integrin recycling occurs
in human DCs. It has been proposed that motile cells, such
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as DCs performing immunosurveillance functions, may require
more trafficking of integrins and therefore contain a higher
intracellular proportion (51). We demonstrated that 40% of
surface CD103 was internalized in <1h. Moreover, 23-30% of
CD103 co-localized with clathrin, consistent with the established
role of clathrin in the endocytic recycling of integrin-mediated
adhesions (52). A lower percentage of CD103 co-localized with
the early endosome antigen 1 (EEA-1, 7%) and Rabl1l (17%),
a marker for long-loop endosomal recycling. Notably, previous
publications have similarly reported co-localization co-efficients
between 5 and 30% for integrins and endosomal markers in
cells that were not specifically treated to enhance endosomal
trafficking. Thus, Ezratty et al (52) reported that 20-25% of
B1 integrin co-localized with Rab5. In a publication by the
Goldenring group, a Manders’ co-localization co-efficient of >0.2
(=>20%) for co-localization of Rab25 with Bl and o5 integrins
was considered high (53). Gu et al. (54) from the Brenner lab
analyzed co-localization of B3 integrin with endosomal markers
and found between 2 and 8% of co-localization with EEA-1,
Rabd, 5, and 11 at baseline, with increased co-localization upon
PDGF-stimulated micropinocytosis. Khandelwal et al. (55) used
a functional endocytosis assay with fluorescently labeled cargo
and detected co-localization co-efficients of 10 and 20% for
the endosomal cargo with EEA-1 and Rabll, respectively, and
Karjalainen et al. (56) analyzed co-localization of w2 integrin
with caveolin and detected 5-10% of co-localization at baseline.
Therefore, we consider our observed co-localization of CD103
with the endosomal markers to be biologically relevant. Co-
localization of CD103/integrin «E with clathrin, EEAl, and
Rab11 suggests that integrin oE undergoes canonical trafficking
similar to @5f1 integrin (57). However, the fact that CD103 also
was co-localized with the late endosomal marker Rab7a may
indicate that a proportion of intracellular CD103 is targeted
for lysosomal degradation rather than recycling to the cell
surface. Notably, when added together, <60% of all CD103
co-localized with any endosomal marker, suggesting that a
significant proportion of CD103 is present at sites that are
not endosomal compartments. These might represent newly
synthesized CD103 molecules in the endoplasmic reticulum or in
the Golgi apparatus. Interestingly, RA treatment of the MoDCs
led to increased co-localization with clathrin and EEA-1, but
decreased co-localization with Rab11 and Rab7a. Thus, RA seems
to both upregulate CD103 expression (26, 58) and alter its
trafficking. Overall, our results suggest that, even on cells with
low surface CD103 expression, CD103 may be recruited from
endosomal pools for dynamic binding to epithelial E-cadherin or
other ligands.

In support of a role for CD103 in human DC-epithelial
interactions, we here showed significantly increased expression
of CD103 on human HLA-DR* DCs that were integrated into
the gastric epithelial layer. Moreover, Z-stack analysis of MoDCs
bound to E-cadherin-coated glass slides showed significant re-
distribution of DC-expressed CD103 to the E-cadherin positive
interface, albeit only in RA-treated cells. In addition, in vifro
adhesion assays to E-cadherin-expressing HT-29 cells revealed a
dependence on bivalent cations including manganese, consistent
with an integrin-dependent mechanism (45). Conversely, when
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MoDCs were treated with a CD103 neutralizing antibody,
adhesion to E-cadherin-positive HT-29 cells or to E-cadherin-
coated glass slides was unaffected, arguing against a major
role of CD103 in mediating DC binding to the gastrointestinal
epithelium. Notably, while internalization of CD103 with bound
blocking antibody may have decreased the efficiency of the
neutralization, this would not be expected to completely abrogate
functional activity of the blocking antibody, especially since a
high antibody concentration (5 pg/mL) was used and additional
antibody was present in the culture medium during the assay.
Also, RA treatment, which increases MoDC CD103 expression,
did not significantly influence MoDC binding to E-cadherin-
expressing HT-29 cells or spreading on E-cadherin-coated
glass surface, corroborating the results from the antibody
neutralization experiments. Thus, adhesion of human DCs to
gastrointestinal epithelia does not appear to be driven by CD103-
E-cadherin interactions. Notably, we used high expression of
HLA-DR to detect DCs in human gastric tissue sections, since
no other more specific general DC marker has been identified for
human stomach (2, 28). In the murine gastric mucosa, CX3CR1*
CD103™ macrophages, and CD103~ DCs were able to sample
H. pylori bacteria, whereas bacterial uptake by CD103* DCs
could not be detected (25), which also does not support our
original hypothesis that CD103 positions gastric mononuclear
cells at the epithelial interface for luminal H. pylori uptake. Along
the same lines, an earlier report that investigated intraepithelial
DCs in murine small intestine, the spatial relationship of murine
intestinal DCs with the epithelium was not altered in CD103
knockout mice (59), whereas the number of IELs was significantly
reduced in these animals (60). Together, these observations
indicate that there are functional differences between T cell and
DC-expressed CD103.

Our adhesion experiments did show that antibody inhibition
of DC-expressed E-cadherin significantly suppressed DC binding
to HT-29 cells, suggesting a role for homotypic E-cadherin-E-
cadherin interactions. Thus, our results corroborate previous
studies that showed Langerhans cells and other DCs of the skin
and female genital tract interact with the epithelium through
E-cadherin-E-cadherin binding (47, 61, 62). Notably, although
homotypic E-cadherin interactions are calcium dependent,
it appears that calcium can be replaced by the bivalent
transitional elements manganese (Mn?*) and cadmium (Cd*t)
(63), which would explain the observed increase in adhesion
in the presence of Mn®*. The significant decrease in MoDC
HT-29 adhesion in the presence of EGTA is consistent with
either homotypic E-cadherin-E-cadherin interactions, which are
calcium-dependent (64), or heterotypic E-cadherin interactions
with oF integrin, which is activated by manganese (Mn?t)
(65). Since E-cadherin is widely expressed on mucosal epithelial
cells, it is a likely candidate for mediating the retention of
motile immune cells at the epithelial barrier, and additional
heterotypic E-cadherin ligands with expression on DCsincluding
killer cell lectin-like receptor G1 (KLRG1) have been identified
(22, 49, 66, 67). Surprisingly, MoDC adhesion to E-cadherin
negative AGS cells was significantly higher than adhesion to
HT-29 cells. These results suggest that DC adhesion to the
gastrointestinal epithelium may involve additional molecular
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interactions independent of CD103 or E-cadherin, such as
tight junction proteins (11, 68) and other integrins. Notably,
all myeloid cells including DCs express p2 integrin (CD18).
CD18 forms heterodimers with CD11la, CD11b, and CDl11c
(69) and contributes to cell-cell contact formation by binding
to intracellular adhesion molecules (ICAMs), which may be
expressed on gastric and intestinal epithelial cells (70, 71).
Notably, adhesion of DCs to epithelial cells via p2 integrins
would be consistent with our experimental observations that
showed increased binding in the presence of Mn?* and decreased
binding in the presence of EGTA. Whether P2 integrins are major
mediators of DC adhesion to the human gastric epithelium will
be a subject of future studies.

If the interactions between DC-expressed CD103 and
epithelial cells that we observed in human gastric tissue section
do not result in strong adhesion, one might question the
relevance of these interactions. However, engagement of CD103
by epithelial E-cadherin may lead to outside-in signaling
through the cytoplasmic portion of the integrin (72). Previous
studies have shown that in cytotoxic T cells, engagement
of E-cadherin by CDI103 triggers the phosphorylation of
PLCyl and ERK1/2 (73), and engagement of CD103 by
an anti-CD103 antibody can enhance T cell proliferation
(74). Therefore, interactions between DC CD103 and
epithelial E-cadherin could regulate certain DC functional
characteristics through the activation of intracellular signaling
cascades.

In summary, our study has provided novel insights in
the regulation and function of CD103 (E integrin) in
human DCs. We show that, like other integrins in motile
cells, CD103 undergoes endosomal trafficking, which
likely enables dynamic interactions between CDI103 and
its ligands. Our results also corroborate previous reports
(59) that CDI103 is not essential for the retention of DCs
at gastrointestinal epithelial sites. The mechanisms by
which CD103 on DCs in the human gastrointestinal tract
interact with epithelial cells may be more subtle than simple
adhesive interactions and requires further experimental
exploration.
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Staphylococcus aureus is a common Gram-positive bacteria that is a major cause
of human morbidity and mortality. The SaeR/S two-component sensory system of
S. aureus is important for virulence gene transcription and pathogenesis. However,
the influence of SaeR phosphorylation on virulence gene transcription is not clear.
To determine the importance of potential SaeR phosphorylation sites for S. aureus
virulence, we generated genomic alanine substitutions at conserved aspartic acid
residues in the receiver domain of the SaeR response regulator in clinically significant
S. aureus pulsed-field gel electrophoresis (PFGE) type USA300. Transcriptional analysis
demonstrated a dramatic reduction in the transcript abundance of various toxins,
adhesins, and immunomodulatory proteins for SaeR with an aspartic acid to alanine
substitution at residue 51. These findings comesponded to a significant decrease in
cytotoxicity against human erythrocytes and polymorphonuclear leukocytes, the ability
to block human myeloperoxidase activity, and pathogenesis during murine soft-tissue
infection. Analysis of SaeR sequences from over 8,000 draft S. aureus genomes
revealed that aspartic acid residue 51 is 100% conserved. Collectively, these results
demonstrate that aspartic acid residue 51 of SaeR is essential for S. aureus virulence
and underscore a conserved target for novel antimicrobial strategies that treat infection
caused by this pathogen.

P .. i
s, saeR/S, vir tv P y phil,

Y aphy
toxin, transcription

INTRODUCTION

Staphylococcus aureus (S. aureus) is a Gram-positive bacterium that can cause a wide range of
disease in both humans and animals (Nygaard et al., 2008). The diverse pathogenesis of S. aureus
can be attributed to the expression of an extensive array virulence factors that are often redundant
in function (Guerra et al., 2017). Expression of these virulence genes in vivo is thought to be
primarily dictated by the concerted influence of two-component sensory systems that recognize
environmental signals and alter gene expression accordingly. The S. aureus genome encodes 16
two-component systems that have been identified by sequence analysis (Cheung et al,, 2004). Of
these, the SaeR/S two-component system has been shown to be an important mediator of S. aureus
virulence by transcriptionally upregulating numerous adhesins, toxins, and immunomodulatory
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proteins that interact directly with host components to advance
pathogenesis (Giraudo et al, 1997; Goerke et al., 2001; Voyich
et al, 2009; Nygaard et al, 2010; Borgogna et al, 2018). The
mechanisms used by this two-component system to recognize
host-specific cues and alter gene transcription in response are not
completely understood.

Typical two-component systems are minimally composed
of a transmembrane histidine kinase sensor and cognate
intracellular response regulator (Groisman, 2016). Recognition
of environmental stimulus activates the histidine kinase sensor,
inducing autophosphorylation at a histidine residue on the
intracellular domain. This phosphate group is then transferred
to an aspartic acid residue within the receiver domain of
the cognate response regulator. In general, the phosphorylated
response regulator then binds to promoter regions within the
bacterial genome to mediate gene transcription and promote
survival. However, some response regulators such as RcsB from
Escherichia coli (Pannen et al, 2016) and SreR from Xanthomonas
campestris (Wang et al, 2014) can regulate gene transcription
without being phosphorylated. For the SaeR/S two-component
system, the need to artificially phosphorylate recombinant SaeR
for the in vifro DNA binding activity of this response regulator
has not been consistent between studies (Nygaard et al,, 2010;
Sun et al, 2010). It has also been suggested that different
levels of SaeR phosphorylation correspond to the upregulation
of distinct groups of SaeR/S regulated genes (Mainiero et al,
2010).

To clarify the importance of potential SaeR phosphorylation
sites for mediating S. aureus pathogenesis, we have generated
individual single amino acid substitutions at conserved aspartic
acid residues of SaeR in the genome of S. aureus PFGE-
type USA300. In this report, we assess the significance of
these residues for mediating the virulence of a clinically
relevant MRSA strain using both in vifro and in vivo
models of infection. Results from this study underscore the
importance of SaeR aspartic acid residue 51 for virulence
gene transcription and demonstrate that the substitution
of this single amino acid in the USA300 genome can
attenuate pathogenesis of this clinically significant MRSA
strain.

MATERIALS AND METHODS

Bacteria Strains and Culture Conditions
Staphylococcus aureus PFGE-type USA300 strain LAC has been
described previously (Diep et al., 2006) and the USA300 isogenic
deletion mutant of saeR/S (USA300AsaeR/S) was generated in
previous studies (Nygaard et al, 2010). Bacteria were cultured in
an Excella E24 rotary incubator (New Brunswick) at 250 rpm and
37°C. Unless noted otherwise, overnight bacteria cultures grown
in 20 mL of tryptic soy broth (TSB; EMD Millipore) were used
to start subcultures in 20 mL TSB containing 0.5% glucose (1:100
dilution). Optical density at 600 nm (ODjgqp ) was measured using
a NanoDrop 2000c Spectrophotometer (ThermoFisher Scientific)
and colony forming units (CFUs) were determined by plating
diluted samples on tryptic soy agar (TSA; EMD Millipore).
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DNA Sequence Alignment

DNA sequence alignment of SaeR homologs was performed
using Clustal Omega' with protein sequences obtained
from the NCBI protein data base using the following
accession numbers: ABD22784 for USA300, ATX72322
for USA400, EOR90509 for USA100, WP_076742615.1
for MT-0541, AAWS53763 for Staphylococcus epidermidis
RP62A, Q8CQ17 for Staphylococcus epidermidis 12228,
‘WP_049307325 for Staphylococcus capitis, WP_029378577
for Staphylococcus  xylosus, PCQ20359 for Klebsiella
pneumonia, NP_346930 for Clostridium acetobutylicum,
ACJ50526 for Escherichia coli, and NP_388082 for Bacillus
subtilis.

Generation of USA300 Genomic

Mutations

Allelic exchange with plasmid pKOR1 was used to impart
genomic mutations in USA300 as previously described (Bae
and Schneewind, 2006). All primers used to generate and
sequence USA300 mutants are listed in Supplementary Table S1.
Primers containing aftb sites were used to amplify staphylococcal
peroxidase inhibitor (sp#) and saeR from the USA300 genome
for BP Clonase II (ThermoFisher Scientific) mediated insertion
into pKORIL Spn-check-fwd and rvs primers were used to
verify the loss of spn. Site-directed mutagenesis was performed
on pKORI1-saeR using saeR-D46A, saeR-D51A, or saeR-D61A
primers and PfuUltra II Fusion HS DNA polymerase (Agilent
Technologies, Inc.) following the manufacture’s protocol and
as previously performed (Ran et al, 2010). The saePQRS
operon in generated saeR point mutants was PCR amplified
using saePQRS_fwd and rvs primers and sequenced (BigDye
Terminator v3.1 Cycle Sequencing Kit) using saeR-seq and
saePQRS-seq primers. PCR amplification was performed using
saeR-EcoRI-fwd and saeR-Xhol-rvs and cloned into pEPSAS
as previously described (Flack et al, 2014) to generate the
complementary plasmid that expresses wt SaeR, pEPSAS-
saeR.

Whole Genome Sequencing and saeR
Sequence Analysis

Wild-type USA300 and its SaeR mutants were subject to
whole genome sequencing. Briefly, genomic DNA was
extracted using a Wizard genomic DNA purification kit
(Promega, Madison, WI, United States) following by
treatment with 20 pg/ml lysostaphin. The DNA library
was sequenced on an Illumina NextSeq platform (Illumina,
San Diego, CA, United States) with 2 x 150 bp paired-
end reads. The reads were mapped against the published
NC_007793 (S. aureus USA300_FPR3757) genome using
BWA (Li and Durbin, 2009) and Samtools (Li et al, 2009),
and the SNPs and InDels were examined using freebayes’.
SNPs and InDels were further annotated using snpEff
(Cingolani et al,, 2012).

https//www.ebiac.uk/Tools/msa/clustalo/
*https//github.com/ekg/freebayes
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Blast analysis of the USA300 saeR (locus_tag
SAUSA300_0691) sequence against more than 8,000 §. aureus
draft genomes downloaded from the NCBI FTP site® (dated as
June 1, 2018) were extracted, translated into amino acids and
aligned using Geneious 11.1.

Relative Quantitative Real Time RT-PCR
Staphylococcus aureus transcription analysis using relative
quantitative real time RT-PCR was performed as previously
described (Voyich et al, 2005, 2009; Nygaard et al,, 2010). Briefly,
subcultured strains were harvested at mid-exponential (ME;
ODgop = 1.5) or early stationary (ES; OD gy = 3.0) growth phases,
mechanically disrupted using a FastPrep FP120 cell disrupter
(ThermoFisher Scientific), and RNA purified with an RNeasy
Kit (Qiagen). TagMan real-time RT-PCR was performed using
previously published primer and probe sets (Nygaard et al,
2010).

Hemolysis Assays

Heparinized venous blood from healthy donors was collected in
accordance with the protocol approved by the Institutional
Review Board for Human Subjects at Montana State
University. All donors provided written informed consent
to participate in the study. We adopted protocol described
by others (Young et al, 1986) to quantify hemolysis of
human blood by S. aureus extracellular proteins. Briefly,
freshly drawn human blood was washed three times with
10 times the volume of sterile DPBS then resuspended at
a final dilution of 1:200 with sterile DPBS. Sterile-filtered
(0.22 um) S. aureus supernatants from 6-h subcultures
grown in TSB were combined with washed diluted blood
in individual wells of a 96 well plate on ice at a ratio of 1:1.
TSB alone and TSB + 0.5% Triton X-100 were also used
as negative and positive controls for hemolysis. Samples
were then placed in a SpectraMax 190 microplate reader
(Molecular Devices) heated to 37°C and absorbance at
630 nm was measured after 6 min of incubation. Percent
hemolysis was determined using the following formula:
%Hemolysis = (Absorbance pyperiments -  Absorbance
TSBeontrol )/ (Absorbancetriton x — Absorbance 1sp.ontral) % 100.

Human Myeloperoxidase Activity Assays

To obtain extracellular proteins from USA300 strains,
supernatant from S. aureus sub-cultured for 5 h was
sterile-filtered (022 um) and stored at —80°C. For
human myeloperoxidase (MPO) activity assays, 0.5 ug of
recombinant human MPO (R&D Systems) in 50 ul of
DPBS was mixed with 50 ul of sterile-filtered S. aureus
supernatant for 30 min at room temperature. The MPO-
supernatant solution was then exposed to 150 ul of
3,3',5,5'-tetramethylbenzidine (TMB) substrate reagent set
(BD Biosciences) and incubated at 37°C. The oxidation of
TMB catalyzed by human MPO was quantified by measuring
the ODgso every minute for 30 min using a SpectraMax
Paradigm microplate reader (Molecular Devices). The

3httpy/ftp.ncbinih.gov
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MPO inhibitor sodium azide was used at a concentration
of 1 mM.

Human PMN Plasma Membrane Integrity
Assays

Human polymorphonuclear leukocytes (neutrophils or PMNs)
were isolated under endotoxin-free conditions (<25.0 pg/ml)
using freshly drawn heparinized venous blood from healthy
donors with written informed consent as previously described
(Voyich et al, 2005; Nygaard et al, 2013). Cell viability and
purity of preparations were assessed using a FACSCalibur
Flow cytometer (BD Biosciences) and only preparations
containing > 98% viable PMNs were used. Assays intoxicating
PMNs with extracellular S. aureus proteins were performed as
previously described (Nygaard et al, 2012; Flack et al, 2014).
Briefly, supernatant from S. aureus subcultured for 5 h in TSB
was sterile-filtered (0.22 um) and diluted by 1:10 with TSB. To
intoxicate PMNs, 20 ul of diluted S. aureus supernatant was
combined with 100 ul Roswell Park Memorial Institute (RPMI)
1640 Medium (Corning Cellgro) with 5 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES; Corning Cellgro)
containing 1x10° purified human PMNs in a serum coated
well of a 96 well plate. Samples were incubated at 37°C for
90 min then stained with propidium iodide (PI; ThermoFisher
Scientific) following the manufactures protocol and then
analyzed with a FACSCalibur Flow cytometer. Triton-X 100
(0.5%) was used as a positive control for causing PMN plasma
membrane permeability. The following formula was used to
determine % propidium iodide*: %Propidium Iodide™ = (Mean
PI signal geperimentar — Mean PI signal yntreatea)/(Mean PI
signalTriton—X — Mean PI signal ynureated)-

Assays measuring human PMN plasma membrane
permeability following the phagocytosis of live S. aureus
were performed as previously described (Voyich et al, 2009;
Nygaard et al., 2012; Flack et al, 2014). Briefly, subcultured
S. aureus was harvested at ME growth by centrifugation
(5,000 x g 5 min, 4°C), washed with DPBS, then opsonized
with 50% normal human serum for 15 min at 37°C. Opsonized
bacteria were washed with DPBS and then 2 x 107 CFU in 100
uL of DPBS was combined with 100 uL of RPMI/H containing
1 x 10° purified human PMNs in a serum coated well of 96 well
plate. Phagocytosis was synchronized by centrifugation (524 x g,
8°C, 8 min) in an Allegra X-15R centrifuge (Beckman Coulter)
and samples were incubated at 37°C for 90 min. Following
incubation, human PMNs were stained with PI and analyzed
using flow cytometry as described above.

Murine Model of Soft-Tissue Infection

All animal studies conformed to National Institute of Health
guidelines and were approved by the Animal Care and Use
Committee at Montana State University-Bozeman. Female
BALB/C mice (8-10 weeks old) with an average weight of 22 g
were purchased from Animal Resource Facility at Montana State
University (Bozeman, MT, United States). The murine model
of soft-tissue infection was performed as previously described
(Voyich et al,, 2006; Nygaard et al,, 2010; Malachowa et al.,, 2013).
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Briefly, 12-week-old BALB/C mice were shaved and hair
completely removed with Nair™ treatment. Two days later,
shaved mice (5 per group) were subcutaneously inoculated with
1 x 107 CFUs of S. aureus in 100 uL DPBS. Mice were weighed
and abscess size measured at indicated times post-inoculation.
The area of soft-tissue infections was determined using the
following formula as previously published (Malachowa et al,
2013): Area = w (Length/2) x Width/2.

RESULTS

The Generation of Point Mutations in the
USA300 Genome That Confer Aspartic
Acid to Alanine Substitutions Within the

Receiver Domain of SaeR

Analysis of the three-dimensional crystal structure of the two-
component response regulator PhoB of Escherichia coli (Sola
et al, 1999) indicates that the homologous S. aureus response
regulator SaeR is phosphorylated on a conserved aspartic acid
at residue 51 (Figure 1A). Aspartic acid residue 46 is also
highly conserved in the OmpR family of proteins, suggesting
this residue might be important for SaeR function. Analysis of

Impact of SasR D51A on MASA Virulence

the SaeR sequences extracted from over 8,000 draft S. aureus
genomes revealed that aspartic acid residue 51 is 100% conserved.
The biological significance of this conservation is heightened
by the identification of 50 unique SaeR protein sequences
identified from the draft genomes (Supplementary Figure
S1).

To determine if these aspartic acid residues in the receiver
domain of SaeR are important for S. aureus pathogenesis, we used
allelic recombination to induce substitutions of specific nucleic
acids within the S. aureus genome as previously described by
others (Bae and Schneewind, 2006; Villaruz et al., 2009; Mairpady
Shambat et al, 2016). Using this technique, we generated
USA300 strains with an aspartic acid to alanine substitution
at the conserved SaeR residue 51 (USA300AsaeR-D51A) or
the proximal conserved residue 46 (USA300AsaeR-D46A). In
addition, we generated an aspartic acid to alanine substitution
at the less maintained residue 61 of SaeR (USA300AsaeR-
D61A) to serve as a control for this study. Primary DNA
sequencing analysis and additional whole genome sequencing
analysis verified the targeted amino acid substitutions that were
generated in the three mutants and showed that there were
no additional SNPs or InDels when compared to the wild-type
strain. As with previously generated isogenic deletion mutants
of saeR/S in S. aureus (Voyich et al, 2009; Nygaard et al,, 2010),

A D46 D51 D61
% A, A v
5. aureus USA300 SaeR 39~ sLL MMPEVHGYDI > -72
S. aureus USA400 SaeR 39~ tssesscsressBintreirnntetnrnrntnes 72
$. aureus USAL00 Saek 39« wrnwrnvrnersBennrrasnnrrnnnnnanner 272
S. aureus NT-0541 SaeR 39~ N -2
S. epidernmidis RP62A SaeR 39~ K#eegeacReacTaenccsagestesegaspuQer 72
S. epidermidis ATCC 12228 SaeR 39- Kesegesseege Seesecegesppges -72
8. capitis SaeR 39~ R***SEPVeI =72
5. xylosus SaeR 39~ GF*DES**L*** -72
K. pneumoniae response regulator 39- HQ*NDT**L*I* -72
C. botulinum CheY 40~ EYCOR****IL*B****JID*FQVCQKIRDKVSC -73
E. coli PhoB 41- Q*NEPWPYLIL*EW*L*GGS*IQFIKHL®*ESNT -71
B, subtilis YbdK 39~ LSVIQKV*LVI *L*GED**QNSAKI*XLG*G -72
OmpR consensus 40~ AAREQ-PTLVL*BL*L*DLD*LELCRRLRAX*GS -73
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FIGURE 1 | The generation of USA300 genomic point mutations in specific aspartic acid residuss of saeR (A) DINA sequence alignment of sasf homologues from
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independent experiments.
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no differences during in vitro growth could be detected in
these SaeR point mutants relative to the parental USA300 strain
(Figures 1B,C).

Substitution of SaeR Aspartic Acid
Residue 51 With Alanine Substantially
Decreases the Transcript Abundance of
USAS00 Virulence Genes

The SaeR/S two-component system plays an essential role
during pathogenesis by upregulating S. aureus virulence gene
transcription (Giraudo et al., 1997; Goerke et al,, 2001; Voyich
et al, 2009; Nygaard et al, 2010). It is thought that this
process requires the activation of SaeR via phosphorylation at
an aspartic acid residue within the receiver domain of this
response regulator. Indeed, others have indicated that aspartic
acid residue 51 of SaeR is necessary for the transcription of
a-hemolysin (Hla) using an artificial plasmid overexpression
system in S. aureus strain Newman lacking wild-type saeR/S
(Mainiero et al., 2010). However, the transcription of saeR
that is under a positive feedback loop by the SaeR/S two-
component system was actually enhanced in the absence of
aspartic acid 51 while no difference in SaeR/S regulated coagulase
A transcription could be demonstrated (Mainiero et al, 2010).

Impact of SasR D51A on MASA Virulence

This study suggested that different levels of SaeR phosphorylation
corresponds to the up-regulation of specific sets of virulence
genes, prompting us to also examine the influence of the highly
conserved SaeR aspartic acid residue 46 and partially conserved
aspartic acid residue 61 on SaeR/S-mediated virulence gene
transcription.

To resolve the importance of these SaeR aspartic acid
residues for virulence gene expression in clinically relevant
MRSA, we examined the transcript abundance of numerous
adhesins, toxins, and immunomodulatory proteins in the
USA300 aspartic acid point mutant strains using relative
quantitative real time RT-PCR (Figure 2). Compared to USA300,
we observed substantial decreases in the abundance of transcripts
encoding various adhesins, toxins, and immunomodulatory
proteins in a USA300 isogenic deletion mutant of saeR/S
(USA300AsaeR/S) relative to the USA300 wt (Figures 2A,B).
The virulence gene transcription profile for USA300AsaeR-
D51A was almost identical to that of USA300AseeR/S. In
contrast, the transcript abundance of virulence genes in
USA300AsaeR-D46A and USA300 AsaeR-D61A was comparable
to the USA300A parental wt (Figures 2A,B). Reintroduction of
wild-type SaeR to USA300AsaeR-D51A rescued defects in gene
transcription (Supplementary Figure $2), supporting results
indicating aspartic acid residue 51 of SaeR is required for
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FIGURE 2 | Aspartic acid residus 51 of Sa=R is mportant for the transcription of numerous virulenca genes in USAZ00. Tagman® RT-PCR analysis of USA300, an
isogenic deletion mutant of s2ef/S in USA300 (USA300A s2efA/S), and USAZD0 genomic point mutants that confer aspartic acid to alanine substitutions at SaeR
reeidue 46 (AD4BA), 51 (ADS1A), or 61 (ADE1A) during growth in vitro. Transcriptional analysis was performed at (A) mid-exponential growth for nuclease (nuc), the
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the upregulation of virulence gene expression by this response
regulator.

Aspartic Acid Residue 51 of SaeR Is
Essential for the SaeR/S Mediated
Hemolysis of Human Erythrocytes by
USA300

Staphylococcus aureus expresses numerous hemolysins under
direct transcriptional regulation by the SaeR/S two-component
system (Voyich et al, 2009; Nygaard et al, 2010) that lyse
mammalian erythrocytes including Hla, Hlb, and HIgA/B
(Salgado-Pabén et al,, 2014; Spaan et al, 2015). Real time
RT-PCR analysis indicated aspartic acid residue 51 of SaeR
is essential for the transcriptional upregulation of these
hemolysins (Figure 2). To determine the importance of this
putative SaeR phosphorylation site for hemolysis caused by
S. aureus, we first qualitatively assessed the ability of USA300,
USA300AsaeR/S, USA300AsaeR-D46A, USA300AsaeR-D514,
and USA300AsaeR-D61A to lyse human red blood cells during
growth on agar (Figure 3A). The zone of hemolysis generated
by USA300AsaeR/S on agar was decreased relative to USA300

Impact of SasR D51A on MASA Virulence

(Figure 3A), corresponding to observations in this study
(Figure 2) and in previously published reports (Voyich et al,
2009; Nygaard et al, 2010) that demonstrate a decrease in
transcript abundance of various S. aureus hemolysins when
this two-component system is absent. A reduced hemolysis of
human erythrocytes during growth on agar of USA300AsaeR-
D51A paralleled that of USA300AsaeR/S, supporting the notion
that aspartic acid residue 51 is essential for SaeR/S activity. In
contrast, the zone of hemolysis for USA300AsaeR-D46A and
USA300AsaeR-D61 A was indistinguishable from that caused by
USA300.

To quantify the hemolysis caused by aspartic acid point
mutants of SaeR, we measured the turbidity of human
erythrocytes in solution after being combined with extracellular
proteins produced by these strains. Corresponding to hemolysis
during growth on agar, significantly less human red blood cells
were lysed by filtered supernatants from USA300AsaeR/S or
USA300AsaeR-D51A relative to the USA300 parental strain
(Figure 3B). In addition, extracellular proteins produced by
USA300AsaeR-D46A generated significantly less hemolysis than
USA300. In support of these findings, the reintroduction of
wild-type SaeR to USA300 AsaeR-D46 A or USA300 AsaeR-D51A
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FIGURE 3 | Aspertic acid residuse 46 and 51 of SasR are important for the hemolysis of human erythrocytes by USAZ00. (A) Zons of hemolysis caused by USA300,
an isogenic deletion mutant of saeA/S in USA300 (USA300AsseR/S), or USAZ00 expressing SasR with aspartic acid to alanine substitutions st residus 46 (AD46A),
51 (ADS1A), or 61 (A DE1A) during growth on agar containing 2.5% human red blood cells. (B) Percent hemolysis of human red blood cells in solution expoesd to

6 h supematants from USAZ00, USA300As2eR/S, AD4BA, AD5S1A, ADS1A or AD4BA and AD51A complemented with a plasmid expressing wt SaeR
(AD48A+Comp or ADS1A+comp, respectively). All panels represent at least 3 saparate experiments. Panels (B,C) show the mean £+ SEM with **P < 0.01 and
#4320 < 0,0001 relative to USA300 as datermined by ons-way ANCVA with Dunnett's multiple comparison test.
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rescued the hemolytic activity of supernatants from these strains
to levels observed for USA300. Taken together, these findings
show that aspartic acid residue 51 of SaeR is necessary for causing
the hemolysis of human erythrocytes that is facilitated by the
SaeR/S two-component system. In addition, SaeR aspartic acid
residue 46 appears to play a significant but less important role
than residue 51 mediating hemolysis caused by USA300.

Inhibition of Human MPO Activity by
USA300 Extracellular Proteins Requires
Aspartic Acid Residue 51 of SaeR

Recently published findings demonstrate that S. awureus
prevents the generation of reactive oxygen species by human
polymorphonuclear leukocytes (neutrophils or PMNs) via SPIN,
a protein under strong SaeR/S regulation that binds directly to
the active site of human MPO and inhibits peroxidase activity

A

Impact of SasR D51A on MASA Virulence

of this enzyme (Guerra et al, 2016; de Jong et al, 2017). To
determine if the putative phosphorylation site at aspartic acid
residue 51 of SaeR is required for the inhibition of MPO activity
by USA300, we assessed the activity of human MPO in the
presence of extracellular proteins produced by USA300, an
isogenic deletion mutant of SPIN in USA300 (USA300Aspn),
USA300AsaeR/S,  USA300AsaeR-D46A,  USA300AsaeR-
D51A, and USA300AsaeR-D61A (Figure 4). Congruent
with previously published findings (de Jong et al, 2017), a
strong inhibition of human MPO activity was observed in the
presence of the MPO inhibitor azide or extracellular proteins
produced by USA300 but not extracellular proteins produced
by USA300AsaeR/S or by USA300Aspn (Figures 4A,B). As
with USA300AsaeR/S and USA300Aspn, extracellular proteins
produced by USA300AsaeR-D51A did not inhibit human MPO
activity (Figures 4A,B). Reintroduction of wild-type SaeR to
USA300AsaeR-D51A rescued the inhibition of human MPO
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FIGURE 4 | Aspartic acid residue 51 of SaeR is essential for the inhibition of human myeloperaxidase activity by USA300. (A) Human myeloperoxidase (MPO)

d by USA300, an isogenic deletion mutant of saeR/S in USA300 (AsaeR/S), or an aspartic acid to alanine

subetitution at residus 51 of SasR in USA300 (AD51A) as maasured by absorbanca at 850 nm following exposure to 3,3 5 & -Tetramethylbenzidine (TMB) and

hydrogen parcxids. (B) The activity of human MPO in the pressnce of extracelular proteins producad by USA300, A sss/S, an iscgenic deletion mutant of SFIN in
USAZ00 (Aspn), ADS1A, or USA300 with an aspartic acid to alanine substitution at reeidus 46 (AD4BA) or 61 (ADE1A) of SaeR. Peroxidase activity in the presence
of the MPO inhibitor sodium azide (Azide) or samples lacking MPO (no MPO) were inchuded as negative controls. (C) Experiments in panel (B) wers repeated using a
D51A point mutant of saef complemented with a plasmid expressing wt SasR (AD51A+comp). All pansle show the mean & SEM of at least thres independent
experiments. For pansls (B,C), absorbance is shown at 20 minwith *4*P < 0.001 and ****F < 00001 relative to IISA300 as determined by one-way ANOVA with
Dunnett's multiple comparisons teat.
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activity by extracellular proteins produced from this strain
(Figure 4C). In contrast, supernatant from USA300 AsaeR-D46A
and USA300 AsaeR-D61A blocked the activity of human MPO.

Human PMN Plasma Membrane
Permeability Caused by USA300
Requires Aspartic Acid at Residue 51 of

SaeR

Previous studies have demonstrated that the SaeR/S two-
component system upregulates S. aureus toxins that target
human PMNs (Gauduchon et al, 2001; Voyich et al, 2009;
Nygaard et al, 2010; Ventura et al, 2010; DuMont et al,
2011; Malachowa et al., 2011). To assess the importance of
aspartic acid residues within the receiver domain of SaeR
for mediating toxicity against PMNs, we first examined the
ability of extracellular proteins produced by D46A, D51A, and
D61A point mutants of SaeR to cause human PMN plasma
membrane permeability as measured by propidium iodide
staining (Figure 5A). No plasma membrane permeability
was observed for PMNs exposed to extracellular proteins
produced by USA300AsaeR-D51A, indicating aspartic acid
residue 51 of SaeR is necessary for the toxicity of USA300
against human PMNs. A significant reduction in PMN plasma
membrane permeability was also observed for extracellular
proteins produced by USA300AsaeR-D46A, though this
difference was less than that observed for USA300AsaeR-
D51A. In support of these findings, complementation of
USA300AsaeR-D46A, or USA300AsaeR-D51A with wild-type
SaeR rescued the Iytic capacity of extracellular proteins produced
by these strains against human PMNs. Corresponding to the
toxicity of extracellular proteins produced by these strains,
significantly less PMN plasma membrane permeability was
observed following phagocytosis of live USA300AsaeR/S,
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USA300AsaeR-D51A, and USA300AsaeR-D46A relative to
USA300 (Figure 5B). These results demonstrate that SaeR
aspartic acid residue 51 and, to a lesser extent, aspartic acid
residue 46 are important for activity of this two-component
system.

Aspartic Acid Residue 51 of SaeR Is
Essential for the Pathogenesis of
USA300 During Murine Soft-Tissue

Infections

Previously published findings demonstrate the upregulation
of virulence gene transcription in vivo by the SaeR/S two-
component system is essential for the pathogenesis of S. aureus
during both systemic and localized infection (Voyich et al,
2009; Nygaard et al, 2010). Transcriptional analysis of
USA300AsaeR-D51A in this report (Figure 2) indicates
aspartic acid residue 51 of SaeR is required for upregulating
S. awreus virulence gene transcription mediated by SaeR/S
in vitro. To determine if potential SaeR phosphorylation
sites are important for pathogenesis in vivo, we assessed the
virulence of USA300, USA300AsaeR/S, USA300AsaeR-D46A,
USA300AsaeR-D51A, and USA300AsaeR-D61A during a
murine model of soft-tissue infection (Figure 6). In a manner
indistinguishable from USA300AsaeR/S, soft-tissue infections
caused by USA300AsaeR-D51A were significantly smaller
than infections caused by USA300 (Figure 6A) and did not
exhibit the open dermonecrotic lesions characteristic of USA300
pathogenesis (Figure 6B) that is attributed to the high expression
of Hla by this strain (Kennedy et al, 2010). In addition, a
significant decrease in the weight of mice following infection
with USA300 was not observed following inoculation with
USA300AsaeR/S or USA300AsaeR-D51A (Figure 6C). These
findings could not be explained by differences in inoculum

% Propidium lodide* ®

FIGURE 5 | Human PMN plasma membrane parmeabiity caused by USA300 s sigrificantly influenced by aspartic acid reeiduse 46 and 51 of SaeR. (A) Flow
cytometry was used to assess the percentage of purified human PMNs parmesable to propidium icdide 90 min after expoeurs to 5 h supematants from USAZ00, an
isogenic deletion mutant of seef/S in USA300 (USA300A2es/S), or USA300 expressing SaeR with aspartic acid to danine substitutions at residus 46 (AD4BA), 51
(ADS1A), 61 (ADS1A), and AD4BA or AD51A complemented with plasmids expressing wt SeeR (A D46A+Comp or AD51A+comp, respectively). (B) The
percantage of propidium lodide positive human PMNs 90 min after the phagocytosis of live Staphylococcus aursus at a ratio of 20 colony forming units par PMN.
For thees expariments, PMNs wers also treated with tryptic soy broth (TSB) alone or TSB with 0.5% Triton X-100 (Triton-X). All panels show the mean + SEM of at
least 5 independent experiments. ***P < 0.001 and ****P < 0.0001 relative to LSA300 as determined by one-way ANOVA with Dunnstt's multiple comparison test.
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concentration given to mice for each S. aurews strain tested
(Figure 6D). As opposed to USA300 AsaeR-D51A, no differences
could be distinguished between soft-tissue infections caused
by USA300AsaeR-D46A or USA300AsaeR-D61A relative
to USA300 (Figures 6A-C). These results demonstrate that
USA300 pathogenesis during murine soft-tissue infection
is dependent upon aspartic acid residue 51 of SaeR while
aspartic acid residues 46 and 61 are not essential for causing
disease.

DISCUSSION

Bacterial pathogens must recognize environmental cues and
respond appropriately to cause disease. For S. aureus, the
SaeR/S two-component system plays an important role during
pathogenesis by sensing host-specific signals and up-regulating
virulence gene expression in response (Geiger et al., 2008; Zurek
et al., 2014). In this report, we show that the substitution of the
putative SaeR phosphorylation site at aspartic acid residue 51
completely ameliorates SaeR/S-mediated virulence. Specifically,
we observed a dramatic decrease in the transcript abundance of
various hemolysins and leukocidins in USA300 lacking aspartic
acid residue 51 of SaeR. These findings correspond to a decrease
in the ability of this strain to Iyse human erythrocytes and PMNs.
SaeR aspartic acid residue 51 was also shown to be important
for the transcription of the human MPO inhibitor SPIN and
USA300 lacking SaeR aspartic acid residue 51 did not inhibit
human MPO activity. Moreover, we show that the virulence
of USA300AsqeR-D51A during murine models of soft-tissue
infection paralleled the transcript abundance of Hla in this strain,
consistent with previous findings demonstrating this toxin is a
major S. aureus virulence determinant in this model (Kennedy
et al, 2010). Collectively, these findings indicate that SaeR residue
51 is essential for S. aqureus evasion of innate immunity and
support other studies that suggest only phosphorylated SaeR has
DNA binding activity (Sun et al,, 2010).

We also observed a more subtle decrease in the toxicity of
USA300 against human erythrocytes and PMNs in the absence
of the conserved aspartic acid residue 46 of SaeR. It is not
clear if substitution of this residue simply perturbs the receiver
domain structure of SaeR to diminish activity or if aspartic acid
residue 46 plays a more direct role in the phosphorylation state
of this response regulator. Regardless, a reduction in the lytic
capacity of USA300 AsaeR-D46 A suggests this conserved residue
also influences SaeR function and will be further examined in
future studies.

This study demonstrates that the substitution of a single
amino acid residue in the SaeR response regulator of USA300
renders this highly pathogenic strain avirulent, highlighting
the critical importance of two-component sensory systems
for bacterial pathogenesis. Indeed, others have shown that
point mutations in the dimerization interface of the histidine
kinase sensor AgrC (Mairpady Shambat et al, 2016) or in
the P2 promoter region of the Agr two-component system
(Villaruz et al, 2009) have a profound effect on the lytic
capacity and colonization potential of S. aureus while a point
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#44P < 0,001 and ****P < 00001 relative to LSA300 as determined by
ore-way ANOVA with Dunnetts mutiple comparison teat.

mutation in the histidine kinase sensor LiaS of Streptococcus
pyogenes contributes to the carrier phenotype of this bacterium
(Flores et al, 2017). Interestingly, no natural mutations of
aspartic acid residue 51 could be identified in over 8,000
S. aureus genomes, suggesting this putative phosphorylation
site is imperative for the fitness of this pathogen. Taken
together, these studies indicate that novel therapeutic strategies
that inhibit the activation of this highly conserved response
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regulator would impede the expression of multiple virulence
factors and effectively block different aspects of pathogenesis
resulting in clearance of S. aureusby innate immune mechanisms.
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Staphylococcus aureus (S. aureus) causes a range of diseases ranging from
superficial skin and soft-tissue infections to invasive and life-threatening conditions
(Klevens et al., 2007; Kobayashi et al., 2015). S. aureus utilizes the Sae sensory system
to adapt to neutrophil challenge. Although the roles of the SaeR response regulator
and its cognate sensor kinase SaeS have been demonstrated to be critical for surviving
neutrophil interaction and for causing infection, the roles for the accessory proteins SaeP
and SaeQ remain incompletely defined. To characterize the functional role of these
proteins during innate immune interaction, we generated isogenic deletion mutants
lacking these accessory genes in USA300 (USA300AsaseP and USA300As&eQ).
S. aureus survival was increased following phagocytosis of USA300AsaeP compared
to USAS300 by neutrophils. Additionally, secreted extracellular proteins produced by
USA300AsaeP cells caused significantly more plasma membrane damage to human
neutrophils than extracellular proteins produced by USA300 cells. Deletion of saeQ
resulted in a similar phenotype, but effects did not reach significance during neutrophil
interaction. The enhanced cytotoxicity of USA300 AsaeP cells toward human neutrophils
correlated with an increased expression of bi-component leukocidins known to target
these immune cells. A saeP and saeQ double mutant (USA300AsaePQ) showed a
significant increase in survival following neutrophil phagocytosis that was comparable to
the USA300A saeP single mutant and increased the virulence of USA300 during murine
bacteremia. These data provide evidence that SaeP modulates the Sae-mediated
response of S. aureus against human neutrophils and suggest that saeP and saeQ
together impact pathogenesis in vivo.

Y sae, Staphyi

aureus, neutrophil, gene regulation, virulence
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INTRODUCTION

Staphylococcus aureus (S. aureus) is a highly-adaptable pathogen
able to infect various tissues. Common manifestations of
S. aureus infections range from mild skin and soft-tissue
infections to invasive disease. Additionally, this pathogen
has gained resistance against many anti-microbial drugs,
leaving healthcare providers with few options for the
treatment of infections (Chambers, 2001; Chambers and
Deleo, 2009). In the past, antimicrobial-resistant S. aureus
infections were mostly associated with a recent hospital
stay, but the rise in community-associated infections has
steadily increased since the late 1990s (Chambers, 2001;
King et al., 2006). Drug-resistance combined with the lack of
understanding of protective immunity to S. aureus has delayed
the development of new therapeutics to treat this ubiquitous
opportunistic pathogen.

The human neutrophil is essential for resolution of
S. aureus infections, as individuals suffering from defects in
neutrophil function are more susceptible to S. aureus infection
(Lekstrom-Himes and Gallin, 2000). S. aureus has evolved
many mechanisms to circumvent killing by these potent
innate immune cells. The production of secreted virulence
factors during pathogenesis is primarily controlled by the
combined influence of two-component systems (TCSs) that
sense the host environment and respond accordingly. Of
these, the Sae TCS has been shown to be essential for evasion
of human neutrophil killing (Voyich et al, 2009; Guerra
et al, 2016). SaeR/S is immediately up-regulated following
neutrophil phagocytosis and the histidine kinase, SaeS, is
thought to specifically recognize neutrophil components
(Voyich et al, 2005, 2009; Geiger et al., 2008; Mainiero et al.,
2010; Cho et al, 2015; Zurek et al, 2015). The response
regulator, SaeR, is activated following phosphorylation by
SaeS and subsequently alters gene transcription by directly
binding to a specific recognition sequence in the promoter
region of numerous virulence genes including nuc and the
bi-component leukotoxins ukF (PVL), lukGH (lukAB), and
higBC that target human neutrophils (Nygaard et al, 2010;
Olson et al, 2013; Liu et al, 2016). The upregulation of
these genes facilitates S. aureus survival following neutrophil
phagocytosis (Voyich et al,, 2009; Flack et al, 2014). However,
the sae locus also includes two accessory genes, s@eP and
saeQ, whose gene products are not entirely understood
Previously published in vifro studies suggest these proteins
form a complex with SaeS that deactivates SaeR (Jeong et al,
2012). It has also been shown that increased expression of
saeP impacts biofilm formation by increasing retention of high
molecular weight DNA on the biofilm surface (Kavanaugh
et al, 2019). The same study also demonstrated increases in
saeP gene expression correlated with decreases in nuclease
activity during biofilm development (Kavanaugh et al,
2019). Considering the importance of Sae during neutrophil
interactions, we investigated the importance of saeP and
saeQ during challenge with human neutrophils and in vivo
using murine models of invasive disease and skin and soft-
tissue infection. For these studies, we used S. aureus strain
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LAC, a USA300 isolate, as USA300 is the dominant clone
causing community-associated methicillin resistant S. aureus
(CA-MRSA) disease in the United States (David and Daum,
2010). Results demonstrate that deletion of seeP increased
S. aureus cytotoxicity against neutrophils ex vivo. Moreover,
the deletion of both saeP and saeQ markedly increased both
nuclease expression in kidneys and overall mortality following
intravenous infection.

RESULTS

Generation of USA300 Isogenic Mutants
Deficient in Either saeP or saeQ

The Sae TCS is composed of four genes: saeP, saeQ, saeR,
and saeS (Figure 1A). Although saeS and saeR, encoding
the sensory kinase and response regulator respectively, have
been demonstrated to be essential in S. aureus virulence and
pathogenesis (Voyich et al., 2009; Nygaard et al., 2010, 2018; Flack
et al, 2014; Liu et al, 2015, 2016 Zurek et al, 2015; Guerra
et al, 2016), surprisingly little research has been performed
on the two accessory genes of the Sae system, saeP and saeQ.
Published data indicate that saeP encodes a lipoprotein anchored
to the exterior surface of the plasma membrane, whereas
saeQ encodes a transmembrane protein (Jeong et al, 201
Kavanaugh et al., 2019). To investigate the roles of these genes,
we utilized a saeP deletion mutant (USA300AsaeP) generated
previously in Kavanaugh et al. (2019), and deleted the first third
of saeQ (164 bp) in USA300 LAC using allelic replacement
to create an isogenic saeQ deletion mutant (USA300AsaeQ)
that preserves the P3 promoter (Bae and Schneewind, 2006;
Jeong et al, 2011). Absence of saeP and saeQ genes were
verified by PCR (Figure 1A). Importantly, deletion of saeP
or saeQ did not substantially impact seeR and saeS gene
expression. TagMan® real-time RT-PCR analyses indicated a
slight increase in saeR transcript levels in the USA300AsaeP
mutant at both mid-exponential (ME) and early stationary
(ES) phases of growth relative to USA300. This trend was
also established for the expression of saeS in USA300AsaeP
at ME phase. Expression of saeR and saeS were essentially
unchanged in USA300AsaeQ relative to USA300 at ME but
were decreased during ES (Figure 1B). Basal expression from
the P3 promoter is likely unaffected by deletion of saeQ since
the deletion ends 108 base pairs upstream of the P3 promoter
(Jeong et al., 2011) and ME expression is similar to USA300.
When the Sae TCS is activated, transcription from the P1
promoter increases (Novick and Jiang, 2003; Steinhuber et al,
2003). Therefore, when the system activates in ES (Flack et al,
2014), mRNA transcripts containing the saeQ deletion may
have reduced stability since the mRNA secondary structure has
recently been shown to be important (Marincola and Wolz,
2017). Nevertheless, this is not expected to affect the activation
of SaeR/S target genes, as overexpression of saeRS does not alter
the expression profile of the Sae-regulon (Mainiero et al,, 2010;
Liu et al, 2016). Additionally, USA300 AsaeP and USA300AsaeQ
strains showed no significant growth defects compared to
USA300 (Figure 1C).
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FIGURE 1 | Generation of an izogenic 2eQ mutant. (A) (Abowe) Schematic of the four genes of the sae locus. Bent armows indicate tranecriptional start sites
describad in Novick and Jiang (2003), Steinhuber &t al. (2003), and Jeong et . (2011). Below) Results of agarose gel electrophoresis showing USA300 mutants
lacking ssaP (from Kavanaugh et al,, 2019), saeQ), and respective complementad strains. Letters at the bottom of the gel indicate the sae gene targeted by PCR
analysis. Primer sequences are included in Table 1. (B) TeagMan® RT-PCR analysis of 22eS and saeff transcript levels in USA300A ssef and USAZ00AssaQ relative
to USA300 at mid-exponential phase (ME) and early stationary phass (ES). Transcript levels in samples were analyzed in triplicate and resuits are from two
indepandant experiments. (C) in vitro growth of USAZ00, USA300AsseR, USA300As520, and USA300A=2eP0RS (Flack et &, 2014) measured by optical density
&t 800 nm (ODena) (eft) and colony forming units (CFUS) (right). Timepoints are indicated by the brackst on the COexo plot. Amows indicate time points for RNA
harvest (used in B). Data are presantad as the mean + SEM of ssven independent experiments. n.d., not detectad,

Deletion of saeP Increases Bacterial
Survival Following Neutrophil
Phagocytosis

SaeS has been shown to be activated by neutrophil phagocytosis
and associated components including alpha-defensin and
hydrogen peroxide (Voyich et al, 2005; Geiger et al, 2008;
Zurek et al, 2014). Moreover, deletion of saeR/S has been
shown to significantly decrease S. aureus survival and cytolytic
capacity following neutrophil phagocytosis (Voyich et al,
2009; Flack et al, 2014). However, nothing is known about
how SaeP and SaeQ contribute to staphylococcal neutrophil
evasion. To determine the role of these accessory proteins during
interaction with human neutrophils, we initially evaluated
phagocytosis and killing of USA300AsaeP, USA300AsaeQ,
USA300A saePQRS (Flack et al,, 2014), or USA300. Importantly,
there were no significant differences in the uptake of these
strains by human neutrophils (Figures 2A,B), consistent with
previous observations using AsaeR/S strains that have shown
the SaeR/S system has no significant impact on neutrophil
phagocytosis (Voyich et al,, 2009; Guerra et al,, 2016). Next, we
assessed S. aureus survival after neutrophil phagocytosis. After
30 min, we measured very modest increases in the survival of the
saeP and saeQ mutant strains relative to the parental wild-type

Frontiers in Microbidlogy | www.frontiersin.org

strain. However, deletion of saeP significantly increased bacterial
survival compared to USA300 5-h after phagocytosis. There was
also a noticeable although not statistically significant increase
in survival of USA300AseeQ compared to USA300 at 5 h
post-neutrophil exposure. We measured a significant reduction
in survival of USA300AsaePQRS strain at both timepoints,
confirming the importance of saeR/S for S. aureus survival
following neutrophil phagocytosis as previously observed
(Voyich et al., 2009; Figure 2C).

Deletion of saeP Increases Production of
Neutrophil Cytolytic Factors

SaeR/S up-regulates the transcription of numerous secreted
virulence factors including the bi-component leukotoxins
LukG/H, PVL, and HIgB/C that specifically target and disrupt
the neutrophil plasma membrane (Voyich et al, 2009; Nygaard
et al,, 2010; Sun et al, 2010; Ventura et al, 2010; Flack et al.,
2014; Zurek et al,, 2014). Since USA300 AsaeP cells demonstrated
increased survival following phagocytosis, we hypothesized
that saeP might influence the production of secreted cytolytic
factors (ie, ability to permeabilize neutrophils). Indeed,
neutrophils exposed to filtered supernatants taken from ES
cultures of the USA300AsaeP mutant exhibited significantly

Apnil 2020 | Volume 11 | Article 581
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presented as the mean & SEM of five independent expariments. *F < 0.06, ***F < 00001 using one-way ANOVA with Tukeys poet-teet. ctl, neutrophi-anly contral.

ns, not signiicant.

more plasma membrane damage than neutrophils exposed to
supernatants taken from cultures of USA300 as determined
by propidium iodide uptake (Figure 2D). Supernatants
from USA300AsaeQ showed no significant differences in
cytolytic activity compared with USA300. Confirming previous
observations with AsaeR/S strains, neutrophils exposed to
the supernatants from USA300AsaePQRS cultures showed
significantly reduced plasma membrane damage compared to
results from exposure to culture supernatants from all other
S. aureus strains tested and similar to that of neutrophils not
exposed to S. aureus supernatants (Voyich et al, 2009; Flack
et al, 2014). USA300AsaeP complemented with seeP in trans
reduced the cytotoxicity of this strain to levels that paralleled
USA300 (Supplementary Figure S1A).

Deletion of saeP Increases Transcript

Abundance of Several Leukotoxins
The SaeR/S system is essential for transcriptional regulation
of virulence factors known to impact neutrophil function

Frontiers in Microbidlogy | www.frontiersin.org

(Voyich et al, 2009; Mainiero et al., 2010; Nygaard et al,
2010; Flack et al, 2014; Zurek et al, 2014; Guerra et al,
2016). Since the USA300AsaeP strain demonstrated increased
survival following phagocytosis by neutrophils, and supernatants
from USA300AsaeP had increased cytolytic activity toward
neutrophils, we profiled the transcript abundance of select
SaeR/S-regulated virulence factors known to impact neutrophil
viability. During mid-exponential phase (ME) we measured
subtle increases in JukG transcript abundance in both
USA300AsaeP and USA300AsaeQQ mutant strains, as well
as a subtle increase in lukF-PVL transcript abundance levels
in USA300AsaeP (Figure 3A). Importantly, we measured
more pronounced increases in lukG, IukF-PV, higA, higB,
and hlgC transcript abundance in USA300AsaeP relative
to USA300 during early stationary (ES) phase. Transcript
abundance of all select virulence genes was reduced in the
USA300AsaePQRS mutant in accordance with previous
observations examining the influence of Sae on virulence gene
transcription (Voyich et al, 2009; Nygaard et al, 2010; Flack
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and Methods. Data shown are amounts relative to USA300 and presanted as the

mean £ SEM of three independent experimants. *F < 0.06 Ona-Way ANOVA with Tukey’s post-teet. n.d., not detected.

et al,, 2014; Zurek et al., 2014). Expression of saeP in trans in
the USA300AsaeP strain reduced transcript abundance and
cytotoxicity to levels at or below those measured in USA300
(Supplementary Figures S1B,C).

Supporting transcript analysis of lukF-PV, secreted PVL in
overnight culture supernatants was significantly increased in
the USA300AsaeP strain compared to USA300 (Figure 3B).
As anticipated, PVL was essentially undetectable in culture
supernatants from the AsqePQRS mutant, demonstrating a
strong dependency on Sae for production of PVL (Figure 3B).

Deletion of saeQ Attenuates Mortality in
Mice Following Intravenous Infection

To investigate the individual roles of saeP and saeQ during
staphylococcal disease, we used a well-established model of acute
bacteremia (Voyich et al, 2009; Nygaard et al, 2010). Mice
(groups of 10) were infected intravenously with 1 x 107 CFUs
of either S. aureus USA300, USA300AsaeP, USA300AsaeQ, or
USA300 AsaePQRS. Consistent with previous studies (Nygaard
etal., 2010), ~65% of the mice infected with USA300 died within
48 h, and on average fewer than 10% of the mice survived 72 h
post-infection. Although there were no significant differences in
the mortality of mice challenged with USA300AsaeP compared
with USA300, nearly all mice infected with USA300AsaeQ
survived 72 h post-infection (Figure 4). All mice challenged with
AsaePQRS survived, congruent with previous studies (Voyich
et al,, 2009; Nygaard et al, 2010) and demonstrating the critical
role ofthe Sae system following bloodstream infection (Figure 4).
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1 x 107 CFU of the indicated S. sureus straine. Survival curves are from two
independent experiments ****F <« 00001, log-rank (Mantel-Cox) test.

SaeR/S is also critical for S. aureus pathogenesis during
murine skin and soft-tissue infection (SSTI) (Voyich et al., 2009;
Nygaard et al, 2010, 2018). To investigate the importance of
SaeP and SaeQ in SSTI, BALB/c and C57BL/6 mice were infected
subcutaneously with 1 x 107 CFUs of either USA300 or our
isogenic mutants, and abscess area was monitored for 10 days.
While we measured a significant decrease in the abscess area
of mice infected with the USA300A saePQRS mutant compared
to USA300, we detected no significant differences in abscess
size or incidence of dermonecrosis when either saeP or saeQ
were deleted (Supplementary Figures S2A,B). Taken together,
although Sae TCS activity is required for full virulence in both
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bacteremia and SSTI, our data indicate SaeP and SaeQ are
dispensable during SSTI, but SaeQ appears to be important
during bacteremia.

USA300AsaePQ Mimics the

USA300AsaeP Phenotype During
Neutrophil Interaction, but Significantly
Increases Mortality Following

Intravenous Infection in Mice

Due to our observations that USA300AsaeP demonstrates
increased ability to survive neutrophil phagocytosis and that
USA300A saeQ had increased (although not significant) survival
following neutrophil phagocytosis, we wondered whether a
double mutant deficient in both saeP and saeQ might exhibit an
enhanced phenotype in the aforementioned neutrophil assays. To
test this, we first deleted the entire sae locus in LAC using allelic
exchange and then introduced saeRS driven by their native P3
promoter into the chromosome at the geh locus using the single
copy integration plasmid pCL55 (Liu et al, 2015). The resulting
strain (hereafter referred to as USA300 AsaePQ) exhibited
reduced expression of saeR/S during exponential growth in vitro
(Supplementary Figures S3A,B). This could be due to the
absence of transcriptional readthrough from the stronger P1
promoter. Regardless, the USA300 AseePQ double mutant
is still capable of inducing SaeR/S-mediated virulence gene

sasf Impacts S, aureus Virukencs

expression in response to human neutrophil peptide-1 (HNP-1)
exposure (Supplementary Figure S3C). Compared to USA300,
USA300 AsaePQ exhibited a significant increase in both bacterial
survival following phagocytosis as well as increased cytotoxicity
toward neutrophils. This increase in virulence was consistent
with observations made with USA300AsaeP in both neutrophil
survival and plasma membrane damage (Figure 5 compared to
Figure 2). We measured similar fold-changes in the expression of
Sae-dependent virulence genes in USA300AsaePQ (also similar
to those observed in USA300AsaeP) during ES compared to
USA300 (compare lukG and lukF-PVL in Figure 5 and Figure 2).
As we saw in the SSTI model following challenge with the
USA300AsaeP or USA300 AsaeQ mutants, mice challenged with
the USA300AsaePQ mutant showed no significant differences
in abscess area compared to USA300 (Figure 5D). However,
we found that intravenous infection with the USA300AsaePQ
double mutant led to a significant increase in mortality compared
to infection with USA300 in the bacteremia model (Figure 6).
To investigate if the increased mortality in mice challenged
with the USA300 AsaePQ mutant was due to increased expression
of SaeR/S-dependent virulence factors, we infected mice with
either USA300 or USA300 AsaePQ mutant carrying an integrated
nuc-gfp translational fusion (Behera et al., 2019). Three days
post-infection, groups of three-eight C57BL/6 mice were
euthanized. Kidneys were harvested, fixed and embedded, and
examined using confocal microscopy. Consistent with previous
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FIGURE 5 | USA3004 s26PQ demanstrates enhanoad survival following neutrophil phagocytosis. (A) USAZ00AsaeFRQ sunives neutrophi kiling significantly better
than USAZ00 sfter 5 h incubation. Data are preesnted as the mean £ SEM of eight independent experiments. (B) PMN plasma membrane damage was significantly
increased in neutrophils infected with USA300A 2260 compared to infaction with LSA300 (i ia ratio of 1:5). Propidium iodide uptake was assessad
at 3 h post-infection by flow cytometry and indicate USA300AsaeRQ produces significantly more cytolytic protsins in the supematants than USA300, Data are
presented as the mean = SEM of five independent experi © ipt abundance of kG is increassed in USA300AsasF0 relative to exqoreesion in USA300
at early stationary phase. Gere transcripts wera nc ized to gwB and calil d to the expreesion levels of USA300. (D) Deletion of 25RQ did not significantly
impact abecses area, CETBL/S mica were infected subcutansously with 1 x 107 CFU of 5. aureus. Abecsss area was measured daily and results shown are the
average of five mice per group. *P < 0.06, **F < 0.01, ***F < 0.001, ****F < 0.0001 via one-way ANCVA Tuksy’s post-test. Diata are pressnted as the mean + SBM.
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FIGURE 6 | Deletion of saeP0 enhancas the vindence in S. aweus in a mouss
model of systemic infection. Survival curves for C57BL/6 mica (7 = 13/group)
challenged with sithar 1 x 107 CFU S, aureus or USA300 or USA300A sssPQ
via tail vein njection. Data shown are death from infection and euthanasia (for
exceeding scores on the weliare nubric) during the 72 h endpoint. Data are
from two independent expedments. ****P < 0.0001, log-rank (Mantsl-Cax)
test.

results, USA300 formed clearly-defined abscesses containing a
nidus of staphylococci also referred to as a staphylococcal abscess
community (SAC). These bacteria exhibit spatial regulation of
nuc-gfp as we previously reported (Behera et al., 2019). That
is, we detected strong expression of nuc-gfp in the core of
the SAC and muted expression on the periphery of the SAC.
On the other hand, the USA300AsaePQ mutant failed to form
discrete, well-formed abscesses. Instead, widespread infiltration
of the renal tissues was apparent, and the nuc-gfp reporter was
highly expressed in bacteria on the periphery of the lesions
(Supplementary Figure S4). Taken together, these data indicate
that the saePQ mutant phenocopies a saeP mutant during human
neutrophil interaction, and lack of both gene products impacts
pathogenesis and virulence expression during bacteremia.

DISCUSSION

The Sae TCS of S. aureus contributes to the expression and
production of virulence and immunomodulatory factors that
are essential for S. aureus neutrophil evasion and pathogenesis
(Voyich et al, 2009; Nygaard et al, 2010; Sun et al, 2010;
Flack et al, 2014; Zurek et al., 2014). Much is known about
the molecular genetics of activation of the SaeS bifunctional
kinase/phosphatase and the SaeR response regulator. However,
despite its discovery over two decades ago, relatively little
is known about how the auxiliary proteins SaeP and SaeQ
contribute to Sae TCS activity and staphylococcal disease. Herein,
we utilized saeP and seeQ single and double mutant strains
to characterize the role of these accessory proteins using both
ex vivo human neutrophil assays and in vivo mouse models
of infection. Our results suggest that SaeP acts as a regulator
of SaeR/S-dependent virulence during challenge with human
neutrophils. Although no statistically significant phenotype could
be established for USA300AsaeQ following interactions with
human neutrophils, we did note an increase in the survival of
mice following intravenous infection with this strain, suggesting
that SaeQ contributes to SaeR/S signaling during bacteremia.
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Our findings support previously-published in vitro data (Jeong
et al, 2012; Kavanaugh et al, 2019) suggesting SaeP may
regulate SaeR/S-dependent effectors during human neutrophil
encounters. The observation that the USA300AsaeP strain
is more cytotoxic against neutrophils and exhibits increased
bacterial survival following phagocytosis suggest that the impact
of SaeP on SaeR-target genes is specific and likely dependent on
environmental cues. The observation that there was no additive
effect of enhanced survival following neutrophil phagocytosis
of USA300AsaePQ compared to USA300AsaeP also supports a
specific role for saeP during interaction with human neutrophils.
Future studies will continue to characterize the role of SaeQ.

S. aureus uses secreted nuclease (Nuc) along with secreted
adenosine synthase (AdsA) to escape neutrophil extracellular
traps (NETs) (Thammavongsa et al, 2013). Increasing Nuc
expression and production in kidney tissues may increase the
production of deoxyadenosine, and this could trigger caspase-
3-mediated immune cell death (Thammavongsa et al, 2013).
In USA300 LAC, SaeP down-regulated muc-gfp gene expression
via SaeR/S (Kavanaugh et al, 2019). Thus, the hypervirulent
phenotype of the saePQ double mutant during acute bacteremia
is not unexpected. However, it is unclear why the saeP and saeQ
single mutants behave differently. Since we used a purified diet for
the in vivo nuc-gfp mouse reporter studies, we cannot exclude the
possibility that this diet amplifies mild phenotypes observed in
mice challenged with the saeP and saeQ mutant strains. It would
be interesting to examine the impact of SaeP and SaeQ during
chronic kidney infections in mice. The observation that the saeQ
mutant is highly attenuated was unexpected. Given the known
protein-protein interactions between SaeQ and Sae$, it is possible
that the stability and/or activity of SaeS is compromised in this
mutant. Indeed, SaeQ is required for hyperactive SaeS (SaeSL15P)
stability in strain Newman (Jeong et al, 2011, 2012). Clearly there
is still much to learn about the function of these proteins; only a
few studies investigate SaeP and/or SaeQ.

Recently, Kavanaugh et al (2019) confirmed the cellular
localization of SaeP on the cell surface as a lipoprotein, and that
its C-terminal domain is facing the extracellular matrix. SaeQ
is predicted to be a membrane protein with three membrane-
spanning domains, and forms a complex with SaeP and SaeS
in the membrane (Jeong et al., 2012). A conserved domain
search revealed that the C-terminal portion of SaeP looks like
a member of the DM13 superfamily of proteins. Because of its
association with the DOMON domain, is thought DM13 proteins
might be involved in electron transfer. SaeQ is predicted to be a
member of the DoxX family of proteins similar to Bacillus subtilis
putative oxidoreductases MhqP and CatD, and Escherichia coli
inner membrane proteins YphA and YgqjF (Iyer et al, 2007).
The Sae system is responsive to cellular respiratory status but
the mechanism is unclear. One model posits that inhibition of
respiration by oxygen depletion or chemical disruption of the
electron transport chain by reactive oxygen species or nitrosative
species could lead to a block in the respiratory chain and
a buildup of reduced quinones in the membrane, activating
Sae activity (Mashruwala et al., 2017). It is conceivable SaePQ
sense this perturbation, go inactive, and promote SaeS kinase
activity. Alternatively, SaeP possesses a pI of ~8 and is capable
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of binding negatively charged eDNA in acidic environments
(Kavanaugh et al, 2019). It is tempting to speculate that a
physical interaction with neutrophil NET DNA induces some
conformational change in SaeP that hinders its ability to stimulate
phosphatase activity of SaeS in the staphylococci nearest the
neutrophil cuff. Either repressive mechanism could explain the
apparent increased nuc-gfp expression in the periphery of lesions
formed by the saePQ double mutant (Supplementary Figure S4,
compare panels D vs. A). Increased nuclease expression may
result in increased virulence during immune cell encounter
and could explain why no discrete abscesses could be found
when mice were infected with the seePQ double mutant
(Supplementary Figure 4).

In vivo observations made with USA300AsaePQ suggest
that neither saeP nor saeQ influence virulence factors that
contribute to murine skin and soft-tissue abscess severity.
Inasmuch as alpha-toxin (Hla) is known to play a key role
in dermonecrosis caused by USA300 during murine skin
and soft tissue infection (Kennedy et al, 2010), results from
the skin infection model are in agreement with our gene
expression data that demonstrate saeP and saeQ do not
influence hla transcript abundance (Supplementary Figures
S2A,B). However, the observation that USA300AsaePQ is
hypervirulent in the bacteremia model is more difficult to explain
with our current data. Potentially, different host niches have
varying levels of different activating cues and levels of Sae
TCS activity. Clearly, additional studies are needed to precisely
determine the importance and impact of SaeP and SaeQ at
these sites in vivo and to identify conditions that influence their
expression and function.

MATERIALS AND METHODS

Bacterial Strains and Culture

All S. aureus strains used in this study are derivatives of
the clinically-relevant CA-MRSA strain USA300 (LAC) that
was previously cured of the plasmid encoding erythromycin
resistance (Boles et al, 2010). Unless otherwise indicated,
overnight and subculture media consisted of tryptic soy broth
(TSB) (EMD Millipore; Darmstadt, Germany) supplemented
with 05% (w/v) glucose. When needed, antibiotics were
included in the medium at the following concentrations:
ampicillin  (Amp), 50 pg ml™'; chloramphenicol (Cm), 5
pg mli~!; and erythromycin (Erm), 5 pg ml™'. Subcultures
were created using 1:100 dilution of the overnight culture.
For the growth curves, ODgg readings were collected every
0.5 h using a Nanodrop 2000C UV-Vis Spectrophotometer
(ThermoFisher Scientific; Wilmington, DE, United States) or an
Amersham Ultraspec 2100 pro UV-visible spectrophotometer
and colony forming units (CFUs) were enumerated after
incubation overnight at 37°C with 5% CO, as described
(Voyich et al,, 2005).

Generation of Mutant Strains

Construction of the isogenic saeQ deletion mutant was
performed using allelic exchange and pJB38 plasmid (Bae and
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Schneewind, 2006; Bose et al, 2013). The saeP mutant was
constructed previously (Kavanaugh et al, 2019). To construct
the saePQ strain, we first deleted the entire sae operon using
pKOR1-sae (Bae and Schneewind, 2006). Next, we transduced the
strain to chloramphenicol resistance, moving in the Pgep3-saeRS
construct (saeRS under the control of their native promoter,
cloned into pCL55 and integrated into the geh locus, CmPR).
Then, we integrated the muc-gfp reporter as described by allelic
exchange (Behera et al, 2019). Briefly, DNA fragments upstream
and downstream of the gene or gene fragment of interest were
amplified using primers listed in Table 1, purified by agarose
gel electrophoresis, then combined in a two-step overlap PCR
reaction and cloned into pJB38 (Flack et al., 2014). AsaePQRS
was made previously in Flack et al. (2014). The resulting plasmid
was transformed sequentially into Escherichia coli (E. coli) strain
ER2566 (New England Biolabs), then S. aureus strain RN4220,
and the final background USA300 LAC (Flack, 2014). Final
mutants were verified by PCR amplification of the chromosomal
region of interest and DNA sequencing. Lack of saeP and
saeQ in the mutant strains were verified by PCR and agarose
gel electrophoresis.

For complementation strains, the saeP and saeQ genes were
cloned into the pEPSAS5 plasmid (Forsyth et al, 2002) using
restriction enzymes (EcoR1 and BamH1) and primers listed
in Table 1. The resulting plasmids (pEPSA5-saePcomp and
pEPSAS5-saeQcomp) drive expression of the sae genes from
the xylose-inducible Py; promoter. To induce expression, the
medium was supplemented with 2% (w/v) xylose in experiments
involving these strains as indicated (Forsyth et al, 2002).
These plasmids were transformed into electrocompetent E. coli
GM2163 (New England Biolabs), then directly into the respective
mutant S. aureus strain (USA300AsaeP and USA300AsaeQ)
via E. coli strain IMO8S8B (Monk and Foster, 2012) and
called pEPSAS5-saePcomp and pEPSAS-saeQcomp. The resulting
strains were confirmed using PCR amplification and agarose gel
electrophoresis, and presence of transcript abundance verified by
TagMan RT-PCR as done previously (Voyich et al., 2009; Nygaard
etal, 2010; Flack et al., 2014).

Neutrophil Isolation

Heparinized venous blood from healthy donors was collected
in accordance with a protocol approved by the Institutional
Review Board for Human Subjects at Montana State University.
All donors provided written consent to participate in the
study. Human neutrophils [polymorphonuclear leukocytes
(PMNs)] were isolated under endotoxin-free conditions
(<25pg ml~!) as previously described (Voyich et al, 2005,
2009). Purity (<1% PBMC contamination) and viability (<2%
propidium iodide positivity) of neutrophil preparations
were assessed by flow cytometry on a FACS Calibur
instrument and BD Biosciences Cell Quest Pro software
(version 0.3.3f1b).

Image Stream Phagocytosis Assay

Neutrophil  phagocytosis was  determined using a
fluorescence-based flow  cytometry/microscopy  method
described previously (Ploppa et al, 2011). Briefly, S. aureus
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TABLE 1 | Primers used to generate S. auraus mutant strains, respective complemented strains, and TagMan® primer and probe saquences.

Primer Sequence
Construction of USA300A saeP and USA300AsaeQ

Description References

Forward 5 -GTTGTTGAATTCACCTGATACATTACAGACC-3' 600 bp upstream of saeP Kavanaugh et al,, 2019
Reverss 5-CAGAMATTGAGTACTAGAT CTGTATTCAT GCTAACTCCTCATTTC-3' Upetream of sasP plus overap Kavanaugh et al,, 2019
Forward F-GAATACAGATCTAGTACTCAATTTCTGAGTTAAACTTTTATTTACAAC-3' Downstream of saeP plus overlap Flack, 2014
Reverss Y-GTTGTTGGTACCAAGAAACTAGCAGCATATGC-3 600 bp downstream of sseP Flack, 2014
Forward Y-GTTGTTGAATTCCCTAACAGGTACATTCAGTTC-3" EcoR1, 800 bp upstream of s2sQ Flack, 2014
Reverse §-GOGAGTACTAGATCTCATTCTTTCTATTATTGTGTGTAATTTATAT-3 Upetraam of saeQ plus overdap Flack, 2014
Forward ¥ -AGAATGAGATCTAGTACTOGCAAATATAG TTGCACATAC-3 166 bp into seeQ plus overlsp Flack, 2014
Reverss Y-GTTGTTGGTACCGATGGTATATGTTGTAAAGCTCTC-3 Kpnl, 900 bp downstream of saeQ This work.
Forward §-TAATTTAGOGCCGOCGAAGA-Z' saaP This work
Reverse §-TTTTTAGCAGCTGGTGCTGT3 sasf This work
Forward 5~ CTCTGTTCTTACGACCTCTAAAGTAAT-3" saa0) This work
Reverse 5 -GTTTAGTACCAGTCATCGCTAACA-3' saa0) This work
Forward 5 -GETGGTGAATTCTTAACTTATCAAATTGAAGAAATGAGGAGTTAGC-3 pEPSAS-sasP-EcoR1 This woark
Reverss & -ADCACCGGATCCAATT GAT TATTT TAATTTAGCGCCGCGC-3' pEFSAS-sasf-BamH| This work
Forward §-GGTGGTGAATTCTTATATAAATTACACACAATAAATAGAAAGAATGTGAACATC-3 pEPSAS-saeQ-EcoR1 This work
Reverss ¥ -GGTGGTGGATCCTGTTCATCATOCACGATCAGTAAGT-Y pEPSAS-s8eQ-BamHI This work
Tagman® primer/probe sequences

Forward &-CACCTAACAGGTACATTCAGTTCTA-3" s2aP primear This work
Reverse §-GGTAGACGTATAAATCTGGACCTTT-3 s2aP primer This work
Probe §-ADGGTGAAACTGTTGAAGGTAAAGCTGA-3 saaP probe This wark
Forward ¥-CACCAGAGTGGTATAAGTGGT -8 5920 primer This work
Reversa 5 -CAAAGCCTCCAAAGAAACTAGC-3" 5920 primer This work
Probe &-TTGTTGTCCCACTCGGAGAGATTGC-3' 5220 probe This work

was grown to mid-exponential phase, opsonized with 50%
(vol/vol) normal human serum and labeled with 750 pL
fluorescein isothiocyanate (FITC) at a final concentration
of 0.002 mg mL™'. 8. aureus strains were combined with
neutrophils at a multiplicity of infection (MOI) of 10:1
(bacteria: neutrophils) in 96-well plates coated with human
serum coated (20% v/v). Phagocytosis was synchronized by
centrifugation as described (Voyich et al, 2005) and incubated
at 37°C with 5% CO; for 30 min. Cells were fixed in 2%
(v/v) Periodate-Lysine-Paraformaldehyde (PLP) for 10 min at
room temperature (Pieri et al., 2002). PLP was then washed
away and antibodies/stains were applied: mouse anti-human
CD11b antibody-PE (BD; Franklin Lakes, NJ, United States) and
nuclear stain DRAQ5™ (ThermoFisher Scientific; ‘Wilmington,
DE, United States). Cells were washed and suspended in
50 pL sterile Dulbecco’s phosphate buffered saline (DPBS)
and analyzed by an ImageStream®X Mark II Imaging Flow
Cytometer (Millipore Sigma) the following day. Phagocytosis
was analyzed using IDEAS® software (AMNIS®, Millipore Sigma,
Darmstadt, Germany) where cell images were gated to include
neutrophils that were both in focus and singlets. Of these cells,
images fluorescing both neutrophil and S. aureus membrane
dyes were analyzed using the AMNIS internalization wizard
(Ploppa et al,, 2011).

Bacterial Survival Assay
Bacterial survival was assessed following synchronized
phagocytosis as previously described (Voyich et al, 2005).
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Briefly, S. awureus strains were grown to mid-exponential
phase, opsonized in 50% (v/v) normal human serum, and
combined with neutrophils in 96-well plates coated with 20%
(v/v) human serum (MOI of 10:1) and incubated at 37°C
with 5% CO,. At indicated times, 11 pL of 2% (w/v) saponin
solution was added to each well and incubated for 15 min
on ice. Samples were sheared using a 1 mL syringe with a
blunt needle and bacteria were enumerated by dilution on
tryptic soy agar (TSA) following overnight incubation at
37°C with 5% CO,.

Plasma Membrane Damage

Propidium iodide (PI) uptake was used as a measure of plasma
membrane permeability to assess damage of neutrophils by
secreted S. aureus proteins as described (Nygaard et al, 2012,
2018; Flack et al, 2014). Briefly, bacterial strains were cultured
at 37°C for 5 h with shaking (250 RPM) in TSB. After, 1 x 10°
CFUs of bacteria were collected and centrifuged for 5 min
at 8,000 x g Supernatants were sterile-filtered and diluted
(as indicated in figure legends) with DPBS and exposed to
neutrophils for 1 h at 37°C with 5% CO,. After incubation, cells
were stained with 0.5 pL PI (1 mg mL~! Life Technologies) and
analyzed by flow cytometry on a FACS Calibur flow cytometer
(BD Biosciences; Franklin Lakes, New Jersey). Neutrophil
membrane damage was also assessed by flow cytometry using
whole bacteria. For these experiments, neutrophils were exposed
to live bacteria (MOI 5:1) and incubated for 3 h at 37°C
with 5% COa.
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Transcriptional Analysis of Target Genes
TagMan® gene expression experiments were performed as
previously described (Voyich et al, 2005, 2009; Nygaard et al,
2010). Relative quantification of S. aureus target genes was
determined by the change in expression of target transcripts
normalized to that of the housekeeping gene [gyrase B (grB)]
and relative to USA300 LAC transcript levels. Primer/probe
sequences are described in Table 1 (Voyich et al, 2009
Nygaard et al, 2010). Where indicated, transcript abundance was
also measured using SYBR Green chemistry and the absolute
transcript abundance method as indicated and as described
in Mlynek et al. (2018).

Western Blot Analysis

Supernatants from overnight cultures in TSB without
supplemented glucose were harvested as described above, total
protein was measured (Pierce BCA Protein Assay) and adjusted
to 500 pg mL~1. Samples (14 p.L) were resolved using 12% SDS-
PAGE gels, (100 V for 45 min) and transferred onto nitrocellulose
(at 10 mAmps overnight). Membranes were washed and blocked
in DPBS containing 5% (w/v) milk solution for 1 h followed
by incubation with rabbit anti-LukS-PV primary antibody
(abcam; Cambridge, MA, United States) at a concentration
of 0.6 pg mL™! (4 h at 4°C). PVL was detected after 1 h
incubation with goat anti-rabbit IgG coupled to horseradish
peroxidase (at 1:10,000 dilution) (Jackson ImmunoResearch;
West Grove, PA, United States) and developed using 5 mL
3,3,5,5'-tetramethylbenzidine (TMB) substrate. Images were
taken with an Gel Doc Imager (ProteinSimple; San Jose, CA,
United States) and analyzed by Image] densitometry software
(Schindelin et al, 2012).

GFP Reporter Assays With HNP-1

Bacteria were grown to exponential phase (ODgyo ~ 0.6-
0.8) as described previously (Waters et al, 2016) in 250 ml
DeLong flasks containing dilute Luria broth (Geiger et al,
2008) (5:1 flask:medium ratio) with vigorous shaking (280
RPM) at 37°C in a water bath. Cultures were diluted to a
starting ODgop ~ 0.1 in fresh medium and aliquoted into
individual wells of a 96 well plate (cultures of 200 pl each)
and incubated in a computer controlled Tecan F200 plate
reader at 37°C. The optical density at 600 nm (ODgyo)
and GFP fluorescence (485 nm excitation, 535 nm emission)
values were read every 15 min after shaking (15 s, 2 mm
amplitude). When ODggp values reached ~0.4, the plate was
removed, and the indicated wells were spiked with 5 pg
mi~! of the human neutrophil peptide-1 (HNP-1) or vehicle
and returned to the plate reader. Data acquisition continued
for an additional 12 h. Mean + SEM relative fluorescence
units (RFUs; GFP fluorescence/ODgg) from three independent
experiments are reported.

Mouse Infection Models

Skin and Soft-Tissue Infection (SSTI)

All studies conformed to NIH guidelines and were approved
by the Institutional Animal Care and Use Committee at
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Montana State University. Female C57BL/6 mice (12 weeks
old) were purchased from Charles River Laboratories
and maintained at the Animal Resources Center at
Montana State University. Female and male BALB/C
mice were purchased from the Animal Resources Center
at Montana State University. S. aureus strains: USA300
LAC, and isogenic mutants USA300AsaeP, USA300AsaeQ,
USA300AsaePQRS, USA300AsaePQ strains were grown
to mid-exponential phase, washed twice with sterile DPBS
and resuspended in DPBS at a concentration of 1 x 107
cells per 50 pL. The dose was confirmed by plating serial
dilutions on TSA plates For the abscess model, mice
(groups of five) were shaved and inoculated with S. aureus
subcutaneously into the lower back (Voyich et al, 2009
Nygaard et al, 2010). Infected area was measured using the
formula: (1 x w).

Bacteremia Model

Experiments were performed following a protocol approved
by the Animal Care and Use Committee at Georgetown
University (GUACUC). S. aureus strains were grown
to exponential phase in 250 ml Delong shake flasks
(5:1 flask: medium ratio), harvested at ODgy ~0.4-0.6,
washed twice in sterile phosphate buffer saline (PBS), and
resuspended to an appropriate optical density equivalent
to 1 x 10* colony forming units (CFUs) ml™!. Groups
of female C57BL/6 mice (6-8-weeks old, purchased from
Charles River Laboratories) were infected intravenously
via the tail vein with ~1 x 107 cells in 100 pl of sterile
PBS. The dose was confirmed by plating serial dilutions
on TSA plates. Animals were monitored twice daily and
evaluated following a GUACUC-approved scoring rubric.
Infections were allowed to progress for 72 h or until humane
endpoints were reached.

To analyze muc-gfp expression in tissues, infections were
performed as described for USA300 LAC and the AsaePQ
double mutant essentially described above (and specifically
in Behera et al, 2019); notably, animals were fed AIN-
93 purified diet (Reeves et al, 1993). Briefly, mice were
euthanized 72 h post-infection and kidneys were harvested,
fixed with 10% (v/v) buffered formalin, embedded in Sub
Xero clear tissue freezing medium (Mercedes Medical), and
sectioned into 10 pm slices. Sections were mounted with
4',6-diamidino-2-phenylindole (DAPI) stain and imaged using
laser confocal scanning microscopy. Images were processed
using Image] (Schindelin et al., 2012). Excitation wavelengths
for the fluorescence channels are as follows: DAPI, 405 nm;
GFP, 488 nm. Emitted fluorescence data were collected over
the following ranges of wavelengths: DAPI, 419-481 nm,
GFP, 505-551 nm.

Statistics

Statistical analyses were performed using GraphPad Prism
version 8.0 (GraphPad Software, La Jolla, CA, United States)
with f-tests and ANOVA as indicated. Error bars represent the
standard error of the mean (SEM).
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tranacript level is below the limit of detaction. (C) The indicated straine canmying a.
nuc-gip reporter fusion were grown to exponential phase (ODeog ~ 0.4) in diute
Luria broth, at which tima bacteria wers expoesd to sither vehicle (water) or
HNP-1 for 12 h. The data shown are the mean relative fluorescence units (RFUs;
flucrescenca/ODgg,) £SEM for ﬂ'ne independent expariments perfomed in
technical triplicate; statisti was d by parred t-test
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are 418-481 nm ([DAPY) and 505-661 nm (GFF).
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